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Abstract 

 

With a record power conversion efficiency of 23.35% and a low carbon footprint, 

Cu(In,Ga)Se2 remains as one of the most suitable solar energy materials to assist in the 

mitigation of the climate crisis we are currently facing. The progress seen in the last decade 

of Cu(In,Ga)Se2 advancement, has been made possible by the development of 

postdeposition treatments (PDTs) with heavy alkali metals. PDTs are known to affect both 

surface and bulk properties of the absorber, resulting in an improvement of the solar cell 

parameters open-circuit voltage, short-circuit current density and fill factor. Even though 

the beneficial effects of PDTs are not questioned, the underlying mechanisms responsible 

for the improvement, mainly the one related to the open-circuit voltage, are still under 

discussion. Although such improvement has been suggested to arise from a suppression of 

bulk recombination, the complex interplay between alkali metals and grain boundaries has 

complicated the labour to discern what exactly in the bulk material is profiting the most 

from the PDTs. In this regard, the development of this thesis aims at investigating the effects 

of PDTs on the bulk properties of Cu(In,Ga)Se2 single crystals, i.e., to study the effects of 

alkali metals in the absence of grain boundaries. Most of the presented analyses are based 

on photoluminescence, since this technique allows to get access to relevant information for 

solar cells such as the quasi-Fermi level splitting and the density of tail states directly from 

the absorber layer, and without the need of complete devices.  

This work is a cumulative thesis of three scientific publications obtained from the results 

of the different studies carried out. Each publication aims at answering important questions 

related to the intrinsic properties of Cu(In,Ga)Se2 and the effects of PDTs. The first 

publication presents a thorough investigation on the effects of a single heavy alkali metal 

species on the optoelectronic properties of Cu(In,Ga)Se2. In the case of polycrystalline 

absorbers, the effects of potassium PDTs in the absence of sodium have been previously 

attributed to the passivation of grain boundaries and donor-like defects[1]. The obtained 

results, however, suggest that potassium incorporated from a PDT can act as a dopant in 

the absence of grain boundaries and yield an improvement in quasi-Fermi level splitting of 

up to 30 meV in Cu-poor CuInSe2, where a type inversion from N-to-P is triggered upon 
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potassium incorporation. This observation led to the second paper, where a closer look was 

taken to how the carrier concentration and electrical conductivity of alkali-free Cu-poor 

CuInSe2 is affected by the incorporation of gallium in the solid solution Cu(In,Ga)Se2. The 

results obtained suggest that the N-type character of CuInSe2 can remain as such until the 

gallium content reaches the critical concentration of 15-19%, where the N-to-P transition 

occurs. A model based on the trends in formation energies of donor and acceptor-like 

defects is presented to explain the experimental results. The conclusions drawn in this 

paper shed light on why CuGaSe2 cannot be doped N-type like CuInSe2[2]. 

Since a decreased density of tail states as a result of reduced band bending at grain 

boundaries had been previously pointed out as the mechanism behind the improvement of 

the open-circuit voltage after postdeposition treatments, the third publication focusses on 

how compositional variations and alkali incorporation affect the density of tail states of 

Cu(In,Ga)Se2 single crystals. The results presented in this paper suggest that increasing the 

copper and reducing the gallium content leads to the reduction of tail states. Furthermore, 

it is observed that tail states in single crystals are similarly affected by the addition of alkali 

metals as in the case of polycrystalline absorbers, which demonstrates that tail states arise 

from grain interior properties and that the role of grain boundaries is not as relevant as it 

was thought. Finally, an analysis of the voltage losses in high-efficiency polycrystalline and 

single crystalline solar cells, suggested that the doping effect caused by the alkalis affects 

the density of tail states through the reduction of electrostatic potential fluctuations, which 

are reduced due to a decrease in the degree of compensation. By taking the effect of doping 

on tail sates into account, the entirety of the VOC losses in Cu(In,Ga)Se2 is described.  

The findings presented in this thesis explain the link between tail states and open circuit 

voltage losses and demonstrate that the effects of alkali metals in Cu(In,Ga)Se2 go beyond 

grain boundary passivation. The results presented shed light on the understanding of tail 

states, VOC losses and the intrinsic properties of Cu(In,Ga)Se2, which is a fundamental step 

in this technology towards the development of more efficient devices.  
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Chapter 1 

1 Introduction 

 

At the moment of writing this thesis, Europe passes through a sweltering heatwave 

that has brought record-breaking temperatures, causing devastating wildfires along the 

Iberian Peninsula and France. At the same time but a few time zones west in USA, extreme 

rainfall has caused numerous unprecedented flash flooding events, leaving desolation in 

their wake. Parallel to this event but further south, the border states of Mexico suffer from 

a historical extreme drought that has jeopardized the lives of thousands due to the severe 

scarcity of water. Unfortunately, these kinds of events have become the norm rather than 

the exception, it is enough to remember the floods that affected most of the greater region 

in 2021[3] or Australia’s lethal black summer fires of 2019-2020[4]. All in all, these extreme 

events that are taking place all over the world, are a consequence of the climate change 

caused by human influences[5-6], and a constant reminder of the climate crisis we are 

currently facing. Despite the world’s efforts to appease global warming with the signature 

of the Paris agreement in 2015[7], in which countries pledged to reduce greenhouse 

emissions to keep the increase in global average temperature well below 2°C above pre-

industrial levels, the increase in temperature remains on the rise[8]. In fact, if global 

warming continues to increase at the current rate, an increase of 1.5°C is to be expected 

between 2030 and 2052 according to the Intergovernmental Panel on Climate Change 

(IPCC)[9].  

In order to help mitigating the raising temperatures, the IPCC has recently published a 

report on the mitigation of climate change[10], in which several options currently available 

in different sectors and estimated to offer substantial potential to reduce net emissions by 

2030 are presented. Among the three mitigation options with the highest potential, two are 

related to the energy sector, where the bet for solar energy comes in first place followed by 

wind energy. The remaining option is related to agriculture, forestry and other land use, 

more specifically, to stopping the conversion of forests and other ecosystems. In fact, 
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renewable technologies like wind and photovoltaic (PV) solar energy, have proven to yield 

a lower levelized cost of electricity compared to conventional fossil fuels, and thus, are 

expected to play a decisive role in the mitigation of the climate crisis in the years to come[11]. 

Among the available PV technologies, thin-film solar cells based on CdTe and Cu(In,Ga)Se2 

provide the electricity source with the lowest CO2 emissions[12]. Moreover, Cu(In,Ga)Se2 

offers long-term stability and power conversion efficiencies above 23%[13], which makes it 

a great candidate to assist in the necessary de-carbonization strategies to deliver the goals 

stablished in the Paris agreement.  

During the last decade of development, Cu(In,Ga)Se2 has seen a continuous overpassing of 

record efficiencies at a faster rate than in the previous two decades[14]. The milestone that 

allowed such a fast improvement, was the development of heavy alkali metal 

postdeposition treatments (PDTs). Even though the light alkali sodium and its effects on 

the optoelectronic properties of Cu(In,Ga)Se2 had been already a breakthrough, the 

addition of heavier alkali metals resulted in a further improvement of the power conversion 

efficiency. Understanding the effects of postdeposition treatments and their implications, 

has been a central part in the advancement of Cu(In,Ga)Se2 and a way to devise new 

strategies for the development of more efficient devices. In this regard, the CORE project 

“Grain boundaries in Solar Cells” (GRISC) funded by the Fonds National de la Recherche 

Luxembourg, was created as part of the efforts of the chalcopyrite community to 

understand the role of alkali metals, grain boundaries and grain interiors on the efficiency 

improvement caused by postdeposition treatments. The development of this thesis was 

carried out under the framework of this very project, and the subsequent chapters present 

the obtained results. This work is a cumulative dissertation consisting of three scientific 

publications and two other chapters organized as follows.  

Beyond this introduction, chapter 2 provides a general overview of the most important 

concepts necessary for the understanding of the thesis, starting with the fundamental 

properties of the chalcopyrite structure and the Cu(In,Ga)Se2 solar cell. After this, 

crystallographic defects are discussed with a focus on point defects and grain boundaries. 

Since photoluminescence was the primary characterisation technique utilized to assess the 

optoelectronic properties of the studied absorbers, chapter 2 also discusses the 

fundamental processes occurring in a photoluminescence experiment and the information 

we can obtain from a photoluminescence spectrum such as the quasi-Fermi level splitting 

and the Urbach energy.  
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Chapter 3 presents an overview of metalorganic vapour phase epitaxy (MOVPE), which was 

the main technique used for the growth of most of the samples studied in the thesis. Besides 

the general working principles of MOVPE, the more specific requirements for the epitaxial 

growth of chalcopyrites are discussed such as the lattice mismatch with GaAs and the 

properties of the metalorganic precursors. Furthermore, a detailed description of a novel 

2-stage and 3-stage Cu(In,Ga)Se2 growth process by MOVPE, which was developed by the 

author of this thesis, is provided. 

Chapter 4 consists of the scientific contribution entitled “How much gallium do we need for 

a P-type Cu(In,Ga)Se2?”. It is known that CuInSe2 can be grown N-type or P-type depending 

on its composition, but CuGaSe2 is always a P-type semiconductor[2]. Hence, studying how 

the conductivity type and doping changes in pure Cu(In,Ga)Se2 before the addition of any 

alkali species, was an important step for the understanding of the doping effect of alkalis. 

In this paper, the question on the possibility to grow N-type Cu(In,Ga)Se2 is addressed by 

presenting a detailed study on the N-to-P transition caused by the addition of gallium to 

pure CuInSe2. The experimental results are described by a model that explains the observed 

changes based on the trends in formation energies of donor and acceptor-type defects[15].  

Chapter 5 entitled “The effect of potassium fluoride postdeposition treatments on the 

optoelectronic properties of Cu(In,Ga)Se2 single crystals” aims at answering the question 

on the sole effects of a heavy alkali metal postdeposition treatment in the absence of grain 

boundaries. The results obtained in this chapter provided an important insight: potassium 

on its own has the capability to alter the optoelectronic properties of Cu(In,Ga)Se2 despite 

the absence of grain boundaries, or in other words, that the effects of postdeposition 

treatments are not exclusively related to grain boundaries. Moreover, with the addition of 

potassium, an N-to-P type inversion was observed, which revealed the doping effect in the 

bulk caused by the addition of potassium[16].  

Based on the results obtained in the previous chapters, the premise that there was more to 

alkali postdeposition treatments than grain boundary passivation took the research 

direction to look at another effect of PDTs attributed to grain boundaries: a decreased 

density of tail states[17-18]. In the case of polycrystalline absorbers, the increase in VOC after 

the treatments has been suggested to arise from reduced band bending at the grain 

boundaries, which in turn decreases tail states[18]. This argument was drawn based on the 

evidence of heavy alkali accumulation at grain boundaries. Thus, how would the density of 

tail states be affected if alkali PDTs are performed in single crystals? The results of this 

analysis are presented in Chapter 6, which consists of the manuscript “On the origin of tail 
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states and VOC losses in Cu(In,Ga)Se2”. Based on these experiments, a new understanding of 

the effects of PDTs was obtained: heavy alkali metals are necessary to increase the sodium 

content in the grain interiors, which increases the net doping and at the same time, reduces 

the density of tails states through reduced electrostatic potential fluctuations. These 

experiments revealed that the density of tail states is not entirely dictated by grain 

boundary properties but rather by the grain interiors. Additionally, a study on the 

elemental composition dependence of the Urbach energy revealed that increasing the 

gallium and reducing the copper content have a negative impact on tail states. A model that 

explains the increasing trend of the Urbach energy with the gallium content (which also 

increases the bandgap), is also presented. 

In the last part of the thesis, a summary of the obtained results and a discussion on the 

implications of the main findings is given. Moreover, new ideas and a suggestion of 

complementary experiments to address open questions are discussed.   
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Chapter 2 

2 Background and Literature Review 

 

In this chapter, important concepts and theoretical considerations relevant for the 

understanding of this thesis are presented.  Starting with the introduction of chalcopyrite 

semiconductors, section 2.1 deals with the description of the chalcopyrite crystal structure, 

the stability of the ABC2 𝛼-phase according to the stoichiometry, ordered defect compounds 

and the tunability of the band gap energy when the solid solution of CuInSe2 with CuGaSe2 

is formed: Cu(In,Ga)Se2 . After the description of a perfect crystal lattice, section 2.3 

discusses a more realistic scenario by introducing different types of crystallographic 

defects, beginning with the description of intrinsic point defects, their importance and the 

current electronic model in Cu(In,Ga)Se2. Afterwards, linear and planar defects such as 

grain boundaries are discussed. 

Section 2.4 introduces the fundamental physics of the main characterization technique 

used along the development of this thesis: photoluminescence. The section starts by 

describing the generation and recombination of electron-hole-pairs, focusing on band-to-

band and donor-acceptor pair recombination, which are the main radiative transitions 

observed in the photoluminescence experiments performed in this thesis. After that, 

generalized Plank’s law is introduced and discussed as the fundamental description of 

band-to-band emitted radiation and the tool to analyse and obtain information relevant for 

solar cells from a photoluminescence spectrum, namely the quasi-Fermi level splitting and 

the absorptivity. Next, following the idea of non-ideal semiconductors, section 2.5 

introduces what tail states are and how they are described by the Urbach energy. 

Furthermore, the extraction of the Urbach energy from the absorption coefficient derived 

from the absorptivity is presented. Lastly, a historical review of Cu(In,Ga)Se2 with a focus 

on the development of alkali postdeposition treatments and their surface and bulk effects 

is presented in section 2.6.  
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2.1 Chalcopyrites 

2.1.1 Crystal structure 

The term chalcopyrite finds its origins in the Greek words χαλκός (chalkos; copper) and 

πυρός (pyros; fire). The term was originally used to refer to the most abundant copper 

ore[19], copper iron sulfide (CuFeS2), but nowadays is used to refer to several I-III-VI2 and II-

IV-V2 (ABC2) compounds that share the same crystal structure. Chalcopyrite phases belong 

to the tetragonal crystal system, where each C anion is tetrahedrally coordinated to two A 

and two B cations, while each A and B cation is tetrahedrally coordinated to four C anions[19-

20]. This can clearly be seen in the 2D lattice representation of CuInSe2 in Figure 2.1, where 

each copper (A) and indium (B) is bound to four selenium (C) atoms and each selenium to 

two copper and two indium atoms. The chalcopyrite structure is derived from the cubic 

zincblende structure, which would result if the cations A and B were randomly distributed. 

In this case, the 𝑐/𝑎 ratio of the chalcopyrite lattice parameters would be equal to 2, and 

the quantity 2 − 𝑐/𝑎 could be used as a measure of the tetragonal distortion that arises 

from cation ordering and bond length differences, since the A-C and B-C bond length is 

different. The importance of the lattice parameters and tetragonal distortion on the 

heteroepitaxial growth of chalcopyrites is further discussed in section 3.1.1.   

The ternary compounds CuInSe2 and CuGaSe2, are semiconductor materials with 

chalcopyrite structure which constituent chemical elements belong to the periodic table 

within the groups I (Cu), III (In and Ga) and VI (Se). In order to keep a neutral composition, 

the cations are in the +1 and +3 oxidation state while the selenium anion in -2, such that the 

sum of the oxidation states in both ternaries is equal to zero (𝐶𝑢1
+1𝐼𝑛1

+3𝑆𝑒2
−2 = 1 + 3 −

2(2) = 0). CuInSe2 and CuGaSe2 can be alloyed to form a quaternary solid solution denoted 

as Cu(In,Ga)Se2, which shares the same chalcopyrite structure with the random distribution 

of indium and gallium atoms in the lattice. Similarly, CuInSe2 could be alloyed with AgInSe2 

or CuInS2 for the partial or total substitution of copper and selenium to form complex 

compounds such as (Ag,Cu)(In,Ga)Se2 or Cu(In,Ga)(S,Se)2[20-21]. In the scope of this thesis, 

however, these complex compounds will not be discussed further.  
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Figure 2.1. Schematic representation of the tetragonal unit cell of chalcopyrite CuInSe2 with the 

lattice parameters 𝑎 = 5.77 Å and 𝑐 = 11.55 Å denoted by arrows (left). 2D representation of the 
crystal lattice (right) viewed along the a axis. The dashed line delimits one unit cell. Schematic 
created using VESTA[22].   

 

2.1.2 Phase diagram 

An important characteristic of Cu(In,Ga)Se2 is its phase stability in a large range of off-

stoichiometric compositions. In order to account for the stoichiometry variation, the 𝐼/𝐼𝐼𝐼 

or 𝐶𝑢/(𝐼𝑛 + 𝐺𝑎)  ratio denoted as CGI can be calculated from the elemental atomic 

percentage measured by, e.g., energy-dispersive X-ray spectroscopy or X-ray fluorescence. 

In the ideal case, the copper atomic percentage is equal to 25% and therefore the 𝐶𝐺𝐼 = 1. 

Nevertheless, as can be seen from the In2Se3-Cu2Se pseudobinary phase diagram[23] in 

Figure 2.2, the pure ABC2 or 𝛼-phase (highlighted green area) remains stable for copper 

contents below 25% over a large temperature range. If the Cu(In,Ga)Se2 composition has a 

𝐶𝐺𝐼 < 1 , the material is referred as copper poor. It should be noted that for copper 

compositions greater than 25% ( 𝐶𝐺𝐼 > 1 ), no pure 𝛼 -phase exists but a nearly 

stoichiometric 𝛼-phase plus Cu-related secondary phases like Cu2Se form. Such material 

that is grown under copper excess is referred as copper rich. Cu-related secondary phases 

can be entirely removed from the absorber by means of chemical etching with a solution of 

potassium cyanide (KCN), or just partially removed from the front surface by ammonia 

(NH3)[24].    

In the Cu-poor regime, other phases can co-exist with the chalcopyrite 𝛼-phase such as the 

AB3C5 𝛽-phase or the AB5C8 𝛾-phase. Such phases are known as ordered defect compounds 
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(ODCs) or ordered vacancy compounds (OVCs), and have been suggested to be the result of 

the pair-pair ordering and clustering of the electrically inactive defect complex formed by 

two copper vacancies and one indium on copper antisite (InCu-2VCu)[25]. ODCs in the Cu-In-

Se system can described by the expression 𝐶𝑢(𝑑−3𝑢)𝐼𝑛(𝑑+𝑢)𝑆𝑒2𝑑, where 𝑑 is the number of 

InCu-2VCu defect complexes in a supercell with 𝑢 unit cells[25-26]. The formation and stability 

of complexes of copper vacancies with other intrinsic defects like InCu remains however in 

question[27]. Due to the elevated temperature necessary for the growth of Cu(In,Ga)Se2 at 

roughly 500°C, the formation of the AB3C5 𝛽 -phase is likely to occur for Cu atomic 

percentages around and below 22% ( 𝐶𝐺𝐼 ∼ 0.8 ). Whether the presence of ODCs in 

Cu(In,Ga)Se2 absorbers is beneficial or detrimental (still under discussion), a relation 

between such phases and heavy alkali metals from postdeposition treatments has been 

observed. In principle, it has been suggested that the presence of ODCs is reduced as a 

consequence of PDTs and even that ODCs are necessary to obtain an improvement from KF 

PDTs[28-30]. This alkalis-ODCs relation is also discussed in the context of single crystals in 

chapter 5 of this thesis.  

 

 

Figure 2.2. In2Se3-Cu2Se pseudo binary phase diagram as a function of the copper atomic 
percentage. The highlighted area denotes the stability of the pure chalcopyrite 𝛼-phase (adapted 
from [23]).    
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2.1.3 Band gap energy 

The most attractive property of the solid solution Cu(In,Ga)Se2 is, perhaps, the possibility 

to tune the band gap energy as a function of the gallium content. In the chalcopyrite 

community, the most common way to express the gallium concentration is through the 

determination of the 𝐺𝑎/(𝐺𝑎 + 𝐼𝑛) ratio or GGI, in a similar fashion as the determination of 

the copper content previously described. The GGI can range from 0 to 1, corresponding to 

the composition of pure CuInSe2 when 𝐺𝐺𝐼 = 0  and to CuGaSe2 when 𝐺𝐺𝐼 = 1 . The 

electronic states near the top of the valence band of both ternary compounds is similar, 

consisting mostly of hybridized Cu-𝑑 and Se-𝑝 states, while the lowest conduction band is 

formed from In(Ga)-𝑠 and Se-𝑠𝑝 states[31]. As a consequence, the energy position of the 

valence band maximum remains almost constant throughout all Cu(In,Ga)Se2 

compositions. The conduction band minimum of CuGaSe2, on the other hand, is roughly 0.6 

eV higher than that of pure CuInSe2[32-34]. The band gap energy of Cu(In,Ga)Se2 however, 

does not increase linearly with the gallium concentration but has been reported  to follow 

the empirically-determined quadratic dependence in equation (2.1), where 𝑥 is the gallium 

content and 𝑏 the so-called bowing parameter.  

 

 𝐸𝑔𝐶𝑢(𝐼𝑛,𝐺𝑎)𝑆𝑒2
=  (1 − 𝑥) ∗ 𝐸𝑔𝐶𝑢𝐼𝑛𝑆𝑒2

+ (𝑥) ∗ 𝐸𝑔𝐶𝑢𝐺𝑎𝑆𝑒2
− (𝑥) ∗ (1 − 𝑥) ∗ 𝑏 (2.1) 

 

The band gap energy of CuInSe2 (𝐸𝑔𝐶𝑢𝐼𝑛𝑆𝑒2
) at room temperature has been reported to be 

around 1.0-1.03 eV, and in the case of CuGaSe2 (𝐸𝑔𝐶𝑢𝐺𝑎𝑆𝑒2
) approximately 1.66-1.69 eV[35-

37]. Since the determination of the bowing parameter is prone to be affected by the 

systematic errors in the determination of the gallium content and the bandgap, several 

values of 𝑏 can be found in literature ranging from ~0.03 to ~0.26[38-40].  The increase of the 

band gap energy in Cu(In,Ga)Se2 as a function of the gallium content (following equation 

(2.1)), can be seen in Figure 2.3 for several bowing coefficients.  
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Figure 2.3. Cu(In,Ga)Se2 band gap energy as a function of the 𝐺𝑎/(𝐺𝑎 + 𝐼𝑛) ratio for several bowing 
coefficients. Vertical lines indicate the composition of the pure ternaries CuInSe2 (𝐺𝐺𝐼 = 0) and 
CuGaSe2 (𝐺𝐺𝐼 = 1), as well as the gallium composition most commonly used in Cu(In,Ga)Se2 solar 
cells (𝐺𝐺𝐼 = 0.3). The bowing coefficients and values for 𝐸𝑔𝐶𝑢𝐼𝑛𝑆𝑒2

 and 𝐸𝑔𝐶𝑢𝐺𝑎𝑆𝑒2
were taken from 

references [36, 39-42].  

 

2.2 Solar cell parameters 

Even though Cu(In,Ga)Se2 solar cells were not fabricated along the development of this 

thesis, the ultimate goal of most of the experiments performed was indeed to devise ways 

to improve the power conversion efficiency 𝜂. Thus, a brief explanation on the parameters 

that determine 𝜂 and what can affect them is discussed in the following but can also be 

found in several books of physics of semiconductors[43-45].  

The working principle of a Cu(In,Ga)Se2 solar cell is based on the photovoltaic effect, which 

consists in the generation of a potential difference at a P-N junction upon the absorption of 

electromagnetic radiation. In other words, a solar cell is a device that generates electrical 

energy from light energy[44].  In order for a solar cell to deliver power, both an electrical 

current and a voltage must be generated. An ideal solar cell can be electrically modelled as 

a current generator connected in parallel with a load, which consists of a non-linear 

resistive element called diode. If the terminals of the device are short-circuited, the current 

is maximal and is referred as the short-circuit current ISC usually expressed as a density JSC. 
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On the other hand, if the load resistance is infinite (isolated terminals), the obtained voltage 

is maximal and known as the open-circuit voltage VOC. For any other load resistance, the 

solar cell generates a voltage 0 <  𝑉 <  𝑉𝑂𝐶  and a current density 0 <  𝐽 <  𝐽𝑆𝐶  and thus, a 

power density 𝑃 =  𝐽 ∗ 𝑉 as seen from Figure 2.4.  

When a voltage is applied in the dark, photovoltaic devices have a rectifying behaviour 

(diode behaviour mentioned above), and thus the current density 𝐽𝑑 that flows across is 

given by the Shockley diode equation (2.2), where 𝐽0 is the saturation current density, 𝑞 the 

elementary charge, 𝐴 is the diode ideality factor (𝐴 = 1 in Shockley’s original equation ), 𝑘𝐵 

the Boltzmann constant and 𝑇 the temperature in Kelvin.    

 

 𝐽𝑑(𝑉) = 𝐽0 [exp (
𝑞𝑉

𝐴𝑘𝐵𝑇
) − 1] (2.2) 

 

Under illumination, however, a photogenerated current that flows opposite to 𝐽𝑑 is created, 

and thus, based on the superposition approximation, the current-voltage characteristics of 

the solar cell can be calculated from equation (2.3). Note that the definition of the positive 

current direction of equation (2.3) differs from (2.2). 

 

 𝐽(𝑉) = 𝐽𝑆𝐶 − 𝐽𝑑(𝑉) = 𝐽𝑆𝐶 − 𝐽0 [exp (
𝑞𝑉

𝐴𝑘𝐵𝑇
) − 1] (2.3) 

 

By setting equation (2.3) equal to zero, an expression for the open-circuit voltage can also 

be obtained: 

 

 𝑉𝑂𝐶 =
𝐴𝑘𝐵𝑇

𝑞
ln (

𝐽𝑆𝐶

𝐽0
+ 1) (2.4) 

 

As already mentioned, for each point along the J-V curve the power density of the solar cell 

can be calculated. Hence a maximum of the power density, known as the maximum power 

point 𝑃𝑀𝑃𝑃, occurs at 𝐽𝑀𝑃𝑃 and 𝑉𝑀𝑃𝑃. All these points as well as the previously mentioned 

solar cell parameters are depicted in Figure 2.4. Note that  𝐽𝑀𝑃𝑃 and 𝑉𝑀𝑃𝑃 are not  𝐽𝑆𝐶  and 



16 
 

𝑉𝑂𝐶, but the ratio of their product, which can be seen as the “squareness” of the J-V curve, 

gives rise to another important solar cell parameter named fill factor (FF). The FF can thus 

be written as in equation (2.5). 

 

 𝐹𝐹 =
𝐽𝑀𝑃𝑃𝑉𝑀𝑃𝑃

𝐽𝑆𝐶𝑉𝑂𝐶
 (2.5) 

 

 

Figure 2.4. J-V curves of a solar cell in the dark and under illumination as well as the obtained power 
density under operation conditions. Figure adapted from reference [46].  

 

Finally, with all these parameters, the power conversion efficiency 𝜂 of the solar cell can be 

defined as the ratio between the power density obtained from the device and the incident 

illumination power density 𝑃𝐼𝑁 as in equation (2.6).  

 

 𝜂 =
𝑃𝑀𝑃𝑃

𝑃𝐼𝑁
=

𝐽𝑀𝑃𝑃 𝑉𝑀𝑃𝑃

𝑃𝐼𝑁
=

𝐽𝑆𝐶  𝑉𝑂𝐶  𝐹𝐹

𝑃𝐼𝑁
 (2.6) 
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Under standard test conditions, 𝑃𝐼𝑁  is equivalent to 1000 W/m2, the spectrum used 

corresponds to the Air Mass 1.5 and the temperature is fixed at 25°C.  

   

Recombination and VOC 

As can be seen from equation (2.4), the open-circuit voltage increases logarithmically with 

the light intensity (since 𝐽𝑆𝐶  depends on the incident light) and could also be thought to 

increase linearly with the temperature. However, the VOC also depends on the saturation 

current density 𝐽0, which is temperature-dependent according to equation (2.7), and thus, 

increases rapidly with temperature leading to a decrease in VOC. The pre-exponential factor 

𝐽00  in equation (2.7) is the so-called reference current density, which is just weakly 

temperature dependent[21].  

 

 𝐽0 = 𝐽00 exp (
−𝐸𝐴

𝐴𝑘𝐵𝑇
) (2.7) 

 

Since the saturation current can vary over several orders of magnitude in comparison with 

the photogenerated current, which has only a small variation, it is 𝐽0 the key parameter that 

dictates the VOC. Since 𝐽0 depends on the recombination in the solar cell, the open-circuit 

voltage can then be seen as a measure of the recombination in the device[47], and thus, by 

determining the diode ideality factor 𝐴 or the activation energy 𝐸𝐴, it is possible to identify 

the recombination mechanism that dominates.  

Changes in the recombination activity within the absorber layer of the solar cell such as the 

presence of deep defects or tail states, will have an impact on the saturation current and 

thus on the VOC. Since the magnitude of the open-circuit voltage is given by the quasi-Fermi 

level of the conduction and valance band at the electron and hole contact[48], respectively, 

the quasi-Fermi level splitting becomes a measure of VOC, which relationship is further 

discuss in section 2.4.2.  

 

2.3 Crystallographic defects 

Regardless of the origin, defects in solids are far from being uncommon. In fact, many 

properties of materials are responsive to deviations from a perfect crystal and depend on 

the type, density and extension of such crystalline defects, particularly structural-sensitive 
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properties such as fracture strength, electronic resistivity and permeability. Depending on 

their geometry or dimensionality, defects can be classified as point, line, planar or bulk 

defects[49]. In the following subsections, a general description of crystallographic defects is 

presented as well as some specific examples in Cu(In,Ga)Se2. 

 

2.3.1 Point defects 

Point defects refer to crystalline irregularities of atomic dimensions (highly localized 

around one or two atomic sites) in the crystal lattice[49-51]. Point defects are considered the 

simplest defects, and exist within the crystal in the form of vacancies, interstitial and 

substitutional atoms, as well as in complexes such as vacancy pairs and clusters. A vacancy, 

refers to a missing atom in what otherwise would be an occupied lattice site. An interstitial, 

on the other hand, refers to an atom that occupies a non-lattice position while a 

substitutional defect, refers to an atom (either native or impurity) sitting on the wrong 

lattice site, as illustrated in Figure 2.5. Some point defects like vacancies, interstitials and 

antisites (substitutional defects where the substitution is done by another atom of the same 

crystal), are also known as intrinsic or native defects. When the point defect is related to a 

foreign atom, like phosphorus embedded in a silicon matrix or sodium in Cu(In,Ga)Se2, they 

are referred as extrinsic defects or impurities. Both native and extrinsic defects, play an 

important role in many diffusion-related processes, which are involved in solid state 

reactions dictated by the migration characteristics of point defects, particularly, 

vacancies[51].        

From a thermodynamic perspective, the creation of a point defect affects the free energy of 

the crystal in two ways: by increasing the internal energy (since the creation of the defect 

itself requires positive work) and by increasing the configurational entropy (since the 

degree of disorder increases). These two processes balance each other to yield a defect 

concentration at certain temperature in order to minimize the crystal free energy. For 

example, the equilibrium vacancy concentration 𝑁𝑉  in a crystal with 𝑁 atomic sites can be 

calculated as follows[49]: 

 

 𝑁𝑉 = 𝑁 exp (−
𝑄𝑉

𝑘𝑇
) (2.8) 
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Where 𝑄𝑉 is the vacancy formation energy, 𝑘 the Boltzmann constant and 𝑇 the absolute 

temperature. Thus, it would be expected that a perfect crystal can only be 

thermodynamically stable at a temperature of absolute zero[50-51].   

An important characteristic of both intrinsic and extrinsic point defects, is that they can be 

electrically active, i.e., that they can contribute (donor) or remove (acceptor) quasi-free 

electrons from the host crystal[52]. Furthermore, as the defect concentration increases, the 

overlapping of the electron wave function at the defect level can result in the formation of 

a band of states in the overlapping region[53]. If the energy levels are close to the bands so 

can be modelled as in a hydrogen atom, the defects are referred as hydrogenic or shallow, 

otherwise, they are referred as deep defects or deep centres[52-53]. The process to control 

the incorporation of donor and acceptor defects in semiconductors is known as doping[54], 

and is one of the most import technological steps in the industry of semiconductors.  

 

 

Figure 2.5. Schematic representation of a chalcopyrite lattice with vacancies, substitutional and 
interstitial point defects. 

 

Point defects in Cu(In,Ga)Se2 

An interesting property of Cu(In,Ga)Se2 is that its doping and conductivity type is dictated 

almost exclusively by intrinsic point defects. This can be seen as either an advantage, since 

no further processing steps for the addition of extrinsic impurities are required; or 

disadvantage, as there is no possibility to precisely control the density of donor or acceptor 
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defects. Since all point defects in Cu(In,Ga)Se2 are native, changes in the growth process and 

deviations from stoichiometry can influence their type and density within the crystal, since 

their formation energy depends on the position of the Fermi level and on the composition. 

Furthermore, the variety of point defects that can exist in Cu(In,Ga)Se2 is numerous (as it is 

a quaternary compound), and besides shallow donors and acceptors, non-desirable deep 

defects which act as non-radiative recombination centres also exist[55]. An overview of the 

possible intrinsic point defects in Cu(In,Ga)Se2 is given in Table 2.1. Selenium-related 

antisites are omitted due to the generally high formation energy of cation-anion antisites. 

As mentioned at the beginning of this subchapter, point defects can interact with each other 

and thus, complexes such as 2VCu-InCu, Cui-VIn and VSe-VCu should also be taken into account.  

 

Table 2.1. Vacancy, interstitial and substitutional intrinsic point defects associated to Cu, In, Ga and 
Se in the Cu(In,Ga)Se2 solid solution. 

Point defect Cu In Ga Se 

Vacancy VCu VIn VGa VSe 

Interstitial Cui Ini Gai Sei 

Substitutional  CuIn(Ga) InCu GaCu - 

 

Several experimental techniques such as photoluminescence, admittance spectroscopy and 

Hall measurements can provide information regarding these defects, such as the energy 

within the band gap where they are located and their density. For example, the energy 

distance between a defect and the nearest band can be measured by photoluminescence, 

while information on energies and densities of the defects that give the doping can be 

obtained from Hall measurements[31]. What these techniques cannot tell, is the chemical 

nature of the measured defects, and for that, theoretical calculations usually based on 

density functional theory are needed. Combining reported theoretical and experimental 

results from photoluminescence and Hall measurements, Spindler et al. proposed the 

comprehensive Cu(In,Ga)Se2 defect model[37, 55] depicted in Figure 2.6, which will be briefly 

introduced and discussed in the following paragraphs.    
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Figure 2.6. Simplification of the Cu(In,Ga)Se2 defect model proposed by Spindler et al.[37, 55] The 
schematic illustrates the energy levels of intrinsic donor and acceptor point defects in CuInSe2 and 
CuGaSe2, as well as the linearly-interpolated defect energy in Cu(In,Ga)Se2. Horizontal grey lines 
indicate the position of the valence and conduction bands, while the vertical shadowed area 
corresponds to the gallium contents most commonly used in state-of-the-art Cu(In,Ga)Se2 solar cells 
(figure adapted from reference [46]).  

 

As it is possible to see from Figure 2.6, the electronic structure of CuInSe2 and CuGaSe2 is 

quite similar.  Both theoretical and experimental results agree on the existence of a shallow 

acceptor A1 which is around 40 meV away from the valance band in the case of CuInSe2 and 

60 meV in CuGaSe2. This defect has been unambiguously assigned to the copper vacancy 

VCu and is, perhaps, one of the most important defects in Cu(In,Ga)Se2, since it is believed to 

be the responsible of the p-type doping and the main mean of diffusion for alkali metals[56]. 

The theory and experimental results also agree upon an even shallower donor defect D1 in 

both ternaries, around 10 to 12 meV away from the conduction band. The origin of this 

defect has been assigned in CuInSe2 to either the copper interstitial (Cui) or the indium on 

copper antisite (InCu). By means of neutron powder diffraction, high densities of InCu were 

detected in Cu-poor N-type CuInSe2, suggesting that at least in this stoichiometry range, the 

InCu is the origin of the D1 defect[57]. Furthermore, by means of photoluminescence 

spectroscopy, a second shallow acceptor A2 located at 60 meV from the valance band in 

CuInSe2 and 100 meV in CuGaSe2 has been observed. Similarly to A1, the A2 acceptor 

involves in a donor-acceptor pair transition with the donor D1.The origin of the A2 defect 

has been assigned to the CuIII antisite. The existence of a third acceptor A3 has also been 
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proposed[58] based on experimental evidence from photoluminescence measurements in 

CuInSe2 and CuGaSe2
[59]

, but the chemical origin of this defect is still unclear.  

Besides shallow defects, deep recombination centres have also been identified and 

characterized in Cu(In,Ga)Se2. At high gallium contents (GGI>0.45), a deep defect (DD) 

located at 350 meV below the conduction band has been observed and assigned to the GaCu 

antisite. This defect, which is not detectable in low-bandgap Cu(In,Ga)Se2, is thought to be 

(at least partly) the responsible for the low performance of high gallium Cu(In,Ga)Se2 and 

the dominant recombination centre in CuGaSe2[60]. As can be seen from Figure 2.6, this deep 

defect becomes shallow as the indium concentration increases. Moreover, a deep and broad 

defect DS has been experimentally detected in most compositions of Cu(In,Ga)Se2. The 

position of this defect, referred in the literature as the “0.8 eV defect”,  has been observed 

between 700 and 800 meV away from the valance band, and its origin has been speculated 

to be related to the CuIII antisite in the (-1/-2) charge state[27]. For a more in depth 

discussion on the Cu(In,Ga)Se2 defect picture, the reader is referred to references [27, 37, 55, 

60]. It is worth mentioning that no evidence of deep defects in high efficiency Cu(In,Ga)Se2 

absorbers has been found according to the photoluminescence study of Wolter[46, 61].    

As mentioned at the beginning of this subchapter, the concentration of point defects 

present in the crystal depends on its formation energy, which in turn depends on the 

chemical potential of the reactants, and therefore, is sensitive to the growth conditions. For 

example, growing a CuInSe2 crystal under Cu-rich conditions reduces the formation of 

copper vacancies so the copper on indium antisite (A2) becomes the predominant acceptor 

defect[57]. The addition of gallium to CuInSe2 not only results in the appearance of the deep 

defect previously described at gallium contents greater than 45% but also induces a change 

in the type of majority carriers. Although both ternary compounds are similar in terms of 

their electronic structure, a big difference resides on the ability to be doped either n or p-

type. While CuInSe2 can be intrinsically doped n-type[62-63], CuGaSe2 resits all kind of n-type 

doping (both intrinsic and extrinsic[2, 64-65]) and remains p-type for all copper contents, 

meaning that at certain gallium concentration, the density of acceptor defects overcomes 

that of the donors and an inversion from n-to-p conductivity occurs. The analysis of this 

situation and the answer to the question of how much gallium is needed for a p-type 

Cu(In,Ga)Se2 is given in Chapter 4.    
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2.3.2 Line defects 

The only line defects present in a crystal are dislocations, which are one-dimensional 

defects around which some of the atoms are misaligned[49], or in other words, defects along 

which the crystal lattice is shifted by a certain amount[54]. There are several kinds of 

dislocations, being the “edge” and “screw” the simplest forms. Edge dislocations are 

characterized by an extra half atomic plane normal to the crystallographic plane, while 

screw dislocations result from the lattice displacement caused by a shear force. The most 

important characteristic of dislocations is their mobility (slip and climb movement), since 

it is related to the plastic deformation and have an effect on the mechanical properties of 

the crystal[50]. Since line defects are beyond the scope of this thesis, the reader is referred 

to references[49, 54, 66-67] for a more in-depth discussion on the topic.    

 

Dislocations in Cu(In,Ga)Se2  

Besides not being as studied as planar defects, interesting findings related to dislocations 

in Cu(In,Ga)Se2 have been reported in literature. The most relevant, perhaps, regards to its 

optoelectronic properties, as it has been found that dislocations are actually not 

recombination active. By means of a cathodoluminescence (CL) study in Cu(In,Ga)Se2 single 

crystals, Abou-Ras et.al. demonstrated that the CL signal emitted from dislocations was no 

different from the bulk material, suggesting that the presence of these defects  in the crystal 

is not detrimental in terms of recombination activity[68]. The explanation to this was 

suggested to be related to the compositional flexibility of the chalcopyrite lattice, which 

appears to relax through an elemental redistribution around the dislocation cores. By 

means of atom-probe tomography[69] and scanning transmission electron microscopy[70], it 

has been shown that in the surrounding area and at the dislocation itself, a redistribution 

of copper occurs, leaving certain parts depleted and other parts enriched. The 

redistribution of copper was found to be accompanied by an inverse behaviour of indium, 

meaning that in the areas suffering from a copper depletion, indium enrichment was 

detected. Furthermore, the Cu-enriched (In-depleted) areas were also slightly selenium-

depleted. No changes in the gallium distributions were detected[68-70]. The density of 

dislocations in polycrystalline absorbers has been calculated to be around 1010-1011 cm-2 

[69], while in the case of single crystals around 109 cm-2[71].     
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2.3.3 Planar defects 

Planar, two-dimensional or interfacial defects, comprehend several kinds of imperfections 

in the crystal that normally separate regions that differ in crystal structure and/or 

crystallographic orientation.  Examples of planar defects are stacking faults, external 

surfaces, phase boundaries and grain boundaries. In the scope of this thesis, grain 

boundaries play an important role mainly as point of reference and comparison between 

polycrystalline materials and the studies carried on single crystals. Furthermore, some of 

the models that explain the beneficial effects of postdeposition treatments discussed in the 

following chapters, take the role of grain boundaries into account, and thus, a more general 

description as well as the current knowledge of grain boundaries in Cu(In,Ga)Se2 are 

discussed.    

 

Grain boundaries 

A grain boundary can be defined as the interface between two grains of the same crystal 

structure and composition but that differ in crystal orientation[49-50, 72]. Grain boundaries 

can have a detrimental effect on the electrical properties of materials, as they can act as 

barriers for the transport of carriers and sources for the accumulation of point defects and 

non-radiative recombination centres[54]. Furthermore, grain boundaries can accumulate 

charges and induce upward or downward band bending. Thus, their effects on describing 

the recombination activity in semiconductor materials is not negligible, and should be 

taken into account.  

Grain boundaries possess certain geometrical properties that can be described through the 

orientation and misalignment of adjacent grains. If the crystallographic orientation of one 

grain would be extended into an adjacent one, a certain angle of crystallographic mismatch 

𝜃 would exist, and depending on its magnitude, grain boundaries could be classified as low 

(less than 10°) or high-angle[50], as shown in Figure 2.7. It is worth mentioning that the 

boundary region itself is just several atom distances wide. Simple low-angle grain 

boundaries can also be modelled as an array of dislocations[49]. A special type of grain 

boundaries are the twins, which are grain boundaries that share a plane (twin plane) and 

thus have a mirror-symmetric relationship. Since all the lattice sites at the boundary belong 

to both grains, no lattice distortion is involved.  
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Figure 2.7. Schematic representation of three grains G1, G2 and G3 and their respective grain 
boundaries with the angle 𝜃 (that measure the degree of misalignment) market. The gain boundary 
between G1 and G2 represents a high-angle grain boundary, while the one between G1 and G3 a low-
angle one. Figure adapted from reference [49].   

 

Another way to classify grain boundaries is based on the coincidence site lattice model. In 

this model, the lattice of one grain is extended over the boundary and compared with the 

lattice of the second one. Some of the lattice sites in both grains will coincide, forming a new 

repetitive structure which is usually larger than the fundamental crystal lattice. Then, the 

density of coincide sites 𝛴 can be calculated as the ratio between the number of coincidence 

sites over the total number of lattice sites. A large 𝛴 can usually be associated with more 

distorted and broken bonds[21, 49-50].  

 

Grain boundaries in Cu(In,Ga)Se2  

Grain boundaries in Cu(In,Ga)Se2 is a controversial topic in the chalcopyrite community and 

has been the focus of several studies aiming at understanding their physics and role in 

device performance. Most of the grain boundaries present in the material have a high-angle 

of misalignment[73], being (nearly) 𝛴3 twins the most frequent type found[74-75].    

The controversy in this topic may start when discussing the elemental composition of 

chalcopyrite grain boundaries. The newest results in this regard by atom-probe 

tomography, seem to agree on a Cu-In anticorrelation[76-78] (Cu depletion – In enrichment 

and vice versa), similar to the composition of dislocations discussed in section 2.3.2. 

However, reports where no compositional differences between grain interiors and 𝛴3 twin 
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boundaries[79] and other kinds of grain boundaries (studied by transmission electron 

microscopy) can also be found[80]. 

The main controversy in this topic, however, is perhaps related to the electronic properties 

of grain boundaries. It is common to find in literature the term “benign” to describe the 

(perhaps) non-detrimental effect of some kinds of grain boundaries, but it should be noted 

that grain boundaries are in no way benign and are far from being beneficial for device 

performance[81-82]. The reasoning behind the argument of the “benign” role of grain 

boundaries, lies in the fact that devices made from polycrystalline Cu(In,Ga)Se2 show higher 

power conversion efficiencies compared to their single-crystalline counterpart. However, 

there is no point of comparison between these two types of absorbers when we take a look 

to the number 𝑛  of laboratories in the world that work on the optimization of 

polycrystalline (𝑛 ≫ 1) and single-crystalline (𝑛 ≈ 1)[83] Cu(In,Ga)Se2 solar cells. The fact 

that devices from polycrystalline absorbers perform better than single-crystals is 

circumstantial and has nothing to do with grain boundaries. Nonetheless, a direct 

correlation between detrimental effects and Cu-enriched grain boundaries has been 

reported[76]. A recent review on the composition and electronic properties  of Cu(In,Ga)Se2 

grain boundaries can be found in reference [84].  

The most relevant characteristic of grain boundaries for this thesis is, however, related to 

alkali metals. Compelling evidence exists on the preferential segregation of light and heavy 

alkali atoms at this kind of defects, where it was assumed that a passivating effect was 

taking place[85]. A more in-depth discussion on the relationship between alkali metals and 

grain boundaries is presented in the literature review of section 2.7 as well as chapters 5 

and 6.  

 

2.4 Photoluminescence 

The emission of photons from a semiconductor is part of nature’s way to restore 

equilibrium. In order for a photon to be emitted, an electron-hole pair should have been 

created first. This process is known as generation, and there are several sources of 

excitation than can bring a semiconductor out of equilibrium. The emission of radiation 

after the generation of electron-hole pairs, is part of a more general process known as 

recombination. For example, electrons and holes could be injected by applying an external 

current, which would lead to the emission of electroluminescence. Also, by means of 

thermal energy, a semiconductor can emit thermoluminescence. If a source of photons with 
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an energy higher than the band gap is used to generate electron-hole pairs, then the 

semiconductor would emit photoluminescence.  

Photoluminescence spectroscopy is a powerful technique that provides information about 

the optoelectronic properties of the material that is being studied. In the specific case of 

semiconductor materials for solar energy conversion, photoluminescence can be used to 

assess parameters that have a direct impact on device efficiency such as the quasi-Fermi 

level splitting (upper limit of the VOC), the diode factor and the fill factor[48]. Furthermore, 

photoluminescence can be used to study defect-related states that take part in optical 

transitions, as well as the materials’ absorption behaviour and tail states. It is worth 

mentioning that all this information can be accessed by measuring just a piece of the 

semiconductor material, without the need of complicated structures nor finished devices.  

Along the development of this thesis, photoluminescence was the most used 

characterisation technique for the study of Cu(In,Ga)Se2 single crystals and thus, a general 

description of the physical processes involved are presented and discussed. If not stated 

otherwise, this section was written based on the material presented in references [21, 43, 52-

54, 66, 86-87].     

 

2.4.1 Generation and recombination 

As mentioned in the introduction of this subchapter, the first step in a photoluminescence 

experiment is the excitation of a semiconductor by a source of photons such as a 

monochromatic laser. When light shines on a semiconductor, absorption, reflection and 

transmission may occur depending on the energy of the incoming photons. If the energy is 

greater than the semiconductors’ band gap, energy transfer from the electromagnetic field 

to the semiconductor will occur (absorption process). The absorption process is described 

by quantum mechanics as the coupling of electrons and photons. Depending on the 

probability of absorption which is expressed through the absorption coefficient 𝛼, the light 

intensity that penetrates the absorbing medium will decrease exponentially according to 

Lambert-Beer’s law as 

 

 𝐼(𝑥) = 𝐼(0)𝑒−𝛼𝑥 (2.9) 
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Rewriting equation (2.9) in terms of an incident photon flux density 𝛷 , and taking in 

consideration the spectral dependence of the materials reflectivity and absorption 

coefficient,  the photon flux density at a certain position 𝑥 in the absorber can be expressed 

as 

 

 𝛷(𝑥) = (1 − 𝑅(𝐸))𝛷0𝑒−𝛼(𝐸)𝑥 (2.10) 

 

Semiconductors used in thin-film solar cells like perovskites and Cu(In,Ga)Se2 possess high 

absorption coefficients in the order of 104-105 cm-1[21, 36, 88], which represents an advantage 

since a small amount of semiconductor material (2-3 μm in the case of CIGSe) is required 

in order to fully absorb the incoming light above the band gap.  

 

 

Figure 2.8. Energy-momentum diagram depicting the fundamental absorption process. Since the 
energy and momentum must be conserved, vertical transitions occur due to negligible photon 
momentum. Figure drawn based on Figure 3.1 in reference [53].   

 

As a result of the absorption process, electron-hole pairs are created from the excitation of 

electrons from the valance band into the conduction band. This band-to-band or 

fundamental absorption, must obey the energy and momentum conservation, which 

implies that this transition occurs almost vertically in a direct semiconductor because the 

momentum of a photon is negligible when compared to the crystal momentum, as 

illustrated in the energy-momentum diagram of Figure 2.8.  Upon absorption and in the 

picoseconds timescale, the photogenerated carries will thermalize to the band edges by 
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phonon emission and reach quasi-thermal equilibrium with the lattice. The distribution of 

the carries can then be described by Fermi-Dirac statistics, which allows the definition of 

the quasi-Fermi levels. The process that follows is the recombination of the photogenerated 

carriers, which can happen either as a radiative or a non-radiative process.  

 

Radiative recombination 

All the information that is obtained in a photoluminescence experiment comes from the 

analysis of the samples’ emitted radiation. In principle, all of the possible optical transitions 

due to absorption may occur in the opposite direction and generate a characteristic 

emission. However, the absorption and emission spectra are different, and thus, the 

information that can be extracted from them. The absorption spectrum is generally broad, 

because all the states in the valance band and conduction band can participate in the 

absorption process, whereas the emission spectrum is narrow, due to the reduced band of 

states from where the thermalized electrons and holes recombine.  

 

 

Figure 2.9. Radiative transitions observed in photoluminescence spectroscopy as a function of 
increasing temperature: excitons (Ex), donor-acceptor pairs (DA), Free-to-bound (FB) and band-to-
band (BB). Note that a given temperature, more than one transition or different type can be 
observed. The temperature arrow is just an indicator of the probability of seeing such transition.  

 

The energetic transitions that occur in a radiative recombination process and that can be 

observed in a photoluminescence experiment, depend on the temperature and quality of 
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the material. Besides radiative transitions occurring between the conduction and the 

valence band, referred as band-to-band (BB) recombination, transitions involving donor 

and/or acceptor states may also occur. If the recombination process involves a donor 

(acceptor) state and the valence (conduction) band, it is referred as a free-to-bound (FB) 

transition. In the case of recombination happening from a donor to an acceptor state, it is 

denoted as a donor-acceptor pair (DA) transition.  Besides these, excitonic transitions may 

also be observed in high-quality crystals at low temperatures. Figure 2.9 shows a schematic 

representation of the aforementioned optical processes. From all these recombination 

paths, only band-to-band and donor-acceptor pair recombination will be further discussed 

due to its relevance for the experiments of this thesis.  

At room temperature, and in general temperatures above ~200 K, band-to-band is the 

dominating radiative recombination process in a good material. At these temperatures, 

shallow donor and acceptor states will possess enough thermal energy to ionize, i.e., to re-

emit the carriers into their respective band from where they may recombine. Furthermore, 

all bound electron-hole pairs (excitons) will be dissociated due to their low binding 

energies (typically below 10 meV). Thus, the measured photoluminescence spectrum of an 

ideal semiconductor (with no deep-defects nor tail states) will be given by the square-root 

characteristic of the density of states and its occupation distribution, as described by 

equation (2.11), where 𝑘𝐵 is the Boltzmann constant and 𝑇 the absolute temperature.      

 

 𝐼𝐵𝐵(𝐸) ∝ (𝐸 − 𝐸𝑔)1/2 exp (−
𝐸

𝑘𝐵𝑇
) (2.11) 

 

By setting the derivative of equation (2.11) equal to zero, we can find that the maximum of 

the emitted photoluminescence is not exactly at the band gap energy but 𝑘𝐵𝑇/

2 (approximately 13 meV at room temperature) above it, as seen in Figure 2.10, which 

indicates that it is possible to estimate the band gap energy from the maximum of the 

photoluminescence spectrum as long as the semiconductor does not suffer from strong 

tailing, as in the case of kesterites[89-91], since in this case the emission maximum will be 

shifted towards lower energies. Besides the information of the band gap, the room 

temperature photoluminescence spectrum of a semiconductor carries plenty of important 

information such as the Urbach energy and the quasi-Fermi level splitting. Since both 
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parameters are of outmost importance for the understanding of this thesis, they will be 

explained in detailed in separate subchapters. 

 

 

Figure 2.10. Expected radiative band-to-band transition from an ideal semiconductor with a band 
gap of 1 eV at different temperatures obtained from equation (2.11. The dotted vertical line 
corresponds to the maximum of the emission located at ~13 meV above the band gap for T = 300K.  

 

Another important path of radiative recombination is the donor-acceptor pair transition. 

This transition can be observed at low temperatures and involves the recombination of two 

neutral defects (initial state 𝐷0𝐴0) which become ionized upon photon emission (final state 

𝐷+𝐴−), as described by equation (2.12), where 𝛾 is a photon with energy 𝐸𝐷𝐴.  

 

 𝐷0𝐴0 → 𝐷+𝐴− + 𝛾 (2.12) 

 

Since the defects in the final state are a positively charged donor and a negatively charged 

acceptor, they will exert a Coulomb-type attractive potential which energy needs to be 

considered. Therefore, the energy of the emitted photon in a DA pair recombination (𝐸𝐷𝐴) 

is not only given by the energetic difference between the band gap and the donor and 

acceptor binding energies (𝐸𝐷 and 𝐸𝐴), but also by the Coulomb energy which depends on 
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the dielectric constant of the material (𝜀𝑟), the vacuum permittivity (𝜀0) and the discrete 

distance between the involved charged defects (𝑅) (see equation (2.13 ). 

 

 𝐸𝐷𝐴 = 𝐸𝑔 − 𝐸𝐷 − 𝐸𝐴 +
1

4𝜋𝜀0

𝑒2

𝜀𝑟𝑅
 (2.13) 

 

From all the parameters that dictate the energy of the emitted photon in a DA 

recombination process, only 𝑅  can be easily modified at the time of performing 

photoluminescence spectroscopy. By increasing the intensity of excitation (𝐼) and thus the 

density of photogenerated carriers, the spatial distance (𝑅) between donors and acceptors 

involved in the recombination process decreases, since the number of neutral donors and 

acceptors in the initial state will increase. As a result, the Coulomb term in equation (2.13) 

will increase, and the emitted photon energy will do so as well. This excitation density 

dependency of the DA pair recombination is routinely used in defect spectroscopy by 

photoluminescence in order to identify such type of transitions. Moreover, the magnitude 

of the blue-shift measured in meV per decade of excitation (𝛽 ) can be used to assess 

whether potential fluctuations are present in the recombination process. Typical values of 

𝛽 in a DA transition are below 3 meV/decade and can be extracted from the empirical law: 

 

 𝐸𝐷𝐴(𝐼) = 𝐸𝐷𝐴(𝐼0) + 𝛽 log (
𝐼

𝐼0
) (2.14) 

 

2.4.2 Quasi-Fermi level splitting 

Before discussing the quasi-Fermi level splitting, which describes a non-equilibrium 

situation, let’s start by analysing the emission of a semiconductor in thermal equilibrium. 

In this situation, the detailed balance of the generation and recombination processes must 

be such that the rate of radiative recombination 𝑅 is equal to the rate of the generation of 

electron-hole pairs, which can be written as a function of the photon frequency 𝑣  as in 

equation (2.15) . 

 

 𝑅(𝑣) = 𝜌(𝑣) 𝑃(𝑣) (2.15) 
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In this case, 𝜌(𝑣)  describes the photon density of states which can be obtained from 

Planck’s radiation law (for a constant refractive index 𝑛) as: 

 

 𝜌(𝑣) =
8𝜋𝑣2𝑛3

𝑐3

1

𝑒ℎ𝑣/𝑘𝐵𝑇 − 1
 (2.16) 

 

The absorption probability 𝑃(𝑣) , on the other hand, has an inverse relationship to the 

photon mean lifetime (𝑃(𝑣) = 𝜏(𝑣)−1), which can be calculated from the mean free path 

(inverse of the absorption coefficient 𝛼(𝑣)) of a photon that travels at a velocity equal to 

𝑐/𝑛. Thus, the absorption probability can be written as: 

 

 𝑃(𝑣) = 𝛼(𝑣)
𝑐

𝑛
 (2.17) 

 

By substituting equations (2.16) and (2.17) into (2.15), we can then obtain an expression 

for the thermal recombination rate.  

 

 𝑅(𝑣) =
8𝜋𝑣2𝑛3

𝑐3

1

𝑒ℎ𝑣/𝑘𝐵𝑇 − 1
 (𝛼(𝑣)

𝑐

𝑛
) =  

𝛼(𝑣)8𝜋𝑣2𝑛2

𝑐2[𝑒ℎ𝑣/𝑘𝐵𝑇 − 1]
     (2.18) 

 

Equation (2.18) is known as the van Roosbroeck-Shockley relation, and describes the 

relation between the absorption and emission spectrum of a semiconductor at equilibrium 

conditions. In a photoluminescence experiment, however, such condition does not hold 

true anymore. When the semiconductor is excited by absorption of photons with energy 

larger than the band gap, photogenerated carriers will equally increase both electron and 

hole densities by an amount 𝛥𝑛 and 𝛥𝑝, respectively. Due to this simultaneous increase, a 

single Fermi level cannot describe the new electron and hole distributions at the 

conduction and valence band as in a thermal equilibrium condition, and thus it needs to 

split into two quasi-Fermi levels: one to describe the electron occupation of states in the 

conduction band (𝐸𝐹,𝐶) and another for the holes in the valance band (𝐸𝐹,𝑉). Then, with the 

use of the effective density of states at the conduction band 𝑁𝐶  and valence band 𝑁𝑉 , and 
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the Boltzmann approximation (which is valid for non-degenerate semiconductors), the 

density of electrons (𝑛) and holes (𝑝) can be calculated as, 

 

 𝑛 = 𝑁𝐶 exp (−
𝐸𝐶−𝐸𝐹,𝐶

𝑘𝐵𝑇
) (2.19) 

 𝑝 = 𝑁𝑉 exp (−
𝐸𝐹,𝑉 − 𝐸𝑉

𝑘𝐵𝑇
) (2.20) 

 

Since for recombination to happen a free electron and hole must find each other and 

annihilate, the rate at which electrons and holes recombine and photons are generated (in 

a radiative recombination process) increases with the carrier concentration 𝑛 and 𝑝 as: 

 

 𝑅 = 𝐵 𝑛 𝑝 = 𝐵 𝑛𝑖
2 exp (

𝐸𝐹,𝐶 − 𝐸𝐹,𝑉

𝑘𝐵𝑇
) (2.21) 

 

Where B is the material-specific radiative recombination coefficient in units of cm3/s and 

𝑛𝑖 the intrinsic carrier concentration. The energetic difference 𝐸𝐹,𝐶 − 𝐸𝐹,𝑉 is known as the 

quasi-Fermi level splitting 𝛥𝜇.  

So far, the recombination rate that has been discussed describes the band-to-band radiative 

recombination process inside the semiconductor material. In a photoluminescence 

experiment, however, only photons emitted through the surface of the sample are detected. 

The expression that correlates such emitted photon flux 𝛷  with the quasi-Fermi level 

splitting is called Generalised Planck’s law (equation (2.22)), and was derived by Würfel[43] 

based on the principle of detailed balance. The assumptions taken during the derivation of 

equation (2.22) limit its validity to semiconductor materials with flat quasi-Fermi levels 

throughout the absorber.  

 

 𝛷(𝐸) =  
1

4𝜋2ℏ3𝑐2

𝑎(𝐸)𝐸2

exp (
𝐸 − 𝛥𝜇

𝑘𝐵𝑇
) − 1

 (2.22) 
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The main difference between generalised Planck’s law and the van Roosbroeck-Shockley 

relation introduced in equation (2.18), besides the fact that the former describes a non-

equilibrium situation ( 𝛥𝜇 ≠ 0 ), is that generalised Planck’s law makes use of the 

absorptivity 𝑎(𝐸)  instead of the absorption coefficient. Without considering multiple 

internal reflection and assuming a planar surface, the absorptivity in a film of thickness 𝑑 

is related to the absorption coefficient by equation (2.23), which also relates to (2.10). By 

setting 𝑎(𝐸) = 1 and 𝛥𝜇 = 0 in equation (2.22), generalised Planck’s law would describe 

the emission of thermal radiation instead of luminescence radiation; in other words, 

generalised Planck’s law would go back to Planck’s law of black-body radiation.   

 

 𝑎(𝐸) = (1 − 𝑅(𝐸))(1 − exp (−𝛼(𝐸)𝑑)) (2.23) 

 

If the photon flux that is used to excite the semiconductor in a photoluminescence 

experiment is calibrated to deliver one sun illumination (same photon flux as would be 

absorbed from a standard air mas 1.5 spectrum), then the measurement of the quasi-Fermi 

level splitting would take a new meaning. In this case, since the photogenerated carriers 

are not extracted through electrical contacts, the situation would mimic an open-circuit 

condition of a solar cell. Thus, the quasi-Fermi level splitting would be a measure of the 

maximum open-circuit voltage achievable if the absorber would be completed into a solar 

cell or, in other words, a measure of the optoelectronic quality of the semiconductor.   

Furthermore, by analysing the photoluminescence spectrum with the use of generalised 

Planck’s law, the absorption coefficient and the extraction of the Urbach energy is also 

possible and will be further discuss in section 2.5. 

 

2.4.3 Photoluminescence of compensated semiconductors 

As discussed in section 2.3.1, both donor and acceptor defects can be found in a 

semiconductor. In a p-type material like Cu(In,Ga)Se2, as long as the density of acceptor 

defects 𝑁𝐴 is greater than the donors 𝑁𝐷 , the conductivity type will remain as such. It can 

happen, however, that the density of donor defects is in the same order of magnitude as the 

acceptors. In this case, the material is referred as compensated, and the carrier 

concentration at the extrinsic temperature regime (which includes room temperature), will 

be given by 𝑝 = 𝑁𝐴 − 𝑁𝐷 . It is possible then to define the degree of compensation 𝑘 as 𝑘 =
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𝑁𝐷/𝑁𝐴 for a p-type and 𝑘 = 𝑁𝐴/𝑁𝐷 for an n-type semiconductor. Materials that are highly 

compensated (𝑘 ≈ 1) have different properties than those weekly compensated, such as 

the radiative recombination transitions described in section 2.4.1, especially those where 

donor and acceptor states are involved. Cu-poor Cu(In,Ga)Se2 is known to be a highly 

compensated semiconductor[92-97] which degree of compensation increases towards lower 

copper contents[97-98].  

Compensated semiconductors are usually studied at low temperatures in order to see the 

characteristic features of the photoluminescence. At this condition, all the electrons from 

donor defects will be trapped by acceptors and become ionized, leaving a large density of 

randomly distributed charged defects 𝑁𝐶  given by 𝑁𝐶 = 𝑁𝐴
− +  𝑁𝐷

+. As a consequence of 

the Coulomb potential exerted by the charged defects, the energy bands will be modulated.  

These kind of fluctuations are known as electrostatic potential fluctuations, and a 

descriptive model that takes into accounts their average magnitude 𝛾  was proposed by 

Shklovskii and Efros [99]. The expression to determine 𝛾 taking into account the screening 

of the charges is given by equation (2.24), which is based on a random distribution in space 

of the charged defects. 

 

 𝛾 =
𝑒2

4𝜋𝜀0𝜀𝑟

𝑁𝐶
2/3

𝑝1/3
 (2.24) 

 

According to the previous equation, if we take two different highly compensated 

semiconductors with the same amount of charged defects, the difference in the magnitude 

of the potential fluctuations between them will then be given solely by their different 

relative permittivity𝜀𝑟. Applying this example to CuInSe2 and CuGaSe2, the magnitude of the 

potential fluctuations for each composition would be 𝛾𝐶𝐼𝑆𝑒 ~ 49 𝑚𝑒𝑉 and 𝛾𝐶𝐺𝑆𝑒  ~ 61 𝑚𝑒𝑉, 

assuming 𝑁𝐶 = 5 · 1017𝑐𝑚−3 ,  𝑝 = 𝑁𝐴 − 𝑁𝐷 , 𝜀𝑟
𝐶𝐼𝑆𝑒 = 13.6  [100] and 𝜀𝑟

𝐶𝐺𝑆𝑒 = 11  [101]. A 

higher fluctuation amplitude has indeed being measured in CuGaSe2 than in CuInSe2 [93], 

which would suggest then that in the solid solution, the magnitude of the potential 

fluctuations would increase intrinsically with the band gap. This implication and the more 

general compositional dependence of the potential fluctuations in Cu(In,Ga)Se2 and its 

relation with the Urbach energy is addressed in Chapter 6.     
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2.5 Tail states and Urbach energy 

The density of states within the band gap of an ideal semiconductor is zero. In a real 

semiconductor however, a density of states that decay exponentially towards the gap exists, 

as depicted in Figure 2.11. Such energy states are known as tail states, and they were firstly 

described by Franz Urbach while studying the absorption edge of silver bromide crystals 

[102]. Furthermore, Urbach described the temperature-dependency of the decay energy by 

stating that the absorption spectrum of the studied crystals behaved as if the thermal 

energy was contributing directly to the transitions responsible for the absorption edge. Tail 

states can also be found in literature as Urbach tails.  

 

 

Figure 2.11. Schematic representation of the density of states in the case of an ideal semiconductor 
and in the presence of tail states. 

 

The fact that tail states can be studied from the absorption coefficient 𝛼(𝐸)  of a 

semiconductor, is due to the relationship between 𝛼(𝐸) and the joint density of states of 

the valance band and conduction band 𝐷𝑗, which for a semiconductor with direct band gap 

is given by: 
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 𝐷𝑗(𝐸) =
1

2𝜋2 (
2𝑚𝑗

∗

ℏ2 )

3/2

√𝐸 − 𝐸𝑔 (2.25) 

 

Where the reduced mass 𝑚𝑗
∗ depends on the electron 𝑚𝑒

∗  and hole 𝑚ℎ
∗  effective masses as 

𝑚𝑒
∗  𝑚ℎ

∗ /(𝑚𝑒
∗ + 𝑚ℎ

∗ ). The joint density of states describes the available states for optical 

transitions, and therefore, is proportional to the probability of absorption. Thus, a 

proportional relationship between 𝛼(𝐸) and 𝐷𝑗(𝐸)  can be stablished, as described by the 

expression (2.26). 

 

 𝛼(𝐸) ∝ 𝐷𝑗(𝐸) ∝ (𝐸 − 𝐸𝑔)1/2 (2.26) 

 

The behaviour of the absorption onset then, reflects the exponential behaviour of the tail 

states, and can be described by a functional dependence for energies below the band gap 

as: 

  

 𝛼(𝐸) ∝ exp (
𝐸

𝐸𝑈
) (2.27) 

 

The quantity 𝐸𝑈 is the characteristic width of the absorption edge known as the Urbach 

energy. In other words, the higher the Urbach energy is, the higher the density of tail states 

is present in the material. A more in-depth study of the Urbach energy in Cu(In,Ga)Se2 can 

be found in Chapter 6.  

 

𝑬𝑼 from Photoluminescence 

 As discussed in section 2.4.2, generalised Planck’s law (equation (2.22)) can be used to 

analyse the photoluminescence spectrum of a semiconductor and assess the optoelectronic 

quality of the material by the determination of the quasi-Fermi level splitting 𝛥𝜇 . 

Rearranging generalised Planck’s law, it is possible to obtain the following expression for 

the absorptivity 𝑎(𝐸): 
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 𝑎(𝐸) = 𝛷(𝐸) 
4𝜋2ℏ3𝑐2

𝐸2 [exp (
𝐸 − 𝛥𝜇

𝑘𝐵𝑇
) − 1] (2.28) 

 

Thus, once 𝛥𝜇 has been determined, we can use the measured value in equation (2.28) in 

order to get access to the spectral absorptivity, and thus to the absorption coefficient. By 

rearranging equation (2.23) and neglecting the surface reflectivity ( 𝑅(𝐸) ≈ 0 ), the 

following expression for the absorption coefficient is obtained:  

 

 𝛼(𝐸) = −
ln [1 − 𝑎(𝐸)]

𝑑
 (2.29) 

 

Figure 2.12. Fitting routine to the absorption coefficient with equation (2.27) in order to obtain the 
Urbach energy. The energy fitting range should be chosen such that it is as far as possible from the 
band gap but away from the noise region.  

 

Then, it would be possible to extract the Urbach energy characteristic of the studied 

material by fitting the onset of the absorption coefficient with an exponential function as 

stated in equation (2.27) and shown in Figure 2.12. It is worth mentioning that the exact 

thickness of the absorber is not a critical parameter when determining the Urbach energy, 

as a wrong thickness would shift the absorption spectrum in magnitude but would not 
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affect its shape, from where the Urbach energy is determined. A correct determination of 

the temperature and quasi-Fermi level splitting is nevertheless necessary.   

 

2.6 Review on Cu(In,Ga)Se2 solar cells 

The development of chalcopyrite-based solar cells dates back to the 1970s, when the 

CuInSe2/CdS heterojunction was demonstrated in single crystals with efficiencies of 

12%[103], and thin films of 250 – 500 nm with power conversation efficiencies between 4 

and 5%[104]. When compared to the current world record efficiency of 23.4%[13], there is no 

doubt that in five decades of constant advancement,  chalcopyrite-based solar cells have 

come a long way, especially in the development of techniques that have helped to boost the 

open circuit voltage. In the following, major breakthroughs in this technology along its 

history will be reviewed and discussed. 

 

 Major advances 

When taking a look to the historical data of world record efficiencies achieved by 

Cu(In,Ga)Se2 thin-film solar cells displayed in Figure 2.13, two major changes in the rate of 

improvement, marked with vertical dashed lines, can be observed. These changes, which 

were the result of major breakthroughs in this technology and will be discussed in the 

following paragraphs, can be used to divide the development of Cu(In,Ga)Se2 into three 

periods. The first one, consisting of two decades marked by research focused on the 

intrinsic properties of the ternaries CuInSe2 and CuGaSe2; the second one, where 

polycrystalline films of the quaternary alloy Cu(In,Ga)Se2 were mostly investigated; and the 

third one, taking place in the last decade and marked by the development of heavy alkali 

postdeposition treatments. The data points in Figure 2.13 were taken from the best 

research-cell efficiency chart of the National Renewable Energy Laboratory (NREL)[14].  
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Figure 2.13. Evolution of the power conversion efficiency of Cu(In,Ga)Se2 thin-film solar cells. 
Dashed lines represent the major breakthroughs discussed in the text. Data points taken from the 
best research-cell efficiency chart of the National Renewable Energy Laboratory (NREL)[14].  

 

2.6.1 Period I: CuInSe2 and CuGaSe2 

During the first two decades of development, most of the research focused on the 

understanding of the electronic structure (e.g. [105-106]) and optoelectronic properties of the 

ternary compounds CuInSe2 and CuGaSe2. Even though information on the crystal structure 

and lattice constants was available from the seminal work of Hahn et al. on ternary 

chalcogenides with chalcopyrite structure since 1953[107], crystal structure data from 

powder X-ray diffraction, for example, was not reported for CuInSe2 and CuGaSe2 until 

1973[108] and 1977[109], respectively. Furthermore, important studies on the optical 

absorption[88], carrier mobility and carrier concentration[95, 110-111] of CuInSe2 as well as for  

CuGaSe2[112-113] were also published before 1980. During this first period of research, the 

dependence of important properties such as the carrier concentration and conductivity 

type on the absorber’s composition was studied, finding that, for example, the low-band 

gap compositions.  

A characteristic of the first half of this period and previously mentioned studies is that most 

of the samples used were mostly polycrystalline films grown by the vacuum fusion of a 

mixture of the constituent elements or flash evaporation, or single crystals grown using the 
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normal freezing method or a zone levelling technique. By the end of the 1980s, however, 

the high-vacuum three-source evaporation method had been already positioned as the 

most common growth technique for CuInSe2 due to the better power conversion 

efficiencies achieved by this method[114-115]. Interest in producing high-quality single-

crystalline thin films to boost the power conversion efficiency, took also the research 

direction into looking for suitable substrates for the heteroepitaxial growth of CuInSe2.  

With the available information on the crystal structure and lattice constants at the time, 

Schumann et al.[116] investigated, among others, GaAs, Ge, NaCl, CdS and CaF2 as possible 

candidates for this purpose. Their study concluded that in order to have a desirable type of 

epitaxy (without polycrystalline inclusions) the lattice mismatch, the tetragonal distortion 

of CuInSe2 and the differences in the thermal expansion coefficient of the constituent layers 

had to be taken into account at the time of choosing the best suitable substrate, since the 

substrate properties (namely composition, symmetry and orientation) influence the 

epitaxial relationships, the kind of epitaxy, the temperature range of epitaxial growth, the 

occurrence of polycrystalline inclusions and the formation of secondary phases[116].  One 

year after the publication of this study (1986), the same authors demonstrated that gallium 

arsenide was indeed a suitable substrate to obtain CuInSe2 single crystalline films[117], 

which is the substrate utilized in nowadays Cu(In,Ga)Se2 single crystal growth techniques 

such as metalorganic vapour phase epitaxy and molecular beam epitaxy.  

In terms of devices, by the end of this first period of Cu(In,Ga)Se2 development, several 

companies and research institutes had reported CuInSe2-based solar cells with efficiencies  

above 10%[114, 118], such as a 12.4% evaporated p-type CuInSe2/n-type (Cd,Zn)S developed 

by the Boeing High Technology Center[119-120],  and a 14.1% device achieved by ARCO 

Solar[114].  

 

2.6.2 Period II: Cu(In,Ga)Se2  

Towards the first years of the 1990s, the first major change in the development of 

chalcopyrite-based solar cells took place: the incorporation of gallium into CuInSe2 to form 

the quaternary alloy Cu(In,Ga)Se2. The addition of gallium helped to boost the efficiency by 

increasing the VOC, which was limited by the low band gap of pure CuInSe2 of ~1.0 eV at 

around 500 mV[14]. In 1994, the National Renewable Energy Laboratory demonstrated a 

novel approach for the growth of Cu(In,Ga)Se2 by physical vapour deposition. Instead of 

growing the absorber with constant evaporation rates of elemental Cu, In, Ga and Se, the 
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new method consisted in depositing firstly an In-Ga-Se precursor containing around 90% 

of the total indium and gallium, which would then be exposed to a flux of Cu and Se in a 

second stage (with a substrate temperature higher than the first one) until the total 

Cu/(Ga+In) ratio would be between 0.95 and 1.1 . Lastly, the remaining In and Ga would be 

added in order to remove any copper-related secondary phase[121]. By following this 

deposition method, the same year NREL set a new world record efficiency by reporting 

devices above 16%[122], and remained on the top of the chart until 2010.  

This Cu(In,Ga)Se2 growth technique developed by NREL, which is now known as the 3-stage 

co-evaporation process, has been a topic of outmost research interest in the chalcopyrite 

community for nearly three decades now and has played a key role in the development of 

high-efficiency solar cells. As a consequence of the non-constant evaporation rates and 

different temperatures along the three stages, the Ga/(Ga+In) distribution along the film 

thickness is not uniform but is present as a gradient which has a minimum close to the CdS 

front interface. Since the energy of the band gap in Cu(In,Ga)Se2 depends on the Ga 

concentration, the band gap of the full absorber is also graded and follows the gallium 

content, meaning that the minimum of the gradient, known as the “notch”, corresponds to 

the minimum band gap energy which will then dictate the maximum achievable VOC. 

Optimization of the 3-stage co-evaporation process such as the position of the notch, height 

of the back and front Ga gradient, duration of the stages and so on has been crucial to 

achieve high conversion efficiencies. 

Along the development of the growth process, the use of molybdenum-coated soda-lime 

glass as substrate instead of (also Mo-coated) alumina, borosilicate or sapphire[123], brought 

another fundamental element and game changer to the development of Cu(In,Ga)Se2: 

sodium. Between 1993 and 1994, comparative studies between soda-lime glass and other 

substrates revealed that Cu(In,Ga)Se2 solar cells grown on soda-lime glass performed 

better[123-124]. Furthermore, other properties like the electrical conductivity of Cu(In,Ga)Se2 

was found to be one order of magnitude higher when grown on this kind of substrates[125]. 

These observations, along the detection of sodium species by X-ray photoelectron 

spectroscopy at the absorbers surface[125], suggested that the diffusion of sodium from the 

soda-lime glass during the growth, was indeed of foremost importance in order to improve 

the performance. Since sodium and other alkali metals were the basis for most of the 

experiments presented in this thesis, a more in-depth review is given in the following 

section.  
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By the end of this second period of development, Cu(In,Ga)Se2 solar cells had achieved 

power conversion efficiencies above 20%. For example, between 2007 and 2008, NREL 

reported a 19.9% efficient ZnO/CdS/Cu(In,Ga)Se2 with a remarkable fill factor of more than 

81% achieved after small modifications to the 3-stage process consisting of an “Indium-

terminated” third stage and a 2.5 minutes selenium annealing at around 600°C followed by 

a 2 minutes annealing at 200°C in air after the deposition of the CdS buffer layer[126]. In 

2010, ZSW (Zentrum fuer Sonnenenergie- und Wasserstoff-Forschung) reported for the 

first time ever a Cu(In,Ga)Se2 device with an efficiency above 20%[127].   

 

2.7 Period III: Alkali metals and postdeposition treatments 

As discussed in the previous section, the use of soda-lime glass as substrate for the growth 

of Cu(In,Ga)Se2 was one of the milestones that marked the development of this technology. 

Soda-lime glass is composed mostly by SiO2 but, among other elements and as the name 

suggests, contains a large proportion of monovalent Na2O[128]. Diffusion of sodium from the 

soda-lime glass during the growth of Cu(In,Ga)Se2 and its effects on the absorber properties 

has been the focus of several studies in the chalcopyrite community and will be addressed 

in the following subsections. Besides the light alkali sodium, in the third period of 

Cu(In,Ga)Se2 development, which comprises the last decade, heavier alkali elements like 

potassium, rubidium and caesium have boosted the power conversion efficiency even 

further. The main source of alkali metals (besides soda-lime glass) for Cu(In,Ga)Se2 has 

come from alkali metal halides, which are a family of inorganic compounds with the formula 

𝐴+𝑋− where A is an alkali metal cation (Li, Na, K, Rb, or Cs) and X a halogen anion (F, Cl, Br 

or I). Most of these compounds crystallise in a face-centered cubic lattice and are readily 

available as sources for both alkali metals and halides. Even though the lattice energy of 

alkali metal halides based on fluorine is higher than iodine-based compounds[129], inferring 

that their melting point is also higher, fluorine-based salts remain as the most commonly 

used source of alkali metals in the Cu(In,Ga)Se2 community. The advantages of using 

fluorides as alkali metal source were not explicitly found during this literature review, but 

other salts like NaCl and KI, have proven to be effective sodium and potassium sources in 

Cu(In,Ga)Se2 solar cells[130-131].  

Even though research on heavy alkali metals dates back to 1997 with the work of Contreras 

et al. where the effects of potassium and caesium on Cu(In,Ga)Se2 absorbers were 

investigated[132], it was not until 2013 that Chirilă et al. from Empa, demonstrated the 
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effectiveness of potassium in increasing the power conversion efficiency of Cu(In,Ga)Se2 

solar cells[133]. In this study, the authors developed a sequential postdeposition treatment 

with sodium fluoride and potassium fluoride in Cu(In,Ga)Se2 absorbers grown on flexible 

polyimide film reaching a power conversion efficiency of 20.4% and surpassing, for the first 

time, the efficiency of absorbers grown on soda-lime glass[133]. This sequential 

postdeposition treatments with heavy alkali metal fluorides after sodium incorporation 

(either from the soda-lime glass or from a postdeposition treatment), would later become 

the main driver of power conversion efficiency boosts in Cu(In,Ga)Se2 solar cells.  

 

 

Figure 2.14. Power conversion efficiency of the latest certified alkali-treated Cu(In,Ga)Se2 solar cells 
with efficiencies above 20%. 

 

By taking a look at the efficiency improvements driven by postdeposition treatments since 

the report of Chirilă et al. in 2013[133] to the current record efficiency of 23.35%[13], as shown 

in Figure 2.14, it is possible to see that the strategy followed over time to achieve better 

performances has been to move to heavier alkali metals, i. e., from potassium to rubidium 

and then to caesium. Thus, in the following subsections, the differences between these 

heavy alkali metals will be addressed. Figure 2.14 was constructed based on reported 

(independently certified) solar cells that received a postdeposition treatment with heavy 
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alkali metals yielding efficiencies above 20%. The devices were reported by some of the 

leaders in Cu(In,Ga)Se2 development: NREL[134], Empa[133], ZSW[135-139] and Solar Frontier[13, 

140-141].    

 

 

Figure 2.15. Fill factor, open-circuit voltage and short-circuit current density of the Cu(In,Ga)Se2 
solar cells with efficiencies above 20% presented in Figure 2.14.  

 

So far, it has been established that alkali postdeposition treatments have a beneficial effect 

on the performance of Cu(In,Ga)Se2 solar cells, so now a crucial question can be raised: what 

is the role of the alkali elements in the aforementioned efficiency improvement? This 

question has driven a vast number of studies aiming at understating how exactly the alkali 

metals help to improve the solar cells. In order to have a better overview, the properties 

that determine the efficiency of a solar cell, i.e., the open-circuit voltage, the short-circuit 

current and the fill factor of the devices presented in Figure 2.14 are shown in Figure 2.15. 

This figure demonstrates that from these three properties, the short-circuit current, and 

thus the fill factor, seems to benefit the most from the change in alkali metals from 

potassium to caesium. The inexistent trend in open-circuit voltage with different alkalis, on 
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the other hand, demonstrates that the Cu(In,Ga)Se2 bulk properties can benefit from alkali 

postdeposition treatments independently of the heavy alkali metal used. It is worth 

mentioning that a better analysis could have been performed by comparing the solar cell 

parameters with respect to their Shockley Queisser values, but not all band gap energies 

are reported. The effects of alkali postdeposition treatments on the surface and bulk 

properties of Cu(In,Ga)Se2 are then discussed in the following subsections.          

 

2.7.1 Surface effects 

Since the study of the absorber surface is beyond the scope of this thesis, just a small 

summary is presented. For a more in-depth understanding, the reader is referred to the 

review papers in references [18, 142-143].  

Some of the early effects of postdeposition treatments reported, were indeed related to the 

chemistry of the absorber surface. The first interesting observation with KF-PDTs was that 

after the treatment, the deposition of a thinner CdS buffer layer was possible, reducing the 

parasitic absorption of CdS and improving the short-circuit current density[133]. The 

improved Cu(In,Ga)Se2/CdS junction quality was attributed to compositional changes 

characterized by a depletion of copper and a more favourable chemically-terminated 

absorber surface with a pronounced affinity for Cd ions[28, 144-145]. Along these chemical 

changes, a band gap widening of the absorber surface was also reported[146], which lately 

was linked to the formation of a potassium-related compound such as KInSe2 at the 

absorber surface[142, 147-148]. 

In the case of postdeposition treatments with RbF, the effects on the absorber surface were 

found similar as with KF PDTs. Some of the differences reported are that RbF PDTs lead to 

a weaker copper depletion at the surface[149], and that the growth rate of  CdS during the 

chemical bath deposition was lower than non-treated absorbers (for KF PDTs the growth 

rate was found to improve)[28]. Similarly as with KF, the formation of a rubidium-related 

compound at the absorber surface such as RbInSe2[150] has also been reported. An 

interesting feature of both KF and RbF is the “nanopattering” or formation of pores at the 

surface after the treatments, these changes although visible by scanning electron 

microscopy images (KF[145, 148, 151] and RbF[152-154]), have not been observed in all high-

efficiency devices[18], and thus not considered as an important feature.  

Surface modifications after CsF postdeposition treatments coincides with reports of a Cu-

depleted[155] and nanopatterned[156] surface as reported for KF and RbF PDTs. However, 
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studies on the formation of a Caesium-related compound at the surface have presented 

contradictory results as evidence of its existence[155] and inexistence[156] can both be found 

in the literature.   

Whether or not the presence of an alkali-(In,Ga)-Se compound at the absorber surface or 

the nanopattering is related to the observed absorber/buffer improved interface, there is 

no doubt that heavy alkali postdeposition treatments are necessary to improve the short-

circuit current density. However, a direct relationship between the improvement in JSC and 

the use Cs instead of Rb or K could be questionable. For example, the latest record efficiency 

of 23.35% achieved by Solar Frontier, was due to the development of a 

Zn(O,S,OH)x/Zn0.8Mg0.2O double buffer layer which resulted in an increase in short-circuit 

current density of 1.1 mA/cm2 when compared to their previous record[13], rather than to 

the CsF PDT itself.  

 

2.7.2 Bulk effects  

The most important and interesting effect of postdeposition treatments is, perhaps, the 

improvement of the open-circuit voltage. This improvement was firstly thought to be 

related to the surface modifications arising from the postdeposition treatments and a 

passivation effect which would lead to a reduced surface recombination[157-158]. However, 

as shown in Figure 2.15, the improvement in the open-circuit voltage achieved by the 

different alkali postdeposition treatments is quite similar and independent of the surface 

modifications obtained for the different alkalis. Thus, these surface modifications seem not 

to be the main driver for the improvement in open-circuit voltage but rather a change in 

the bulk caused by the alkali metals[18].  

When taking a look to the reported improvements in open-circuit voltage, we can see that 

the magnitude of the beneficial effect of the PDTs is quite different, ranging from 20 mV to 

more than 70 mV (see Table 2.2 and references therein). An explanation to this observation 

could be related to the way the studied absorbers are grown and their final composition, 

i.e., the Cu/(Ga+In) and Ga/(Ga+In) ratios, as the effects of postdeposition treatments have 

been reported to be compositional-dependent. For example, Ishizuka et al. demonstrated 

that the effectiveness of RbF postdeposition treatments decreases with increasing 

Ga/(Ga+In), dropping from an increase in open-circuit voltage of 70 meV in pure CuInSe2, 

to just 2 meV in pure CuGaSe2[153]. Furthermore, the effectiveness of RbF PDTs has also been 

demonstrated to be dependent on the Cu content, being the most effective in compositions 
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close to stoichiometry[159]. Another possible explanation to the variations in the magnitude 

of the VOC improvement could be related to the amount of alkalis already present in the film 

before the postdeposition treatment, and the interaction of these alkalis with the heavy 

alkalis introduced by the PDT. In this regard, several questions can be raised. Why do we 

need a light and a heavy alkali metal in order to improve the VOC? Why adding more sodium 

to the absorbers does not have the same effect as a PDT with heavy alkalis? Where in the 

absorber the light and heavy alkalis are? Is there a relation between the different alkali 

species? These questions served as a motivation and research direction for the experiments 

presented in chapters 4 and 5, where some models and answers are discussed.  

 

 Sodium (Na) 

Along the years, sodium has demonstrated to play a fundamental role in chalcopyrite solar 

cells in helping to improve the optoelectronic properties. Regardless on the way sodium is 

incorporated, e.g., diffusion from the soda-lime glass, deposited as a precursor layer or after 

the growth via a postdeposition treatment, sodium has been found beneficial in improving 

the open-circuit voltage of Cu(In,Ga)Se2 solar cells (for a detailed overview on methods for 

sodium incorporation, the reader is referred to the review by Salomé et al.[160]). But, as 

everything that is good, must be used in moderation. Granata et al. suggested that a 

concentration of sodium between 0.05 and 0.5 at. % is ideal, and that a concentration 

greater than 1 at. % degrades the device performance[161].    

 Among some of the reported effects of sodium in Cu(In,Ga)Se2, it is possible to find that 

sodium promotes inter-grain and prevents intra-grain diffusion of  indium and gallium[162], 

which implies that if supplied during co-evaporation it will affect the optoelectronic 

properties depending on the process stage when it is added. Some other structural effects 

of sodium have demonstrated that it might influence the grain size, texture and orientation 

of polycrystalline films. More importantly, sodium has an effect on the electrical properties 

of Cu(In,Ga)Se2. Since the first reports in the 1990s, sodium was found to increase the 

electrical conductivity and hole carrier concentration, i.e., sodium was identified as an 

effective extrinsic dopant. How exactly sodium increases the p-type doping is a debated 

topic in the Cu(In,Ga)Se2 community, but one of the most accepted models suggests that 

sodium is driven out of the lattice during the cool-down stage of the growth process, leaving 

an increased density of copper vacancies and thus, increasing the acceptor density[56]. A 
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recent thorough investigation on the evolution of the electrical properties of Cu(In,Ga)Se2 

with the sodium content can be found in reference [163].  

 

Table 2.2. Comparative 𝑉𝑂𝐶  improvement before and after PDTs with different alkalis. 

  𝑉𝑂𝐶 before 𝑉𝑂𝐶 after PDT 𝛥𝑉𝑂𝐶  Na source PDT Ref 

673 741 68 HT Glass KF [144] 

696 718 22 PDT KF [152] 

696 716 20 PDT RbF [152] 

624 695 71 PDT KF [145] 

680 700 20 SLG KF [164] 

655 720 65 SLG KF [165] 

622 652 30 SLG KF [166] 

622 651 29 SLG CsF [166] 

680 709 29 SLG KF [167] 

685 708 23 PDT RbF [168] 

682 717 35 SLG RbF [153] 

656 684 28 SLG RbF [159] 
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Chapter 3 

3 Heteroepitaxial Growth 

 

For the realisation of this thesis, the epitaxial growth of Cu(In,Ga)Se2 by metalorganic 

vapour phase epitaxy (MOVPE) was of outmost importance. In this chapter, the basic 

principles of heteroepitaxial growth by MOVPE are described, as well as a general overview 

of the growth process at the Laboratory for Photovoltaics.   

 

3.1 Metalorganic vapour phase epitaxy 

Metalorganic/organometallic vapour-phase epitaxy (MOVPE/OMVPE), also known as 

metalorganic chemical vapour deposition (MOCVD/OMCVD), is a chemical vapour 

deposition technique that allows the growth of epitaxial layers. Epitaxy, from the Greek επι 

(epi; on, upon or attached to) and ταξισ (taxis; in order or arrangement) refers to the 

growth process where atoms assembly in an oriented form on the surface of a crystalline 

substrate[169]. If the grown layer and substrate differ energetically (different thermal 

expansion coefficients) and geometrically (different crystal structure and/or unequal 

lattice parameters, for example), then the term heteroepitaxy is used. On the other hand, if 

both layer and substrate are the same material, the process is referred as homoepitaxy or 

autoepitaxy[170]. In the following, a description of the characteristics of the substrates used 

for epitaxy, the metalorganic precursors and the MOVPE process itself is provided.  

 

3.1.1 Substrates for heteroepitaxy 

Since oriented growth is limited to lattice networks that have identical or quasi-identical 

lattice parameters, one of the most crucial aspects that must be taken in consideration in 

heteroepitaxial growth, is the lattice mismatch 𝑓 between the material intended to grow 

and the singly crystalline material used as substrate.  When the lattice parameters of 
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material and substrate differ, the epitaxial layer will grow under strain (either compressive 

or tensile), which may cause structural defects not only at the interface but throughout the 

grown layer. Thus, it is important to minimize the lattice mismatch, which can be calculated 

from equation (3.1) as[171]: 

 

 𝑓 =
𝑎𝑆 − 𝑎𝐿

𝑎𝐿
 (3.1) 

 

Where 𝑎𝑆  and 𝑎𝐿  are the unstrained lattice constants of the substrate and the layer, 

respectively[170].  

 

 

Figure 3.1. Schematic representation of unstrained crystal lattices of GaAs and Cu(In,Ga)Se2. The 
lattice parameter 𝑎 is indicated for the substrate (𝑎𝑆) and for the grown layer (𝑎𝐿).   

 

As discussed in the literature review, epitaxial Cu(In,Ga)Se2 is grown using gallium arsenide 

wafers as substrate due to its compatible crystal structure, lattice parameters and thermal 

expansion coefficient. Figure 3.1 illustrates the unstrained crystal lattice of the 

GaAs/Cu(In,Ga)Se2 system with its corresponding  𝑎𝑆 and 𝑎𝐿 lattice parameter. GaAs has a 

lattice constant of 5.653 Å at room temperature[172], while Cu(In,Ga)Se2 has a lattice 

constant 𝑎 that increases from 5.604 Å (CuGaSe2) to 5.777 Å (CuInSe2)[41], then, by inserting 

these values in the previous equation, the lattice mismatch for the ternaries would be of 

𝑓𝐶𝑢𝐺𝑎𝑆𝑒2
= 0.87 %  and 𝑓𝐶𝑢𝐼𝑛𝑆𝑒2

= −2.15 % . The different sign of the lattice mismatch 
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indicates that the strain in the heterostructure is different, being compressive strain for 𝑓 <

1 and tensile strain for 𝑓 > 1[37, 170, 173]. Figure 3.2 shows the lattice constants 𝑎 and 𝑐/2 of 

CuInSe2 and CuGaSe2 as well as the linearly interpolated values for Cu(In,Ga)Se2. As can be 

seen, for the ternary compounds and Cu(In,Ga)Se2 with high and low Ga/(Ga+In), the 𝑐-axis 

of the chalcopyrite structure would be expected to grow perpendicular to the GaAs surface. 

On the other hand, for intermediate Ga contents, 𝑐/2 is closer to the lattice constant of GaAs, 

which would result in the 𝑐-axis of the chalcopyrite structure to grow parallel to the GaAs 

surface and be lattice-matched when the Ga/(Ga+In) ratio is around 0.5. Release of strain 

in Cu(In,Ga)Se2 has been found responsible of several line, planar and bulk defects[71, 174].  

 

 

Figure 3.2. Lattice parameters 𝑎 and 𝑐/2 of CuInSe2, CuGaSe2 and Cu(In,Ga)Se2. The lattice constant 
of GaAs is shown as reference.   

 

3.1.2 Metalorganic precursors 

The metalorganic precursors used in MOVPE usually are of the form MRn, where M is the 

inorganic element required for growth and Rn is an organic ligand like alkyls. By combining 

M with different Rn, the strength of the metal-carbon bond can be tuned, allowing the 

modification of the metalorganic compound properties such as the stability of the molecule 

against decomposition. Also, the vapour pressure of the precursor can be varied 

systematically with the alkyl group, being higher for lighter molecules[171]. Some of the most 
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common alkyls used in MOVPE precursors include methyl, ethyl, n-propyl, i-propyl, sec-

butyl, t-butyl and benzyl[170-171].   

In order to be a suitable compound for MOVPE growth, the metalorganic precursors should, 

ideally, possess the following characteristics[171]:  

1) Stability: the precursor should not decompose during storage nor prematurely 

before reaching the reactor, and only pyrolyze at the growth temperature.  

2) Vapour pressure: the precursor should provide an adequate and stable vapour 

pressure (liquid precursors are more desirable than solids since the surface area of 

a solid affects the vaporization rate). As an indicative, typical vapour pressures in 

III-V semiconductors growth are greater than 1 Torr (at 20°C) for the group III 

precursor, and between 10 and 50 Torr for the group V.  

3) Purity: The synthesis of the precursor should not leave traces of dopants (especially 

oxygen). The use of the precursor should not result in carbon contamination of the 

epitaxial layer.   

For the epitaxial growth of Cu(In,Ga)Se2, the metalorganic precursors used are: CpCuTEP 

(Cyclopentadienyl copper triethylphosphine (C5H5)CuP(C2H5)3), TMIn (Trimethylindium 

In(CH3)3), TEGa (Triethylgallium Ga(C2H5)3) and DiPSe (Di-isopropyl selenide Se(C6H14)). 

Most of these precursors comply with the ideal metalorganic precursor requirements, 

except for the copper source. TMIn, TEGa and DiPSe can be purchased in an electronic grade 

quality standard (high purity) and are liquids at room temperature. CpCuTEP on the other 

hand, has a purity of minimum 98% and is an off-white powder. The biggest problem of 

CpCuTEP however, is its low vapour pressure. Figure 3.3 displays the vapour pressure of 

all four previously mentioned metalorganic precursors used in the MOVPE growth of 

Cu(In,Ga)Se2. The equilibrium vapour pressure of the metalorganic precursors 𝑃𝑒𝑞𝑀𝑂 as a 

function of temperature is calculated as in equation (3.2). 

 

 log (𝑃𝑒𝑞𝑀𝑂) = 𝑎 − 𝑏/𝑇  (3.2) 

 

The values of 𝑎 and 𝑏 for all precursors can be found in Table 3.1. In order to maintain a 

constant equilibrium vapour pressure, the stainless steel containers of the metalorganic 

precursors where the gas inlet goes below the liquid surface (known as bubblers) are kept 

in water baths regulated by a temperature controller. In the case of TMIn and DiPSe, the 
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temperate of the water bath is set at 17°C. In the case of TEGa, in order to have a similar 

𝑃𝑒𝑞𝑀𝑂 as TMIn, the water bath is kept at -5°C. Due to the low vapour pressure of CpCuTEP, 

the precursor must be heated inside an oven to 65°C, which is problematic since the 

downstream line that carries this precursor must be heated as well in order to avoid 

precursor deposition in the line. The low decomposition temperature of CpCuTEP (starting 

already at 80°C)[175] impedes the further increase of the precursor vapour pressure by 

increasing the bubbler temperature[176]. The bubbler temperatures and precursor vapour 

pressures used for the growth of Cu(In,Ga)Se2 by MOVPE are marked by vertical dotted 

lines and dots, respectively, in Figure 3.3.     

 

Table 3.1. Values of 𝑎 and 𝑏 for the calculation of the metalorganic precursor vapour pressure. 

Metalorganic Precursor a b Reference 

CpCuTEP 7.26 3059 [176] 

TMIn 10.52 3014 [177] 

TEGa 8.224 2222 [178] 

DiPSe 7.9937 2087 [179] 

 

As can be seen from Figure 3.3, even when the Cu precursor is heated at 65°, the vapour 

pressure of CpCuTEP is considerably lower than the other metalorganic precursors. 

Because of this, and as will be discussed in the following subchapter, the copper 

metalorganic precursor imposes a limit to the growth rate. Other metalorganic copper 

precursors such as cyclopentadienyl copper tertiarybutylisocyanide and hexafluoro-

acetylacetonato copper complexed with an amine, have been studied for the growth of 

chalcopyrites. It was found that the use of oxygen-containing precursors resulted in the 

growth of polycrystalline absorbers and that other oxygen-free precursors did not yield an 

improved growth rate. Furthermore, it was demonstrated that a good interface with GaAs 

was only achieved with CpCuTEP[180].   
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Figure 3.3. Vapour pressure as a function of temperature of metalorganic precursors used for the 
MOVPE growth of Cu(In,Ga)Se2. Vertical lines and points demark the temperature at which the 
precursors are kept and the given vapour pressure, respectively.   

 

3.1.3 Growth process 

MOVPE is a highly complex technique that involves several chemical and physical processes 

happening simultaneously. The general working principle of MOVPE, consists on the 

decomposition of volatile metalorganic molecules that are transported in the gas phase by 

a carrier gas. The decomposition takes place at (or near) the surface of the substrate, which 

is heated in a reactor at a temperature that facilitates the thermal dissociation of the 

gaseous species into the elements required for crystal growth. Some of the fundamental 

processes happening during MOVPE growth are[170-171]: 

• Thermodynamics: A drop in the chemical potential from the input phase to the solid 

is the main driving force of the growth process, which is a non-equilibrium situation 

itself.  

• Mass and heat transport: The supply of the metalorganic precursors to the surface 

of the substrate for growth to occur, requires of several transport processes which 

strongly depend on the diffusion and convection in the presence of a temperature 

and concentration gradient, as well as on the geometry of the reactor where the 

pyrolysis of the precursor occurs.  
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• Physical surface processes: During growth, morphological changes at the surface 

such as surface reconstruction and kink formation that alter the dynamics of the 

growth process may occur.  

• Chemical reactions: The pyrolysis of the metalorganic precursors at the vapour-

solid interface with the substrate is dictated by chemical reactions that comprise 

many successive steps, e.g., the decomposition of one molecule of trimethylgallium 

follows the reaction: Ga(CH3)3 → Ga(CH3)2 + CH3 → GaCH3 + 2CH3 → Ga + 3CH3.    

• Subsurface processes: Possible diffusion of elements into the bulk of the substrate. 

In order to better understand and take a closer look at what happens during the growth 

process itself, Figure 3.4 will be used to illustrate the process. The metalorganic precursors, 

typically carried by hydrogen to the reactor, start to decompose as soon as the temperature 

overcomes the dissociation energy and are guided to the growing surface by a vertical 

diffusive transport component occurring near the surface, resulting in the adsorption of the 

reactants[170]. At this stage, the pyrolysis of remaining organic molecules may still occur. 

Then, the adsorbed reactants diffuse laterally onto the surface and incorporate to the 

growing crystal (island growth followed by step growth), but desorption may also occur [37, 

170-171, 173, 176].      

    

 

 

Figure 3.4. Schematic representation of the decomposition of the metalorganic precursors at the 
heated surface of the substrate and subsequent crystal growth. 
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Since the decomposition temperature of the different metalorganic precursors is not equal, 

the reactor temperature should be carefully chosen. If the temperature is not enough to 

completely decompose the metalorganic precursors, then the crystal growth rate will be 

temperature-dependent (kinetically limited growth). If, on the other hand, the temperature 

is higher than needed, the decomposition of the metalorganic precursors may start even 

before reaching the substrate. Furthermore, elevated temperatures may induce the 

desorption in the gas phase of reactants that were already part of the growing crystal. These 

two consequences of elevated temperatures lead to a decrease in the growth rate 

(desorption dominated process). If the temperature is adequate for the growth, then the 

growth rate becomes a transport limited process which is dictated by the diffusion of 

reactants at the growing surface. In this case, the growth rate is weakly temperature-

dependent and nearly constant over a wide temperature range.   

In order to achieve a certain material composition, neither the vapour pressure nor the 

temperature but the partial pressure of each metalorganic precursor (𝑃𝑀𝑂) needs to be 

adjusted. 𝑃𝑀𝑂 can be determined from equation (3.3)[170] as: 

 

 𝑃𝑀𝑂 =
𝑄𝑀𝑂

𝑄𝑡𝑜𝑡
 ·  

𝑃𝑡𝑜𝑡

𝑃𝐵
 ·  𝑃𝑒𝑞𝑀𝑂 (3.3) 

 

𝑄𝑀𝑂 denotes the flux of carrier gas that is introduced into the bubbler and saturates with 

molecules of the metalorganic precursor. 𝑃𝐵 is the fixed pressure in the bubbler set by a 

pressure controller located at the outlet port of the bubbler, where it acts like a pressure-

relief valve. 𝑄𝑡𝑜𝑡 is the total flux in the reactor (sum of all precursor flows) and 𝑃𝑡𝑜𝑡 is the 

reactor pressure, which is controlled independently.  

 

3.2 Growth process at LPV 

When the experiments for this thesis began in November 2018, the selenium metalorganic 

precursor had recently been changed from Di-tertbutyl-selenide (DTBSe) to DiPSe due to a 

disruption of the precursors’ production. At that time, only the growth process of CuGaSe2 

had been optimized[37], but the experiments in this thesis required the epitaxial growth of 

CuInSe2 and Cu(In,Ga)Se2, therefore, new growth parameters needed to be found. In this 
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subchapter, details of the MOVPE growth processes developed within this thesis at the 

Laboratory for Photovoltaics are discussed.  

 

3.2.1 MOVPE at LPV 

All the epitaxial layers in this thesis were grown in a horizontal MOVPE system (known as 

“The Queen”) model AiX200 from Aixtron. The reactor consists of a quartz liner designed 

for a laminar flow. Inside the liner, there is a silicon carbide-coated graphite susceptor that 

hosts the substrate holder, which is a rotating disk driven by a gas foil system. The aim of 

the rotating substrate is to improve the homogeneity of the growing layer. The inner part 

of the susceptor contains a thermocouple that assist in the control of the temperature, 

which is increased by absorption of infrared light from a heating source composed of eight 

lamps. To avoid the contamination of the reactor, its exit is connected to a N2 – filled 

glovebox from where the GaAs wafers are mounted on the sample holder. Furthermore, 

when unused, all lines and reactor are constantly purged with a flow of nitrogen. A 

schematic representation of the whole MOVPE system can be seen in Figure 3.5. 

 

 

Figure 3.5. Schematic representation of the MOVPE system at the Laboratory for Photovoltaics.  

 

Regardless of the desired Cu(In,Ga)Se2 composition to grown, the copper partial pressure 

is always fixed (since it is quite low even at its maximum) and the intended Cu/(In+Ga) 

composition is achieved by increasing or decreasing the group III element partial pressure. 

The selenium partial pressure is adjusted such that the ratio of 𝑃𝑆𝑒/𝑃𝑀, where 𝑃𝑀 is the sum 

of the copper, indium and gallium partial pressures, is a constant value greater than 20 
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(usually 24-25) due to the high desorption rate of selenium even when in the Cu(In,Ga)Se2  

crystal. It is worth mentioning that the selenium overpressure needed depends on the 

desired Ga/(Ga+In), as usually a lower 𝑃𝑆𝑒/𝑃𝑀  of 9-111 is required for the growth of pure 

CuGaSe2 [37, 173, 176]. 

 

3.2.2 CuInSe2 

When DTBSe was used as the selenium metalorganic precursor, the standard reactor 

temperature for the MOVPE growth of CuInSe2 and CuGaSe2 was 470°C and 520°C, 

respectively, at a reactor pressure of 50 mbar[176]. One of the challenges that came along the 

change from DTBSe to DiPSe, was that DiPSe had a higher decomposition temperature than 

DTBSe[37], and thus the temperatures and pressure used for the growth needed to be 

adjusted to the new selenium metalorganic precursor. As can be seen from Figure 3.6, the 

previous growth conditions for both ternaries are way below the decomposition 

temperature of DiPSe, indicating that the growth would be kinetically limited. In order to 

move the growth to a more desirable transport limited process, either the reactor 

temperature or pressure (or both) needed to be adjusted.  

 

Figure 3.6. Decomposition temperature of DiPSe. The red area denotes a kinetically limited growth 
process where the previous conditions for the growth of CuInSe2 and CuGaSe2 used to be when 
DTBSe was used as the selenium metalorganic precursor. The transition temperature data of DiPSe 
was taken from reference [181]. 
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From both compositions, CuInSe2 required a more careful optimization due to the great 

impact on the crystal quality of the growth temperature. For example, it has been reported 

that the growth at temperatures around 450°C result in polycrystalline inclusions, while 

temperatures around 570°C lead to gallium diffusion from the GaAs wafer[182], in both cases 

using DTBSe as selenium precursor. From Figure 3.6, it can be seen that keeping the reactor 

pressure at 50 mbar would require a considerable increase in the growth temperature in 

order to reach selenium decomposition, which would then result in the undesirable 

diffusion from gallium towards the CuInSe2 layer. Due to this temperature limitation, it was 

decided to explore the effect of an increased reactor pressure on the growth rate. For this 

experiment, the temperature was fixed at 500°C, the selenium overpressure (𝑃𝑆𝑒/(𝑃𝐼𝑛 +

𝑃𝐶𝑢)) at 26.7 and only the reactor pressured was varied from 70 to 150 mbar (samples CISe-

epi413 to CISe-epi417). Top view SEM images can be seen in Figure 3.7. 

 

 

Figure 3.7. Top view SEM images of samples CISe-epi413 to CISe-epi415 and CISe-epi417, 
corresponding to the MOVPE growth of CuInSe2 with varying reactor pressure.  

 

For the pressure series, it would be expected that the growth rate would increase with 

increasing reactor pressure up to approximately 100 mbar, and then remain constant as 

the growth moves from a kinetically limited to a transport limited process. However, the 

growth rate does not behave like this, as can be seen from Figure 3.8.  
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Figure 3.8. CuInSe2 growth rate and Cu/In ratio as a function of reactor pressure at a temperature 
of 500°C.   

 

The growth rate was determined dividing the thickness of each layer by the total duration 

of the growth process (in this case eight hours). Even though an improvement of the growth 

rate was achieved when increasing the reactor pressure from 70 mbar to 90 mbar as 

expected, the further increase of reactor pressure led to a decrease in the growth rate 

despite being in a more favourable DiPSe decomposition and transport limited growth 

regime. When investigating the elemental composition of the grown films, it was observed 

that the Cu/In ratio showed a constant decrease with increasing reactor pressure (despite 

the fact that the flux ratio did not change), dropping from approximately 3.1 at a pressure 

of 70 mbar to just 0.7 at 150 mbar. The effect of a decrease in Cu content can also be 

observed in the films’ surface faceting in Figure 3.7, as the characteristic[183] Cu-rich CuInSe2 

flatter and more uniform surface with protuberant CuXSe structures changes to a stronger 

faceted surface with the increase in reactor pressure[184]. The loss of copper with increasing 

pressure is likely due to the low decomposition temperature of the copper metalorganic 

precursor discussed in section 3.1.2. When the pressure is increased (so the transition 

temperature decreases), a higher amount of copper-containing metalorganic molecules 

decomposes prematurely at the entrance of the reactor and does not reach the substrate 

surface, resulting in the decrease of the Cu/In ratio measured in the films. Because of this, 

the growth rate becomes limited by the availability of copper since all other metalorganic 

precursors have a higher decomposition temperature. From these experiments, a reactor 
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pressure of 90 mbar was chosen for further experiments as a good compromise between 

the improved growth rate and the loss of copper in the films.  

Since a reactor pressure of 90 mbar at 500°C was right below the DiPSe decomposition 

temperature, an improvement of the growth rate would be expected with a further increase 

of the reactor temperature. Thus, the growth of CuInSe2 at 520° was investigated. From the 

cross-section SEM images in Figure 3.9, the growth rate was calculated to be around 60 

nm/hour, which represents an increase of roughly 30% from the growth at 500°C. 

However, as can also be seen from Figure 3.9, the absorber’s interface with the GaAs wafer 

is not smooth but suffers from voids in the case of the Cu-rich absorber, and in the case of 

the most Cu-poor CuInSe2 film, it seems to be completely detached. The formation of 

Kirkendall voids in Cu-rich compositions is a well-known phenomenon in MOVPE-grown 

Cu(In,Ga)Se2 that has been observed in the growth temperature range of 500-570°C. The 

formation of the voids has been associated to the diffusion of Ga and As from the GaAs wafer 

towards the growing Cu(In,Ga)Se2 layer[71, 182]. The problem of the film being unattached is, 

however, more likely due to the strain induced by the large lattice mismatch and the 

difference in thermal expansion coefficient between GaAs and CuInSe2.  

 

 

Figure 3.9. Cross-section SEM images of a copper series of CuInSe2 films grown at 520°C and 90 
mbar. The top view image corresponds to the film with a Cu/In = 0.97. The thickness of the layers 
ranges from ~470 nm (most Cu-rich) to ~515 nm (most Cu-poor).   
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In terms of the optoelectronic properties of these films, Figure 3.10 displays the normalized 

room temperature photoluminescence spectra of the Cu-series grown at 520°C. As can be 

seen, the maximum of the spectra is located around 1 eV and a blue shift can be observed 

with the increase in copper content, which is consistent with the estimated band gap energy 

and behaviour of pure CuInSe2[33, 35]. Furthermore, a transition from a broad to a more non-

symmetrical narrow peak can be observed with the increase in Cu-content as well, which 

is a characteristic of the transition from Cu-poor to Cu-rich and caused by reduced potential 

fluctuations arising from a decrease in the degree of compensation[97-98].  Even though it can 

be tempting to just decrease again the growth temperature to 500°C, the significant gain in 

growth rate and the film’s optoelectronic quality made the look for a way to circumvent the 

aforementioned interface problems worth it, which is discussed below.  

 

Figure 3.10. Normalized room temperature photoluminescence spectra of a Cu-series of CuInSe2 

single crystals grown at 520°C and 90 mbar.   

 

In order to improve the CuInSe2/GaAs interface, two different approaches were explored: 

1.  Since the growth at 150 mbar and 500°C did not show any interfacial problems, the first 

approach consisted in starting the growth of CuInSe2 at 150 mbar and 500°C in order to 

benefit from a smooth interface with GaAs, followed by a change in the reactor’s 
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temperature and pressure to 520° and 90 mbar in order to benefit from the increased 

growth rate and Cu content.  

2. The second approach consisted in introducing first a thin layer of Cu(In,Ga)Se2 (100-200 

nm) with more favourable lattice parameters (Ga/(Ga+In) ~ 0.4) in order to reduce the 

lattice mismatch, followed by the growth of pure CuInSe2.  Both processes being carried out 

at the same reactor’s condition of temperature (520°C) and pressure (90 mbar).  

Both approaches explored resulted in Cu-poor CuInSe2 layers with, as can be seen from 

Figure 3.11, an improved interface quality compared with the completely detached Cu-poor 

process grown at 520°C and 90 mbar. Nonetheless, since the introduction of a thin 

Cu(In,Ga)Se2 layer resulted in a void-free interface, the second approach was chosen as the 

preferred method for the growth of CuInSe2. A more complete optimization of the 

Cu(In,Ga)Se2 layer thickness and composition could be carried out in future experiments in 

order to achieve an even better interface. In the meantime, the idea of using a more than 

one-stage process for the MOVPE growth of chalcopyrites, was used to improve and 

develop the growth of band gap graded Cu(In,Ga)Se2 single crystals described in the 

following section.   

 

 

Figure 3.11. Two approaches to solve the interface problems of Cu-poor CuInSe2. Using two 
different reactor’s temperatures and pressures (a) and using an interfacial Cu(In,Ga)Se2 layer (b). 
Both absorbers are Cu-poor and show an (at least partly in (a)) improved interface with GaAs.  

 

3.2.3 Cu(In,Ga)Se2  

The MOVPE growth of Cu(In,Ga)Se2 at LPV has always been a one-stage process similar to 

the growth of the ternaries CuInSe2 and CuGaSe2. In this case, the general gallium content 

determined from the Ga/(Ga+In) ratio is controlled by adjusting the In and Ga metalorganic 

precursors partial pressure. The problem with this approach, is that the fine tuning of the 
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gallium content is not possible, since the increase or decrease of the partial pressure does 

not follow a linear behaviour. For example, even when the growth parameters are set with 

the minimum gallium possible, the final absorber’s Ga/(Ga+In) is above 0.1. Furthermore, 

the adjustment of the In and Ga partial pressures needs to be done according to the general 

Cu-content expected, as a large increase in the In partial pressure (in order to decrease the 

gallium content) would result in a more Cu-poor absorber (the Cu partial pressure is always 

fixed and cannot be increased). The increase of any partial pressure will result in the need 

to increase the Se partial pressure in order to keep the Se/M of 25-26, which results in a 

more costly process.  Thus, a new approach to grow Cu(In,Ga)Se2 single crystals was needed 

and was indeed developed along the realisation of this thesis.  

 

2-stage process 

The first approach developed was based on the 2-stage growth process of CuInSe2, i.e., a 

Cu(In,Ga)Se2 layer is grown in a first stage followed by a second stage where only Cu, In and 

Se are provided. The final Cu and Ga content will be dictated by the composition and 

duration of each individual stage.  

The 2-stage growth method can be used for the fine tuning of the gallium content in a Ga-

series, for example. In this case, three important aspects should be taken into account. 

1. Both stages should have similar growth rates, otherwise, the final layer thickness 

will be dependent on the duration of the stages.  

2. Both stages must have the same Cu content, any other way, besides differences in 

the gallium content, there will be differences in the overall Cu/(Ga+In).   

3. The selenium overpressure (𝑃𝑆𝑒/(𝑃𝐼 + 𝑃𝐼𝐼𝐼)) should be similar in both stages. 

If all these requirements are met, then the final gallium content can be tuned by changing 

the duration of the first stage and keeping the total process time constant. For example, the 

gallium series studied in Chapter 3 was grown following this approach and has the 

following characteristics: 

- The total process time (stage 1 + stage 2) was fixed at eight hours. 

- From the cross-section SEM images provided in the supplementary 

information of chapter 3, it can be seen that all samples have a thickness of 

around 530 nm (meaning that both stages have a similar growth rate).  
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- The partial pressure ratio of copper over indium and gallium (𝑃𝐶𝑢/𝑃𝐼𝐼𝐼) was 

around 2.2 in both stages, which yielded a similar copper content in all the 

samples that conform the gallium series.   

- Both stages have a similar selenium overpressure of 24.65 (stage 1) and 

24.58 (stage 2).  

The 2-stage MOVPE process could also be used to finely tune the Cu content by growing 

first a Cu-poor first stage and varying the length of a Cu-rich second stage, for example. With 

the development of this method what has been established, is that the 2-stage MOVPE 

process is a powerful strategy to achieve a desired Cu/(Ga+In) or Ga/(Ga+In) 

circumventing the limitations imposed by a conventional one-stage process.    

 

3-stage process 

The 2-stage MOVPE process can be taken one step further and an additional third stage can 

be added in order to obtain a gallium gradient towards the front. In order to investigate the 

possibility to add a third stage and its impact on the film properties, a sample grown with a 

2-stage process (samples CIGSe271) was used for the experiments. The sample was taken 

out of the reactor after the second stage (but kept in inert atmosphere inside the N2-filled 

glovebox) and cleaved in quarters for characterization and subsequent experiments. At the 

end of the second stage, the sample had a Cu/(Ga+In) of 1.06 and a Ga/(Ga+In) of almost 

zero. For the third stage, a quarter of the samples was put back into the reactor where a 

close-to-stoichiometry Cu(In,Ga)Se2 layer with a Ga content of around 40% was grown on 

top for two hours. The same experiment was repeated with another quarter of wafer 

CIGSe271 but the third stage Cu(In,Ga)Se2 layer growth lasted 3 hours instead. As can be 

seen from Figure 3.12, the heteroepitaxial growth seemed to be altered after the process 

had stopped at the end of the second stage and instead of growing smoothly (as it was at 

the end of the second stage), the third stage seems to have grown as a non-uniform second 

layer. At the end of the third stage, the Cu content of both experiments was still close-to-

stoichiometry (CGI = 1.04 after 2 hours of third stage and 1.02 after three hours). The 

Ga/(Ga+In) on the other hand, increased to 0.21 after two hours and to 0.25 after three 

hours of Cu(In,Ga)Se2 growth in the third stage.     

However, despite the increase in gallium content measured by EDX, the PL maximum peak 

position remained at the same energy, suggesting that the gallium introduced during the 

third stage remained at the surface and did not diffuse into the notch, indicating that an 
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effective front surface gradient was created with the introduction of the third stage. 

Furthermore, the quasi-Fermi level splitting (see section 2.4.2) of these samples was 

measurable under 1 sun illumination, feature that is not common in 1-stage grown 

absorbers, suggesting the superior optoelectronic quality of 2-stage and 3-stage grown 

absorbers. The photoluminescence spectra and the estimated quasi-Fermi level splitting of 

all three samples can be seen in Figure 3.13. It is worth mentioning that a quasi-Fermi level 

splitting of 505 meV is a great value for a low-band gap, Na-free and thin absorber. 

 

   

Figure 3.12. SEM top views and cross-section images of sample CIGSe271 after the end of the second 
stage (top-view image on the left) and after two hours (top) and three hours (bottom) of 
Cu(In,Ga)Se2 growth as third stage.  

 
 

In order to corroborate the possibility to grow a third stage without the appearance of an 

interface, a continuous 3-stage process was grown (sample CIGSe276). As can be seen in 

Figure 3.14, in this case where the wafer remains inside the reactor until the end of the 

third stage, both the surface morphology and cross-section look smoother and without the 

obvious appearance of an interface as in the previous experiment. The average copper and 

gallium content of this sample was of 0.95 and 0.3, respectively. With this process, it was 

demonstrated that a double-gallium graded absorber with a smooth interface with GaAs 

can be grown by MOVPE without compromising the morphology and optoelectronic quality 

of the absorber layer.  
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Figure 3.13. Absolute photoluminescence spectra of sample CIGSe271 at the end of the second stage 
and subsequent experiments with 2 and 3 hours of a Cu(In,Ga)Se2 third stage (left).  The dotted line 
indicates the absorber’s optical band gap at around 1.08 eV. On the right, the evolution of the quasi-
Fermi level splitting is plotted as a function of the duration of the third stage.  

 

 

  
Figure 3.14. SEM top view and cross-section of a continuous 3-stage Cu(In,Ga)Se2 sample. 
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Chapter 4 

4            How much gallium do we need 

for a p-type Cu(In,Ga)Se2? 

 

The physical understanding of the intrinsic properties along the careful optimization 

of Cu(In,Ga)Se2, has been one of the fundamental milestones that has led this technology to 

the continuous overpassing of record efficiencies along the last decades. Since doping is 

mostly dictated by intrinsic point defects in chalcopyrites as discussed in section 2.3.1, 

understanding how the carrier concentration changes as a function of the absorber’s 

composition is thus of outmost importance. In this regard, the fact that the ternary CuInSe2 

can be intrinsically doped N or P-type, while CuGaSe2 resists all kind of N-type doping[2], 

has long remained as an open question in the chalcopyrite community. It is known that an 

N-to-P transition in CuInSe2 can be caused by the copper and selenium contents as well as 

the presence of alkali metals[63, 185]. Thus, a similar type inversion must occur at a certain 

gallium concentration, the question would then be when does the transition occur?  What 

happens to the carrier concentration when gallium is added? Can Cu(In,Ga)Se2 be 

intrinsically grown N-type? The difficulty in answering these questions resides in the 

design of the experiments. Since CuInSe2 grown on Mo-coated soda lime glass are always P-

type due to the presence of sodium, alkali-free absorbers are necessary to address these 

questions. Hence, ensuring the N-type character and offering the possibility to finely tune 

the gallium content were two necessary conditions that MOVPE growth comply with. It is 

worth mentioning that the Laboratory for Photovoltaics of the University of Luxembourg is 

currently the only laboratory in the world that continues with the MOVPE growth of 

chalcopyrites.     

The aim of this contribution is to provide experimental evidence of such N-to-P transition 

and answers to the aforementioned questions. The major finding of this research article is 
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that the N-to-P transition occurs at a gallium concentration of 15-19%, which was 

experimentally observed by the change in the sample’s thermoelectric behavior. The 

experimental results obtained are explained by analyzing the trends in formation energies 

of donor and acceptor defects, from which a model is also presented. 

The contribution of the author of this thesis to this research article consisted in the design 

of the experiments, sample growth, data acquisition (elemental composition, 

photoluminescence and conductivity), data analysis, data curation, data visualization, 

writing of the original draft, review and editing. XPS measurements and subsequent 

analysis were performed by E. Lanzoni, Seebeck coefficients by. R. Leturcq and Raman 

spectroscopy by R. Poeira. The authors thank Dr. Michele Melchiorre for the cross-section 

SEM images in the supporting information.        
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ABSTRACT
Doping in the chalcopyrite Cu(In,Ga)Se2 is determined by intrinsic point defects. In the ternary CuInSe2, both N-type conductivity and P-
type conductivity can be obtained depending on the growth conditions and stoichiometry: N-type is obtained when grown Cu-poor, Se-poor,
and alkali-free. CuGaSe2, on the other hand, is found to be always a P-type semiconductor that seems to resist all kinds of N-type doping, no
matter whether it comes from native defects or extrinsic impurities. In this work, we study the N-to-P transition in Cu-poor Cu(In,Ga)Se2
single crystals in dependence of the gallium content. Our results show that Cu(In,Ga)Se2 can still be grown as an N-type semiconductor
until the gallium content reaches the critical concentration of 15%–19%, where the N-to-P transition occurs. Furthermore, trends in the
Seebeck coefficient and activation energies extracted from temperature-dependent conductivity measurements demonstrate that the carrier
concentration drops by around two orders of magnitude near the transition concentration. Our proposed model explains the N-to-P transition
based on the differences in formation energies of donor and acceptor defects caused by the addition of gallium.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0091676

I. INTRODUCTION

Despite sharing a similar electronic structure, one of the most
puzzling differences between CuInSe2 and CuGaSe2 is the fact that
the former can be intrinsically doped N or P-type, while the latter is
always a P-type semiconductor regardless of the growth conditions
or deviations from molecularity and valence stoichiometry.1 In the
ternary CuInSe2, there are three main parameters involved in deter-
mining its conductivity type: (I) the overall copper content,2 (II) the
selenium pressure during or after growth,3 and (III) the presence
of alkali metals.4,5 In order to achieve N-type CuInSe2, the sample
must be alkali-free, have been grown under low Se pressure, and
be either Cu-poor or close-to-stoichiometric.2,6 Each of these con-
ditions on its own has the capability to change the conductivity type
from N to P, i.e., having a Cu-rich composition, adding alkali met-
als either through a postdeposition treatment or from the soda lime
glass,4 or annealing under a high selenium pressure,3 would result in
a P-type CuInSe2. Single crystals grown by metalorganic vapor phase
epitaxy (MOVPE) comply with all three conditions to obtain N-type

conductivity. As the selenium overpressure in MOVPE is consid-
erably lower than in a co-evaporation,7 and the fact that selenium
cannot be supplied during the cool down stage, it has been shown
that alkali-free CuInSe2 single crystals grown by MOPVE are always
N-type regardless of the Se partial pressure used during growth as
long as the composition is Cu-poor.4

In the case of CuGaSe2, Zunger et al. have performed exten-
sive theoretical studies on the possibility to achieve N-type doping
by extrinsic impurities, such as H, Cd, Zn, Mg, Cl, and other
halogens8–10 and found that none of them can effectively produce
an N-type behavior. A more recent theoretical study on Zn-doped
CuGaSe2 suggested that N-type behavior could only be achieved
if Zn would substitute copper sites, as the partial or total occupa-
tion of gallium sites by Zn would result in a P-type material.11 In
the case of H-doped CuGaSe2, Han et al. concluded that only the
incorporation of H from an atomic source like a hydrogen plasma
treatment could invert the conductivity from P to N-type.12 Experi-
mentally, group IV elements, such as Ge13 and Si,14 have been used
in attempts to dope CuGaSe2 N-type. In both cases, the dopants
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were found to create donor states that involve donor–acceptor pair
recombination; however, the bulk conductivity remained P-type.15

The fact that CuGaSe2 resists N-type doping has been pointed out
as a part of a general trend in semiconductor families, where the
wider-bandgap member exists often in only one doping type, like
AlN when compared to GaN and InN, due to the so-called “doping
limit rule.”9,16

The fact that CuInSe2 can be grown as an N-type semiconduc-
tor under Cu-poor conditions and that CuGaSe2 is always P-type,
indicates that within Cu-poor Cu(In,Ga)Se2 exists a transition point
caused by the alloy with gallium. The aim of this work is to provide
experimental evidence of such a transition and to understand the
reasons for the change in the type of majority carriers. In order to
carry out this investigation, several Cu(In,Ga)Se2 single crystals of
around 530 nm thickness were grown by metalorganic vapor phase
epitaxy (MOVPE). Since the presence of alkalis and the Cu-content
plays a crucial role in determining the conductivity type, the cop-
per content of all the Cuy(In,Ga)Se2 single crystals was restricted to
0.8 < y < 0.9, while the presence of alkalis was suppressed by using
undoped GaAs wafers as a substrate.

II. METHODS
The CuIn1−xGaxSe2 single crystals used in these experiments

were grown by metalorganic vapor phase epitaxy (MOVPE) on
semi-insulating 500 μm thick (100)-oriented GaAs 2 in. epi-ready
wafers at 520 ○C and 90 mbar. A two-step growth process was imple-
mented in order to finely tune the gallium content. After growth,
the samples remained in an N2-filled glove box. All characteriza-
tion techniques were carried out on bare absorbers freshly cleaved
from the wafer. Details of the heteroepitaxial growth, cross section
scanning electron microscopy images, and a secondary-ion mass
spectrometry analysis of selected samples can be found in Sec. S1
of the supplementary material.

Photoluminescence spectra were obtained by exciting bare
absorbers with a 660 nm diode laser and collecting the emitted pho-
toluminescence into an InGaAs array spectrometer. All measure-
ments were performed at room temperature and spectrally corrected
using a calibrated halogen lamp.

Temperature-dependent conductivity measurements were per-
formed in a closed-cycle cryostat. Samples of 0.6 × 0.6 mm2 were
prepared in the Van der Pauw configuration by evaporating trian-
gular gold contacts with a thickness of 150 nm. For the Seebeck
coefficient measurements, rectangular pieces of each sample were
cleaved and mechanically pressed onto a home-made setup consist-
ing of two copper pieces (one thermalized at room temperature and
one heated). Details of the setup can be found elsewhere.17

Energy-dispersive x-ray spectroscopy was carried out at 5 kV,
and the L-line of all elements was used for quantification. No traces
of arsenic were detected at this acceleration voltage, ensuring that the
gallium atomic percentage measured was not affected by the GaAs
substrate.

XPS measurements were carried out using a hemispherical
energy analyzer from Prevac (EA15) with a 2d detection sys-
tem MCP/camera detector. The energy analyzer is assembled in
the UHV analysis chamber from Scienta Omicron. A Kα x-ray
source with a photon energy of 1486.6 eV was used in these mea-
surements. The survey spectra were collected using a straight slit

2.5 × 25 mm2, pass energy of 200 eV, and energy step of 0.192 eV.
The samples were mounted in the same sample holder using the
same ground connection and then transferred without air expo-
sure from a glovebox to the UHV XPS chamber under an inert gas
transfer system.

III. RESULTS AND DISCUSSION
Since the determination of the gallium content was of utmost

importance for the purpose of this investigation, different tech-
niques were used to measure the percentage of Ga present in each
sample. Since an increase in the bandgap due to the shift of the con-
duction band (CB) is expected for higher gallium contents,18,19 it
is possible to approximate the Ga concentration from the optical
bandgap dictated by the position of the maximum of the photo-
luminescence (PL) spectrum and the experimentally determined
expression: Eg = 1.01 + 0.626x − 0.167x(1 − x), where x is the Ga
content.19 Figure 1(a) displays the normalized PL spectra of all seven
CuIn1−xGaxSe2 single crystals from which the gallium content was
determined by the position of its maximum. Table I summarizes
the samples’ elemental composition determined by energy dispersive
x-ray spectroscopy (EDX) and photoluminescence. The average of
these quantities was rounded and used as the characteristic gallium
content of each sample. Some samples were also analyzed by x-ray
photoelectron spectroscopy (XPS) and Raman spectroscopy, which
showed elemental compositions in agreement with the already deter-
mined by EDX and PL. Details of the XPS quantification and the
Raman analysis can be found in Sec. S2 of the supplementary
material.

Once the gallium content of each sample was determined, the
Seebeck coefficient (S = −ΔVTH/Δ), which measures the thermo-
electric voltage VTH generated as a response to an applied temper-
ature difference ΔT, was measured in order to investigate the type
of majority carrier. Negative values of S indicate that electrons are
the majority carrier (N-type), and positive values indicate that con-
duction is carried by holes (P-type). The slope of the measured
thermovoltages as a function of temperature gradients is equal to
the Seebeck coefficient. Linear fits are presented in Fig. 1(b) for all
investigated samples. These measurements confirmed the expected
N-type character of the samples with the lowest gallium contents;
however, a clear change in the thermoelectric behavior can be seen
for gallium contents higher than 15%. First, the sign of the See-
beck coefficient changes from negative to positive (values listed in
Table I), indicating that the majority carrier changes from electrons
to holes (N to P transition). Furthermore, the magnitude of the See-
beck coefficient increases, which suggests that the Fermi level (EF)
has moved further away from the respective band edges since the
Seebeck coefficient is defined in terms of the semiconductor energy
levels as20

Sn = −
kB

q
(

5
2
+ re −

EF − EC

kBT
),

Sp =
kB

q
(

5
2
+ rh −

EV − EF

kBT
).

For an N-type (Sn) and P-type (Sp) semiconductor, kB is the Boltz-
mann constant, q is the elementary charge, re,h is a term that depends

APL Mater. 10, 061108 (2022); doi: 10.1063/5.0091676 10, 061108-2

© Author(s) 2022

https://scitation.org/journal/apm
https://www.scitation.org/doi/suppl/10.1063/5.0091676
https://www.scitation.org/doi/suppl/10.1063/5.0091676
https://www.scitation.org/doi/suppl/10.1063/5.0091676


APL Materials ARTICLE scitation.org/journal/apm

FIG. 1. Normalized photoluminescence spectra of all the CuIn1−xGaxSe2 samples
showing the expected blue shift for higher gallium contents corresponding to the
increase in bandgap (a). Seebeck coefficient determination (data shifted vertically
for clarity) (b). The same color code applies to both figures.

on the carrier scattering mechanism, EF is the Fermi level, and EV ,C
is the corresponding valence or conduction band energy. Values
of the Seebeck coefficient for the strongly N-doped samples are in
agreement with previous reports.21

In order to corroborate the apparent decrease in carrier con-
centration after the transition from N to P, an analysis of the
electrical conductivity (σ) at room temperature and its temperature-
dependency for selected samples was carried out, and the activation
energy (EA) was determined from the Arrhenius plot in Fig. 2(a).
All the N-type samples analyzed were found to be more conducive
and to have lower activation energy (41–76 meV) than the P-type
ones (296–431 meV). Details on the determination of the activa-
tion energies can be found in Sec. S5 of the supplementary material.
This difference in activation energy is probably due to the nature
of the defects involved in the conductivity, first shallow donors and
then deeper acceptors (as shallow acceptors are likely compensated).
The low activation energy of the N-type samples, nonetheless, could
partially be due to the influence of the thermally activated mobil-
ity, as activation energies in the range of 3–20 meV have been
reported.4 The measured increase in conductivity and activation
energy supports the Seebeck coefficient trend of decreasing carrier
concentration as the gallium content increases toward the N-to-P
transition. In order to figure out whether the high activation energy
was a characteristic of higher Ga contents only, a P-type sample with
a 7% gallium content was also analyzed. To achieve this, a potas-
sium fluoride post-deposition treatment (KF-PDT) was performed
on the N-type absorber in order to change the conductivity type
to P. The N-to-P type inversion was confirmed by the change in
the Seebeck coefficient from −0.346 mV/K (N-type) to 0.671 mV/K
(P-type) after the KF-PDT. The Seebeck coefficient measurements
and more information regarding the type inversion caused by potas-
sium in CuInSe2 single crystals can be found in Ref. 22. It is worth
mentioning that the reported Seebeck coefficient of −0.346 mV/K
for the N-type sample is almost the same as the one reported herein
for a 6% Ga (−0.36 mV/K). Despite the low Ga content, the activa-
tion energy of the P-type KF-treated sample was still considerably
larger than the EA of its N-type counterpart, suggesting that the
high activation energies measured are actually a consequence of the
majority charge carriers being holes (and their concentration) and
not because of the increase in Ga content itself. A similar observa-
tion in pure CuInSe2 has been reported when the N-to-P transition
is caused by the copper content.4

TABLE I. Copper content, gallium percentage determined by different techniques, and Seebeck coefficient of all the
Cu(In,Ga)Se2 single crystals investigated.

Sample
name Cu/(In + Ga)

Ga %
EDX 5 kV

Ga %
PL

Ga %
average

Ga %
XPS

Seebeck
coefficient (mV/K)

CIGSe298 0.86 5.2 0.0 3 ⋅ ⋅ ⋅ −0.58 ± 0.01
CIGSe295 0.89 7.0 5.2 6 6.0 −0.35 ± 0.01
CIGSe296 0.89 10.4 8.8 10 10.0 −0.20 ± 0.04
CIGSe297 0.88 14.7 14.5 15 14.0 −0.50 ± 0.01
CIGSe299 0.88 19.5 18.8 19 20.0 0.80 ± 0.16
CIGSe304 0.83 24.0 21.6 23 ⋅ ⋅ ⋅ 6.90 ± 0.54
CIGSe305 0.82 29.2 25.2 27 ⋅ ⋅ ⋅ 2.95 ± 0.07
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FIG. 2. Temperature-dependent conductivity measurements of N and P-type
Cu(In,Ga)Se2 single crystals (a). Best fits to the measured data are shown as dot-
ted lines from which the activation energies were extracted. Determination of the
carrier concentration from measured conductivity values for two different carrier
mobilities (b).

From the measured conductivity values at room temperature
and using p(n)≫ n(p), we can estimate the carrier concentration
as p(n) = σ/qμh(e), where q is the elementary charge and μh(e) is the
hole (electron) mobility. Values of μe between 40 and 200 cm2/V
s measured by Hall have been reported for N-type CuInSe2 single
crystals grown by MOVPE with Cu contents ranging from 0.8 to
0.9,4 while values of μh in close-to-stoichiometry CuGaSe2 samples,
between 20 and 150 cm2/V s1,23 Carrier mobility in both ternaries
is strongly dependent on the Cu content, as it has been demon-
strated to increase toward Cu-rich compositions.4,24 Figure 2(b)
shows the estimated carrier concentration for the same set of N
and P-type samples for two different mobility values. By taking μe
= 200 cm2/V s, the carrier concentration of the N-type samples is
estimated to be around 1.3 × 1015 to 1.4 × 1016 cm−3; the P-type

samples, on the other hand, are found to have carrier concentra-
tions around two orders of magnitude lower for hole mobility of
μh = 20 cm2/V s. These electron and hole mobilities were chosen
based on reported values for CuInSe2 and CuGaSe2 single crystals
grown by MOVPE and with copper contents similar to the studied
samples.4,23 Indeed, reported carrier concentrations for N-type sin-
gle crystals agree with our findings on the magnitude of n being in
the order of the 1016 cm−3.4,25 Carrier concentration in CuGaSe2,
on the other hand, has been reported to drastically decrease from
around 1016 to 1014 cm−3 below the stoichiometric point due to
an increase in the degree of compensation,23,26 in agreement with
our estimated hole carrier concentrations of around 1.1 × 1013 to
8.9 × 1014 cm−3.

As a way to confirm that the transition from N to P hap-
pens at gallium contents between 15% and 19%, x-ray photoelectron
spectroscopy was used to analyze the change in the binding energy
of the constituent elements. Since a considerable change in con-
ductivity happens at the N-to-P transition, a shift in the binding
energy would be expected due to the electrostatic difference in the
interaction between specimen and spectrometer and surface charge
accumulation.27,28 Similarly, XPS has been used to study doping
changes in moderately doped N and P-type silicon.29 Figure 3 shows
the Cu2p, In3d, Ga2p, and Se3d binding energies of samples with
gallium contents close to the N-to-P transition region. As can be
seen, a considerable difference in the binding energy of ∼1.6 eV
was measured in the sample containing 19% gallium with respect
to the other samples with lower gallium contents. Since the shift
was not only in one specific element but also in all the constituents,
we attributed this to the change in conductivity due to the N-to-P
transition rather than to a change in the chemical environment of a
specific element.

So far, we have demonstrated that the conductivity type due
to the addition of gallium to CuInSe2 changes from N to P-type
when the gallium content is between 15% and 19%, but we have not
addressed the explanation behind this observation. The electronic
structure of both CuInSe2 and CuGaSe2 ternary compounds is sim-
ilar: at least two shallow acceptors (denoted as A1 and A2) located
at 40 (A1) and 60 meV (A2) away from the valance band (VB) in
CuInSe2, and 60 (A1) and 100 meV (A2) in CuGaSe2; and a shallow
donor (D1) at 10 meV below the conduction band for both cases.30,31

Theoretical studies32–34 have assigned the origin of these electronic
states to intrinsic point defects in the chalcopyrite crystal structure:
A1→ Cu vacancies (VCu), A2→ Cu on an In/Ga site (CuIII), and D1
→ Cu interstitial (Cui) or In on a Cu site (InCu). For a more in-depth
overview of defects in Cu(In,Ga)Se2, the reader is referred to the
review by Spindler et al.31 Experimentally, neutron powder diffrac-
tion has been used to determine defect concentrations of alkali-free
CuInSe2, finding that the N-type character of Cu-poor samples is
given by the shallow donor InCu substitutional defect,35 which goes
along with its theoretically calculated low formation energy32,36

.
The probability of the formation of defects depends on the

chemical potential (Δμ) of the constitutional elements, which, in
turn, depends on the crystal growth conditions. In the work of
Pohl and Albe, the formation energies of intrinsic point defects in
both CuInSe2 and CuGaSe2 were calculated for different chemical
potentials.32 For selenium-poor, Cu, and In-rich conditions (ΔμIn
= −0.2 eV and ΔμCu = 0 eV, point D in Fig. 1-up32), the intrinsic
Fermi level in CuInSe2 was found to be closer to the conduction
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FIG. 3. Normalized Cu2p, In3d, Ga2p,
and Se3d peaks of samples with different
Ga contents around the critical gallium
concentration of 15%–19%. The shift in
binding energy is associated with the
change in conductivity type from N-to-P.

band. On the contrary, under the same conditions (most Se poor
point at ΔμGa = −0.3 eV, point D in Fig. 1-down32), the intrin-
sic Fermi level in CuGaSe2 was found to be below midgap. Thus,
the theory also predicts an N-to-P transition due to the addition of
Ga. Therefore, we analyzed the trends in formation energy of the
previously described donors and acceptors in order to understand
what happens at the critical gallium concentration of 15%–19%. The
validity of this analysis resides in the fact that changes in the chem-
ical potential would result in a shift of all formation energies but
would not affect the observed trends.

Since the formation energy of defects depends on the position
of the Fermi level, we first estimate EF using the carrier concen-
trations previously obtained and literature values for the effective
density of states37 (details of the calculations can be found in Sec. S3
of the supplementary material). From this, we obtained that in the
case of the N-type sample with 15% gallium, EF is ∼160 meV away
from the CB, and in the case of the P-type sample with 19%, EF is at
360 meV from the VB. Figure 4(b) shows the position of the calcu-
lated Fermi level for these and other selected samples. Based on this
information, we proceeded to analyze the change in formation ener-
gies of A1, A2, and D1 in two situations: (A) from an N-type CuInSe2
(EF = 200 meV from CB) to an N-type CuGaSe2 (EF = 400 meV
from CB) and (B) from an N-type CuInSe2 (EF = 200 meV from CB)

to a P-type CuGaSe2 (EF = 400 meV from VB). The values of 200
and 400 meV were chosen, assuming that the carrier concentration
would decrease further at the N-to-P transition region. A value of EF
= 200 meV away from the CB would indicate a carrier concentration
of n = 2.8 × 1014 cm−3, while a value of EF = 400 meV away from
the VB of p = 2.6 × 1012 cm−3. The values of the formation energies
were taken from Ref. 32, and the two cases are illustrated in Fig. 4(a)
(more details in Sec. S4 of the supplementary material). By analyz-
ing case A, it is possible to make the following deductions: With an
increase of gallium, (I) the formation energy of both possible donors
increases, (II) the formation energy of both acceptors decreases, and
(III) the formation energy of A1 approaches zero. As a result, N-type
CuGaSe2 becomes very unlikely. For case B (which represents what
has been experimentally observed), we observe the opposite trend.
Interestingly, the defect with the lowest formation energy changes
depending on the gallium content. For Ga/(Ga+ In) < 0.5, the accep-
tor VCu dominates, but in higher gallium contents, the donor IIICu
has the lowest formation energy, which would go along with reports
of Cu-poor CuGaSe2 being strongly self-compensated.38

From the previous analysis, we can explain our experimental
results as follows: When gallium is introduced to N-type CuInSe2,
the Fermi level starts to move away from the conduction band,
because due to the lower formation energy of acceptor-type defects,
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FIG. 4. Formation energy of the two possible donor defects IIICu and Cui (red) and
the two shallow acceptors A1 and A2 (blue). The points for CuInSe2 correspond
to a Fermi level 200 meV away from the conduction band (N-type) while two sets
of points are displayed for CuGaSe2, assuming an N-type (solid line) and a P-type
(dotted line), in both cases, the Fermi level is assumed to be 400 meV away from
the bands (a). All formation energies were taken from the work of Pohl and Albe.32

Band diagram showing the calculated Fermi level for N and P-type samples with
different gallium contents (b). The energy of the valance band is assumed constant
and the bandgap calculated according to the equation given in the text.

more acceptors are formed. If the conductivity remained N-type
(case A), further addition of gallium would result in the sponta-
neous formation of VCu (formation energy approaching zero), which
would move the Fermi level below midgap, making the material
P-type, which is always the case in CuGaSe2. When the gallium
content reaches the critical concentration of 15%–19%, as the forma-
tion of acceptor defects becomes more energetically favorable, the
acceptor density (NA) overpasses the donors (ND), resulting in the
material changing to P-type. In this situation (case B), further addi-
tion of gallium would result in an increased degree of compensation
(K = ND/NA for a P-type semiconductor) as the formation energy
of donor-like defects decreases. As an unavoidable consequence of

the increased degree of compensation, stronger electrostatic poten-
tial fluctuations would be expected as the gallium content increases.
Experimental evidence of this can be found in literature, where the
magnitude of these fluctuations (denoted as γ) in CuGaSe2 was
found to be greater than in CuInSe2 for copper contents around 0.9
(γCGSe = 29–36 meV and γCISe = 15–28 meV).39 Our own studies
in stoichiometric alkali-free Cu(In,Ga)Se2 single crystals40 also sup-
port this implication as we have observed experimental evidence of
higher Urbach energies caused by electrostatic potential fluctuations
in Cu(In,Ga)Se2 than in CuInSe2.

IV. CONCLUSION
In summary, we studied the N-to-P transition in Cu-poor

CuInSe2 caused by the alloy with gallium. Our results demon-
strated that Cu(In,Ga)Se2 can be intrinsically grown as an N-type
semiconductor as long as the gallium content is below the critical
concentration of 15%–19%. The transition from N to P-type was
confirmed by the change in the sample’s thermoelectric behavior
and the shift in binding energy measured by XPS. Furthermore,
by measuring electrical conductivity and taking estimated mobil-
ity, we found that the carrier concentration has a decreasing trend
toward the N-to-P transition region, dropping around two orders
of magnitude (from n ≈ 1.3 × 1015–1.4 × 1016 cm−3 to p ≈ 1.1
× 1013–8.9 × 1014 cm−3) when the material becomes P-type. By ana-
lyzing the trends in formation energy of donor and acceptor-like
defects, we concluded that the N-to-P transition due to the addition
of gallium is caused by (I) the more energetically favored forma-
tion of acceptor-like defects as the formation energy of acceptor
states decreases and of donor states increases and (II) the fact that
a Fermi level above midgap results in the instant formation of VCu,
preventing N-type doping. With this work, we aimed at providing
experimental evidence and addressing the long-standing discussion
in the chalcopyrite community on the possibility to grow N-type
Cu(In,Ga)Se2.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details on the heteroepi-
taxial growth, XPS, Raman spectroscopy, Fermi level calculations,
and formation energies determination.

ACKNOWLEDGMENTS
This work was supported by the Luxembourgish Fond National

de la Recherche in the framework of Project Nos. C17/MS/11696002
GRISC, PRIDE17/12246511/PACE, and 11244141 SUNSPOT. The
authors thank Dr. Nathalie Valle and Brahime El Adib from the Lux-
embourg Institute of Science and Technology for all their support
regarding the SIMS measurements. The authors also thank Dr. Flo-
rian Werner for his contribution to the conductivity measurements
of selected samples and the fruitful discussions, as well as Thomas
Schuler, Bernd Uder, and Ulrich Siegel for their technical support.
For the purpose of open access, the authors have applied a Creative

APL Mater. 10, 061108 (2022); doi: 10.1063/5.0091676 10, 061108-6

© Author(s) 2022

https://scitation.org/journal/apm
https://www.scitation.org/doi/suppl/10.1063/5.0091676


APL Materials ARTICLE scitation.org/journal/apm

Commons Attribution 4.0 International (CC BY 4.0) license to any
Author Accepted Manuscript version arising from this submission.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Omar Ramírez: Conceptualization (equal); Data curation (equal);
Formal analysis (equal); Investigation (equal); Methodology (equal);
Visualization (equal); Writing – original draft (equal); Writing –
review & editing (equal). Evandro Martin Lanzoni: Data curation
(equal); Formal analysis (equal); Investigation (equal); Writing –
original draft (equal). Ricardo G. Poeira: Data curation (equal);
Formal analysis (equal); Investigation (equal); Writing – origi-
nal draft (equal). Thomas P. Weiss: Conceptualization (equal);
Methodology (equal). Renaud Leturcq: Data curation (equal); For-
mal analysis (equal); Investigation (equal); Validation (equal); Writ-
ing – original draft (equal). Alex Redinger: Funding acquisition
(equal); Project administration (equal); Resources (equal); Valida-
tion (equal); Writing – original draft (equal). Susanne Siebentritt:
Conceptualization (equal); Formal analysis (equal); Funding acqui-
sition (equal); Investigation (equal); Methodology (equal); Project
administration (equal); Resources (equal); Supervision (equal); Val-
idation (equal); Writing – original draft (equal); Writing – review &
editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are openly avail-
able in Zenodo at https://doi.org/10.5281/zenodo.6362649, Ref. 41,
as well as from the corresponding author upon reasonable request.

REFERENCES
1L. Mandel, R. Tomlinson, M. Hampshire, and H. Neumann, Solid State
Commun. 32, 201 (1979).
2H. Neumann and R. D. Tomlinson, Sol. Cells 28, 301 (1990).
3J. Parkes, R. D. Tomlinson, and M. J. Hampshire, J. Cryst. Growth 20, 315 (1973).
4F. Werner, D. Colombara, M. Melchiorre, N. Valle, B. El Adib, C. Spindler, and
S. Siebentritt, J. Appl. Phys. 119, 173103 (2016).
5D. J. Schroeder and A. A. Rockett, J. Appl. Phys. 82, 4982 (1997).
6R. Noufi, R. Axton, C. Herrington, and S. K. Deb, Appl. Phys. Lett. 45, 668 (1984).
7F. Babbe, H. Elanzeery, M. H. Wolter, K. Santhosh, and S. Siebentritt, J. Phys.:
Condens. Matter 31, 425702 (2019).
8C. Persson, Y.-J. Zhao, S. Lany, and A. Zunger, Phys. Rev. B 72, 035211 (2005).
9Y.-J. Zhao, C. Persson, S. Lany, and A. Zunger, Appl. Phys. Lett. 85, 5860 (2004).
10Ç. Kılıç and A. Zunger, Phys. Rev. B 68, 075201 (2003).

11Y. Ren, Y. Hu, Z. Hu, and L. Xue, Res. Phys. 20, 103774 (2021).
12M. Han, P. Deák, Z. Zeng, and T. Frauenheim, Phys. Rev. Appl. 15, 044021
(2021).
13M. Rusu, S. Wiesner, R. Würz, S. Lehmann, S. Doka-Yamigno, A. Meeder, D.
Fuertes Marrón, M. Bär, V. Koteski, H.-E. Mahnke, E. Arushanov, J. Beckmann,
K. Höhn, W. Fritsch, W. Bohne, P. Schubert-Bischoff, M. Heuken, A. Jäger-
Waldau, A. Rumberg, and T. Schedel-Niedrig, Sol. Energy Mater. Sol. Cells 95,
1555 (2011).
14S. Thiru, M. Fujita, A. Kawaharazuka, and Y. Horikoshi, Appl. Phys. A 113, 257
(2013).
15S. Ishizuka, Phys. Status Solidi A 216, 1800873 (2019).
16S. B. Zhang, S.-H. Wei, and A. Zunger, Phys. Rev. Lett. 84, 1232 (2000).
17P. Lunca-Popa, J. Afonso, P. Grysan, J. Crêpellière, R. Leturcq, and D. Lenoble,
Sci. Rep. 8, 7216 (2018).
18S.-H. Wei, S. B. Zhang, and A. Zunger, Appl. Phys. Lett. 72, 3199 (1998).
19M. I. Alonso, M. Garriga, C. A. Durante Rincón, E. Hernández, and M. León,
Appl. Phys. A 74, 659 (2002).
20C. Herring, Phys. Rev. 96, 1163 (1954).
21S. Endo, T. Irie, and H. Nakanishi, Sol. Cells 16, 1 (1986).
22O. Ramírez, M. Bertrand, A. Debot, D. Siopa, N. Valle, J. Schmauch, M.
Melchiorre, and S. Siebentritt, Sol. RRL 5, 2000727 (2021).
23A. Gerhard, W. Harneit, S. Brehme, A. Bauknecht, U. Fiedeler, M. C.
Lux-Steiner, and S. Siebentritt, Thin Solid Films 387, 67 (2001).
24S. Siebentritt and S. Schuler, J. Phys. Chem. Solids 64, 1621 (2003).
25S. M. Wasim, Sol. Cells 16, 289 (1986).
26S. Siebentritt, L. Gütay, D. Regesch, Y. Aida, and V. Deprédurand, Sol. Energy
Mater. Sol. Cells 119, 18 (2013).
27D. R. Baer, K. Artyushkova, H. Cohen, C. D. Easton, M. Engelhard, T. R. Gen-
genbach, G. Greczynski, P. Mack, D. J. Morgan, and A. Roberts, J. Vac. Sci.
Technol. A 38, 031204 (2020).
28D. R. Baer, C. F. Windisch, Jr., M. H. Engelhard, and K. R. Zavadil, J. Surf. Anal.
9, 396 (2002).
29H. Sezen and S. Suzer, J. Chem. Phys. 135, 141102 (2011).
30S. Siebentritt, M. Igalson, C. Persson, and S. Lany, Prog. Photovoltaics 18, 390
(2010).
31C. Spindler, F. Babbe, M. H. Wolter, F. Ehré, K. Santhosh, P. Hilgert, F. Werner,
and S. Siebentritt, Phys. Rev. Mater. 3, 090302 (2019).
32J. Pohl and K. Albe, Phys. Rev. B 87, 245203 (2013).
33M. Malitckaya, H.-P. Komsa, V. Havu, and M. J. Puska, Adv. Electron. Mater. 3,
1600353 (2017).
34L. E. Oikkonen, M. G. Ganchenkova, A. P. Seitsonen, and R. M. Nieminen,
J. Phys.: Condens. Matter 26, 345501 (2014).
35C. Stephan, S. Schorr, M. Tovar, and H.-W. Schock, Appl. Phys. Lett. 98, 091906
(2011).
36J. Bekaert, R. Saniz, B. Partoens, and D. Lamoen, Phys. Chem. Chem. Phys. 16,
22299 (2014).
37J. L. Gray, R. Schwartz, and Y. J. Lee, ECE Technical Reports, Purdue University,
1994, p. 173.
38S. Schuler, S. Siebentritt, S. Nishiwaki, N. Rega, J. Beckmann, S. Brehme, and M.
C. Lux-Steiner, Phys. Rev. B 69, 045210 (2004).
39S. Siebentritt, N. Papathanasiou, and M. C. Lux-Steiner, Physica B 376-377, 831
(2006).
40O. Ramírez, J. Nishinaga, M. Melchiorre, and S. Siebentritt, “On the origin of
tail states in Cu(In,Ga)Se2” (unpublished).
41O. Ramírez, E. M. Lanzoni, R. G. Poeira, T. P. Weiss, R. Leturcq, A. Redinger,
and S. Siebentritt (2022). “N to P in CIGSe,” Zenodo.

APL Mater. 10, 061108 (2022); doi: 10.1063/5.0091676 10, 061108-7

© Author(s) 2022

https://scitation.org/journal/apm
https://doi.org/10.5281/zenodo.6362649
https://doi.org/10.1016/0038-1098(79)90121-2
https://doi.org/10.1016/0038-1098(79)90121-2
https://doi.org/10.1016/0379-6787(90)90065-d
https://doi.org/10.1016/0022-0248(73)90099-7
https://doi.org/10.1063/1.4947585
https://doi.org/10.1063/1.366365
https://doi.org/10.1063/1.95350
https://doi.org/10.1088/1361-648x/ab2e24
https://doi.org/10.1088/1361-648x/ab2e24
https://doi.org/10.1103/PhysRevB.72.035211
https://doi.org/10.1063/1.1830074
https://doi.org/10.1103/PhysRevB.68.075201
https://doi.org/10.1016/j.rinp.2020.103774
https://doi.org/10.1103/physrevapplied.15.044021
https://doi.org/10.1016/j.solmat.2011.01.016
https://doi.org/10.1007/s00339-013-7951-5
https://doi.org/10.1002/pssa.201800873
https://doi.org/10.1103/physrevlett.84.1232
https://doi.org/10.1038/s41598-018-25659-3
https://doi.org/10.1063/1.121548
https://doi.org/10.1007/s003390100931
https://doi.org/10.1103/physrev.96.1163
https://doi.org/10.1016/0379-6787(86)90071-2
https://doi.org/10.1002/solr.202000727
https://doi.org/10.1016/s0040-6090(00)01841-1
https://doi.org/10.1016/s0022-3697(03)00150-1
https://doi.org/10.1016/0379-6787(86)90091-8
https://doi.org/10.1016/j.solmat.2013.04.014
https://doi.org/10.1016/j.solmat.2013.04.014
https://doi.org/10.1116/6.0000057
https://doi.org/10.1116/6.0000057
https://doi.org/10.1384/jsa.9.396
https://doi.org/10.1063/1.3652964
https://doi.org/10.1002/pip.936
https://doi.org/10.1103/physrevmaterials.3.090302
https://doi.org/10.1103/physrevb.87.245203
https://doi.org/10.1002/aelm.201600353
https://doi.org/10.1088/0953-8984/26/34/345501
https://doi.org/10.1063/1.3559621
https://doi.org/10.1039/c4cp02870h
https://doi.org/10.1103/physrevb.69.045210
https://doi.org/10.1016/j.physb.2005.12.208
https://doi.org/10.5281/zenodo.6362649


 

Supplementary Material 

 

How much gallium do we need for a p-type Cu(In,Ga)Se2? 

 
Omar Ramírez1*, Evandro Martin Lanzoni1, Ricardo G. Poeira1, Thomas P. Weiss1, Renaud 
Leturcq2, Alex Redinger1 and Susanne Siebentritt1 

 
1Department of Physics and Materials Science, University of Luxembourg, 41 rue du Brill, Belvaux, L-4422 Luxembourg. 
2Luxembourg Institute of Science and Technology—Materials Research and Technology Department, 41 rue du Brill, Belvaux, 
L-4422 Luxembourg.  
*Electronic mail: omar.ramirez@uni.lu 

 

 

S1. Heteroepitaxial growth 

The CuIn1-xGaxSe2 single crystals used in these experiments were grown by metalorganic vapor phase 

epitaxy (MOVPE) on semi-insulating 500μm thick (100)-oriented GaAs wafers. The metalorganic 

precursors utilized were cyclopentadienyl-coppertriethyl phosphine (CpCuTEP), trimethylindium 

(TMIn), triethylgallium (TEGa) and diisopropylselenide (DiPSe). The reactor growth conditions (T = 

520°C and P = 90mbar) were kept the same for all processes.    

In order to achieve the desired gallium and copper contents, a 2-step growth process was 

implemented. Firstly, a CuIn0.6Ga0.4Se2 layer is grown, followed by a second layer of CuInSe2 with a 

similar Cu content (𝑃𝐶𝑢/(𝑃𝐼𝑛 + 𝑃𝐺𝑎) = 2.22–2.24, where 𝑃 is the partial pressure of the corresponding 

metalorganic precursor ). By changing the duration of the first step, the gallium content can be finely 

tuned. The duration of the second step is adjusted in such a way that the final growth time is always 

8 hours. The partial pressure of DiPSe was adjusted in order to have a similar selenium overpressure 

of 𝑃𝑆𝑒/𝑃𝑀𝑒𝑡𝑎𝑙  ≈ 25 in both steps. Since the growth rate of the CuIn0.6Ga0.4Se2 and CuInSe2 layers is 

similar, no evident variation in the thickness of the samples (~530nm) was observed, as can be seen 

in Figure S1.   

 



 

 

FIG. S1. SEM cross-section images of four different samples with gallium contents ranging from 3 to 19%. The 
thickness of all samples is around 530 nm. Notice the improvement at the interface with GaAs, due to a reduced 
lattice mismatch, as the gallium content increases.     
 
 

A secondary-ion mass spectrometry (SIMS) analysis of the samples with 6 and 19% was carried out 

in order to investigate the gallium gradients caused by the diffusion of gallium from the first step of 

the growth process towards the pure CuInSe2 of the second step, as well as the presence of sodium 

and potassium. As can be seen from Figure S2 (a), a noticeable and comparable gallium gradient 

towards the back is present in both samples, which discards a possible influence on the obtained 

results due to the gallium gradient as all samples seem to be equally affected. Furthermore, the GGI 

signal of the sample with 19% gallium is 3.17 times higher than the 6% Ga content within the first 

1000 seconds of sputtering (equivalent to roughly 150 nm), which goes along the previously 

determined gallium content difference  from other techniques.    

Regarding alkali metals, Figure 2(b) and (c) show the SIMS depth profiles of 23Na and 39K, respectively. 

In the case of sodium, an apparent segregation seems to occur at the GaAs interface. Nevertheless, 

since the width of the sodium peak is proportional to the CIGSe/GaAs interface, i.e., a sharp peak for 



 

the smooth interface with the sample with 19% Ga and a broad peak for the rough interface with 6% 

Ga, we attribute the apparent increase in 23Na intensity to the change in matrix composition and the 

so-called SIMS matrix effect. A similar sodium peak at the GaAs interface has been showed by 

Colombara et.al. in sodium-free CuInSe2 single crystals[1]. In the case of potassium, no traces were 

found along the full depth of the absorber layer.  

 

 

FIG. S2. Composition profiles obtained by secondary ion mass spectrometry of two samples used in this study 
containing 6 and 19% gallium. Ga/(Ga+In) signal ratio showing the resulting gallium gradient towards the GaAs 
interface (a), as well as the sodium (b) and potassium (c) profiles. The gray marked areas denote the interface 
(light) and the GaAs wafer (dark).  
 
 



 

 

S2. X-ray photoelectron and Raman spectroscopy 

S2.1 X-ray photoelectron spectroscopy 

Quantification of the constituent elements was done from the general survey as well as from the 

Ga3d-In4d region (Fig. S3) as described in reference [2]. The reported values in the main manuscript 

of the Ga/(Ga+In) ratio are an average of the two methods, which are summarized in table S1.   

 

Table S1. Ga and In atomic percentages as well as the Ga/(Ga+In) ratio calculated from XPS. 

Sample 

From survey From Ga3d-In4d fits 
Average 

GGI In 
[at. %] 

Ga 
[at. %] 

GGI Ga 3d 
5/2 

[at. %] 

Ga 3d 
3/2 

[at. %] 

In 4d 
5/2 

[at. %] 

In 4d 
3/2 

[at. %] 

GGI 

CIGSe295 40.97 2.05 0.05 3.95 3.83 47.15 45.07 0.07 0.06 

CIGSe296 41.00 3.38 0.08 6.16 5.98 44.92 42.94 0.12 0.10 

CIGSe297 37.85 5.12 0.12 8.01 7.77 43.06 41.16 0.16 0.14 

CIGSe299 37.21 7.89 0.17 11.77 11.42 39.27 37.54 0.23 0.20 

 

 

FIG. S3. X-ray photoelectron spectroscopy survey of four samples with different gallium content (a). Example 
of the fittings to the Ga3d-In4d region used to quantify the Ga/(Ga+In) ratio.  
 



 

S2.2 Raman spectroscopy 

Raman measurements were taken with a Renishaw inVia micro spectrometer at room temperature 

with a 532nm laser excitation focused on the sample with a 50× objective lens and a numerical 

aperture of 0.5 in combination with a 2400 lines/mm grating. In order to approximate the gallium 

content from the measured Raman spectra, the data was fitted with a Lorentzian function from which 

the center 𝑥𝑐 was determined. Cu(In,Ga)Se2 has its predominant A1 vibrational mode ranging from 

175 cm-1 in CuInSe2
[3-4] to 184 cm-1 in CuGaSe2

[5-7]. The gallium content was estimated from a linear 

interpolation and the results summarized in table S2. Most samples show good agreement with the 

average Ga contents determined from EDX and PL. The results of these measurements further 

confirm that the gallium content of the N-to-P transition is below 20%.    

Table S2. Raman peak position determined from the Lorentzian fits and estimated gallium content. 

 CIGSe295 CIGSe296 CIGSe297 CIGSe299 

𝑥𝑐 [cm-1] 175.48 ± 0.031 176.03 ± 0.025 176.04 ± 0.024 176.62 ± 0.027 

Ga [%] 5.3 11.4 11.6 18.0 

 
 

 
FIG. S4. Raman spectra of four samples with different gallium content. Dotted lines represent Lorentzian fits 
to the measured data from which the position of the A1 mode was determined. The shadowed area represent 
the expected A1 peak position for samples containing up to 20% gallium.    



 

S3. Fermi level determination 

The calculated carrier concentrations obtained from measured conductivity values at room 

temperature are listed below:  

Ga content σ Carrier 
Assumed 
Mobility 

Inferred Carrier 
concentration 

(%) (S cm^-1)  (cm^2 / Vs) (cm^-3) 

6 2.67E-01 n 200 8.3E+15 

7 4.55E-01 n 200 1.4E+16 
15 4.19E-02 n 200 1.3E+15 

7 (KF) 2.85E-03 p 20 8.9E+14 
19 3.59E-05 p 20 1.1E+13 

 

Using these values of n and p and reported[8] effective density of states of the valance band 

(NV = 1.5x1019 cm-3) and conduction band (NC = 6.6x1017 cm-3), the Fermi level was 

determined from the expressions: 

𝑛 = 𝑁𝐶 exp (−
𝐸𝐶 − 𝐸𝐹
𝑘𝑇

) 

𝑝 = 𝑁𝑉 exp (−
𝐸𝐹 − 𝐸𝑉
𝑘𝑇

) 

 

 Values of EF with respect to the closest band are: 

Ga content NC/NV EF 

(%) (cm^-3) (meV) 

6 6.6E17 112.4 

7 6.6E17 98.7 

15 6.6E17 159.9 

7 (KF) 1.5E19 250.6 

19 1.5E19 362.6 

  

 



 

S4. Formation energies determination 

Firstly, the values of the formation energies for CuInSe2 and CuGaSe2, assuming that the Fermi level 

is located at the valance band and the conduction band, were taken from the work of Pohl et.al. and 

are displayed in Figure S5 [9]. For simplicity, the formation energies were taken at the Fermi level of 

interest regardless of the defect equilibrium charge state. For N-type CuInSe2, values of the formation 

energies were taken from a linear interpolation at a Fermi energy of 0.2 eV. For CuGaSe2, values were 

taken at 0.4 eV away from the valance and conduction band. 

 
FIG. S5. Intrinsic defects’ formation energy in CuInSe2 (a) and CuGaSe2 (b). Dashed lines intercept the formation 
energies at the Fermi levels considered in the text.  
 

 
 
  



 

S5. Activation energy determination 

The activation energies of the temperature-dependent conductivity referred in the main text, 

were extracted by fitting the measured data with the equation: 

𝜎 = 𝜎0 exp (
𝐸𝑎
𝐾𝐵𝑇

) 

Where 𝐸𝑎  is the activation energy, 𝐾𝐵  the Boltzmann constant and 𝜎0  a pre-exponential 

factor. The fitting range was set the same for all samples and spans from 300 to 180 K. Figure 

S6 shows the resulting fits to the measured conductivity data of two samples and the fitting 

range used.  

 

FIG. S5. Fitting range and fits to the temperature-dependent electrical conductivity of two samples with the 

same gallium content but different conductivity type: N-type (green) and P-type (gray).     
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Chapter 5 

5 The effects of potassium fluoride 

postdeposition treatments on the 

optoelectronic properties of 

Cu(In,Ga)Se2 single crystals 

 

As discussed in the literature review of section 2.7, postdeposition treatments with heavy 

alkali metals have been a milestone in achieving the latest record efficiencies in 

Cu(In,Ga)Se2 thin film solar cells. Among the beneficial surface and bulk effects of 

postdeposition treatments reported, the improvement of the VOC has been commonly 

observed and associated with modifications of the bulk, more precisely, with the 

passivation of grain boundaries[18]. However, studies on this regard have been coming up 

short discerning between the sole effect of heavy alkalis at grain boundaries and at grain 

interiors since most of them have been carried out in polycrystalline absorbers. 

Furthermore, since postdeposition treatments with heavy alkalis are usually carried out in 

the presence of sodium, distinguishing between the effects of the different alkalis is not 

always possible. A study on the effects of potassium fluoride (KF) postdeposition 

treatments carried out in polycrystalline absorbers grown onto Mo-coated soda lime glass 

containing a sodium blocking layer, concluded that the effects of potassium are similar to 

sodium and highlighted the role of grain boundaries[1]. Then, what would be the role of the 

heavy alkalis if there are no grain boundaries nor sodium?  Would the effect remain similar 

as in polycrystalline absorbers? This contribution aims to shed light on these matters by 

presenting a study on the sole effect of potassium fluoride postdeposition treatments in 

sodium-free single crystal.  It is worth mentioning that there are only a few laboratories in 
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the world with the capability to study grain-boundary free material but only the Laboratory 

for Photovoltaics offers the unique combination of epitaxial samples and absolute 

photoluminescence, which made this study possible. By measuring changes in quasi-Fermi 

level splitting, the optoelectronic quality of alkali-free and KF-treated absorbers is 

compared, and the effect of compositional variations further investigated. The main finding 

of this contribution is that, in the absence of sodium and grain boundaries, potassium on its 

own does alter the optoelectronic properties of Cu(In,Ga)Se2 by increasing the doping level, 

demonstrating that the effects of heavy alkali postdeposition treatments go beyond grain 

boundary passivation. 

The contribution of the author of this thesis to this research article consisted in the design 

of the experiments, sample growth, data acquisition (photoluminescence), data analysis, 

data curation, data visualization, writing of the original draft, review and editing. 

Conductivity measurements and the subsequent analysis were performed by M. Bertrand, 

XRD by A. Debot, Raman spectroscopy by D. Siopa, SIMS by N. Valle, EBSD by J. Schmauch 

and SEM-EDX by M. Melchiorre.    



The Effect of Potassium Fluoride Postdeposition
Treatments on the Optoelectronic Properties of Cu(In,Ga)
Se2 Single Crystals

Omar Ramírez,* Maud Bertrand, Alice Debot, Daniel Siopa, Nathalie Valle,
Jörg Schmauch, Michele Melchiorre, and Susanne Siebentritt

1. Introduction

Thin film solar cells based on the chalcopy-
rite Cu(In,Ga)Se2 (CIGSe) have seen a con-
stant boost in their power conversion
efficiency due, among other reasons, to
the incorporation of heavy alkali metals
in the form of postdeposition treatments
(PDTs).[1–3] Effective alkali incorporation
into Cu(In,Ga)Se2 absorbers results in an
improvement of the short-circuit current
density (JSC) and the open-circuit voltage
(VOC); the first one is associated with mod-
ifications of the absorbers’ surface that
allow a reduction in the CdS buffer layer
thickness, bringing down its parasitic
absorption.[1] The VOC improvement, on
the other hand, is associated with modifica-
tions in the bulk, where the role of the grain
boundaries has been demonstrated to be of
great importance.[4–7] The preferential seg-
regation of alkali elements at grain bound-

aries has been confirmed by several groups and measured by
means of atom probe tomography.[8–10] This fact has led to the
association of alkali elements with a passivating effect at grain
boundaries, which has found experimental backup by reports
of reduced band bending[5] and lower tail state density.[7] On
the other hand, it has been shown that neither sodium nor potas-
sium has an impact on the recombination velocities at grain
boundaries, suggesting that the alkalis do not have a passivating
effect.[11] The effect of grain boundaries in polycrystalline Cu(In,
Ga)Se2 has led to a number of studies to investigate their physics
and role in device performance.[12–14]

We aim to understand the role of grain boundaries by compar-
ing the known effects on polycrystalline films with the effect of
alkali PDTs in single-crystalline films, which do not have grain
boundaries. Studies on single crystals of the ternaries CuInSe2
and CuGaSe2 outnumber the ones found in the literature for the
quaternary Cu(In,Ga)Se2, and most of them have focused on the
electronic structure, crystal quality, and the interaction between
the chalcopyrite and the substrate used for the growth.[15–17] It
was not until 2018 that Nishinaga and co-workers demonstrated
the capability of Cu(In,Ga)Se2 single crystals grown by molecular
beam epitaxy to accomplish power conversion efficiencies of 20%.
Such improvement was achieved by implementing some of the
techniques used in polycrystalline absorbers such as a Ga gradient
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and the combination of sodium fluoride (NaF) and potassium
fluoride (KF) PDTs. In that study, the role of Na was attributed to
a doping effect (as already reported by Pianezzi et.al.[18]) and in the
case of K to an improved Cu(In,Ga)Se2–CdS interface. Moreover,
the authors found no evidence of K diffusion into the bulk, a fact
that was attributed to the absence of grain boundaries.

A plausible explanation of the discrepancies found in the lit-
erature when assessing the effectiveness of PDTs is the fact that
it can be influenced by the composition of the Cu(In,Ga)Se2
absorber. The Cu content[19] as well as the ratio of group III ele-
ments[20,21] seem to play an important role for the outcome of the
alkali PDT; which would imply that samples with differences in
stoichiometry, Ga gradients, presence of ordered vacancy com-
pounds (OVCs), among others, would yield different results even
if they were subjected to the same PDT.

In this contribution, we study the effect of potassium fluoride
PDTs on the optoelectronic properties of Cu(In,Ga)Se2 single
crystals grown by metalorganic vapor phase epitaxy. The use
of sodium-free single crystals allowed us to investigate the sole
effect that potassium would have in the grain interiors when
there is neither sodium nor grain boundaries present. In addi-
tion, the influence of the copper and the gallium content on the
effectiveness of the PDTs is assessed by means of quasi-Fermi
level splitting (qFls). A difference of more than 30meV in qFls
was obtained after the KF PDT, suggesting that potassium can be
incorporated into Cu(In,Ga)Se2 despite the absence of grain
boundaries. Also, we demonstrate that potassium acts as a dop-
ant causing a type inversion from n to p in the case of Cu-poor
low-gallium absorbers, as previously observed with sodium in
pure CuInSe2 by Werner et al.[22] Furthermore, we observe
dependence on the copper and gallium content of the effective-
ness of the KF PDT, with it being more effective in Cu-poor and
having no effect in Cu-rich low-gallium absorbers. The effective-
ness of PDTs depending on the composition has also been
reported for polycrystalline absorbers.[19,20] Thus, our study
shows that the observed effect is not grain boundary related.
A photoluminescence study including time-resolved and low-
temperature measurements is presented. Several other charac-
terization techniques such as secondary ion mass spectrometry
(SIMS), electron backscatter diffraction (EBSD), X-ray diffraction
(XRD), and conductivity and Seebeck coefficient measurements
are also performed to support our findings. The fact that heavier
alkali metals such as potassium have the ability to alter the
optoelectronic properties of sodium-free Cu(In,Ga)Se2 single
crystals suggests that heavy alkali PDTs have a positive effect
not only at the grain boundaries but also on the grain interiors.

2. Results and Discussion

Several single-crystalline thin films grown by metalorganic vapor
phase epitaxy (MOVPE) and with varying composition were used
to investigate the effects of potassium fluoride PDTs on the
optoelectronic properties of Cu(In,Ga)Se2. The study is divided
into three sections. In the first part, we demonstrate that our
films are single crystals and that no unintended grain boundaries
are present; later, the effectiveness of the KF PDT depending on
the copper content for a Ga content of 40% is investigated, and
finally, samples with low gallium content are studied.

2.1. Cu(In,Ga)Se2 Single Crystals

When growing heteroepitaxial films, one of the most important
aspects to take in consideration is the lattice mismatch between
the single crystal used as a substrate and the intended material to
be grown. GaAs, with a lattice constant a of 5.653 Å at room tem-
perature,[23] is a suitable substrate for the growth of the chalco-
pyrite Cu(In1–x,Gax)Se2, which has a lattice constant a ranging
from 5.777 Å for x¼ 0 to 5.604 Å for x¼ 1.[24] It is also possible
for the c-axis of the tetragonal chalcopyrite structure to grow par-
allel to the GaAs surface to reduce the lattice mismatch, which is
expected for 0.22< x< 0.54 when c/2 is closer to the GaAs lattice
constant than the lattice parameter a. Minimizing the lattice mis-
match is of great importance as failing to do so would result in
the accumulation of tensile or compressive strain that would
need to be released in the form of line, planar, or bulk defects.[25]

High-gallium CIGSe single crystals grown on Zn-doped pþ-type
GaAs(001) by molecular beam epitaxy, for example, were found
to contain orthogonal cross-hatch features oriented along the
<100> direction of the CIGSe film and other kind of defects
as a result of the tensile strain built up during film growth.[26]

The problem with growing GaAs-matched Cu(In1–x,Gax)Se2 is
that to do so, it would be necessary to use rather high Ga contents
(x� 0.68 for a-matched and x� 0.48 for c/2-matched), which is
not characteristic of state-of-the-art devices. In this study, most of
the samples involved were grown with an average gallium content
of x� 0.4 as a compromise between lattice mismatch and the
Ga content usually employed in high-efficiency devices (x� 0.3).

A cross-section image of one of the samples used in this study
is shown in Figure 1a, where it is possible to appreciate that no
random grain boundaries are present in the film. More cross-
section images and top views of other samples studied can be
found in Figure S1, Supporting Information. Another way to cor-
roborate that we are not dealing with polycrystalline absorbers is
by means of XRD. Figure 1b displays the diffractogram of two
selected samples with different gallium contents used in this
study; both samples show the characteristic peak at 66.1� corre-
sponding to the (400) of GaAs (PDF 00-014-0450), as well as the
(008) of Cu(In1–x,Gax)Se2 at around 64.6� for the sample with
x< 0.1 and 65.5� for x� 0.4.[27] The difference observed in 2θ
for the peak position of the (008) reflection when comparing with
the references (63.9� and 65.8� for x¼ 0 and x¼ 0.5, respec-
tively) comes from the Ga content. Polycrystalline absorbers dis-
play a strong reflection from the 112 plane as it has the highest
structure factor (see the powder diffraction files later for refer-
ence). We find that none of the samples show a reflection from
26.5� to 27.1� as can be seen in the logarithmic inset of Figure 1b,
which is the expected 2θ range for the 112 plane from pure
CuInSe2 to Cu(In0.5,Ga0.5)Se2 according to the PDF 01-070-3356
and 00-062-0055, respectively (more XRD data can be found in
Figure S2, Supporting Information). In addition, an EBSD anal-
ysis of two samples with different Cu contents was conducted,
revealing no grain boundaries over several thousand square
micrometers (Figure S3, Supporting Information).

For the purpose of this contribution, it was also necessary to
study samples without a Ga gradient as changes in the notch
position along the film could influence the results. A SIMS anal-
ysis was performed to corroborate the Ga profile, which was
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confirmed to be rather flat as shown in Figure 1c. The intensities
obtained from the measurement were normalized and multi-
plied by each element’s atomic percentage determined from
energy-dispersive X-ray spectroscopy (EDX). Nonintentional dif-
fusion of Ga from the GaAs wafer toward the front seems to
occur due to the elevated temperatures of the growth process
(520 �C), as already described by Schroeder et.al.,[15] but is essen-
tially limited to within 50 nm. However, all the samples are
expected to be equally affected as the growth conditions of tem-
perature and pressure were kept the same, allowing their direct
comparison because the Ga gradient is negligible.

Thus, the combination of these measurements confirms
that our films are in fact single crystals with a nearly constant
Ga/(Gaþ In) (GGI) across the film thickness.

2.2. Cu Influence

For the study of the copper influence on the effectiveness of the
KF PDT, it was important to make sure that no significant dif-
ference in the group III elements was present among the sam-
ples so the sole effect of the copper content could be assessed.
Energy-dispersive X-ray spectroscopy was used to determine the
elemental composition and the results are listed in Table S1,
Supporting Information. Figure 2a summarizes the extracted
Cu/(InþGa) (CGI) and GGI ratios. The eight single crystals
used in the Cu series have an average Ga content of 42� 2%,
a thickness of 700 to 800 nm and a CGI ratio ranging from

0.73 to 1.04. It is important to note that samples 1 and 2 have
a CGI below 0.8, which according to the phase diagram no longer
corresponds to a pure chalcopyrite phase but a mixed chalcopy-
rite and OVCs.[28] The presence of such OVCs was confirmed by
Raman spectroscopy (Figure S4, Supporting Information) where,
apart from the main peak at 178 cm�1 corresponding to the A1
mode of Cu(In,Ga)Se2, a peak with lower intensity at 153 cm�1

associated with the CuIn3Se5 OVC is observed.[29,30]

To assess the effect of the KF PDT, photoluminescence
spectroscopy was used to determine the qFls of each sample
before and after receiving the KF PDT. The normalized spectra
of all samples taken at room temperature are shown in
Figure 2b: A difference of 60 meV in the PL peak position
between the most Cu-poor and the stoichiometric sample
can be observed. As the GGI of these two samples is quite
similar, this difference in bandgap is mostly related to the
Cu content.[31] The broadening of the peak toward lower Cu
contents is also characteristic of Cu-poor Cu(In,Ga)Se2 and
caused by potential fluctuations originated from the high
degree of compensation.[32,33]

The qFls can be considered as the internal voltage of the
absorber. The external voltage (the open circuit voltage VOC)
of the completed cell contains also the influence of interfaces
and contacts and can be lower than the qFls.[34] However, it
has been demonstrated that the VOC is almost equal to the
qFls in state-of-the-art Cu(In,Ga)Se2 devices.

[35] The qFls of each
sample was determined from a linear fit to the high-energy wing

Figure 1. a) Cross-section SEM image of one of the samples used in this study showing no random grain boundaries. b) X-ray diffractogram of two
samples showing the 008 reflection at different angles due to the difference in gallium content. Note the difference in scale after the break of the 2θ axis.
No reflection from the 112 planes can be observed in the logarithmic inset. Powder diffraction file numbers 00-014-045, 01-070-335, and 00-062-005
corresponding to GaAs, CuInSe2, and Cu(In0.5Ga0.5)Se2, respectively, are used as references. c) Elemental profiles obtained by SIMS demonstrating that
the single crystals have uniform distribution of the group III elements.
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of the PL spectrum as explained in previous studies.[35–38] For
each sample, four measurements were recorded at different posi-
tions and the extracted qFls averaged (qFls values can be found in
Table S2, Supporting Information). The difference in qFls
(ΔqFls) between samples that received the KF PDT and the
as-grown state is shown in Figure 3a. At first glance, a strong
relationship between the Cu content and the effect of the KF
PDT on qFls can be noted: a decrease in qFls for CGI below
0.8, and an increasing effect toward higher Cu contents. A simi-
lar trend in VOC was observed by Kodalle et al. when studying
rubidium fluoride PDTs on polycrystalline Cu(In,Ga)Se2, where
they correlated the availability of Cu vacancies with the formation
of a Rb–In–Se secondary phase, which was found to be detrimen-
tal for device performance.[19]

A change in qFls can be linked to the electron or the hole
quasi-Fermi level shifting. In a p-type semiconductor, a change
in the electron quasi-Fermi level (EFn) would relate to a change in
the minority carrier concentration, i.e., reduced recombination
centers, and a change in the hole quasi-Fermi level (EFp) to
the majority carrier, i.e., the doping level, considering a low-
injection case.[39]

To figure out the origin of the observed changes in qFls, a
time-resolved photoluminescence (TRPL) study was conducted
on four selected samples. The TRPL decays were fitted by a
two-exponential model; both the KF-treated samples’ decays
and their fit are shown in Figure 3b. τ2 was taken as the effective
lifetime as it has been reported to better describe recombination
in the bulk.[40] Longer lifetimes were obtained for the lowest Cu
contents. The extracted lifetimes before and after KF PDT are
compared in Figure 3c. Hardly any changes in lifetime were mea-
sured, ruling out the possibility of a decrease in nonradiative
recombination centers to be the reason for the observed improve-
ment in qFls after the KF PDT. Because EFn is not shifting
upward, it is reasonable to assume that the observed improve-
ment in qFls is related to EFp moving downward. To corroborate
our assumption, the conductivity of the same four samples inves-
tigated with TRPL was measured. As shown in Figure 3d, all four
samples show an increase in conductivity after the KF PDT. The
conductivity of a semiconductor σ depends on the carrier concen-
tration N and the mobility μ, and (for a p-type semiconductor) is

given by σ ¼ qμpNA, where q is the elementary charge andNA the
acceptor concentration.

Even though we cannot rule out a possible change in the
mobility, an increase in carrier concentration of one order of
magnitude (like in the case of the sample with a CGI of 0.95)
would be more expected than the same amount of change in
mobility. A similar trend in conductivity was observed by
Contreras et al. when studying the influence of alkali metals
in polycrystalline Cu(In,Ga)Se2. Furthermore, they report that
no significant changes in mobility were detected by Hall meas-
urements in their experiments.[41]

So far, an increase in carrier concentration could explain the
improvement by the KF treatment observed in the samples with
CGI higher than 0.8 but it cannot explain the behavior of samples
with lower Cu contents. In this case, an increase in both conduc-
tivity and minority carrier lifetime after the KF treatment should
yield an improvement in qFls as well, which is contrary to what
we observe. One aspect to keep in mind is that the KF PDT is
done in a Se atmosphere, which might have a separate effect
on the optoelectronic properties of the films. We discuss poten-
tial reasons for this behavior subsequently.

It should be noted that during MOVPE growth the Se pressure
is rather low, compared to the growth by coevaporation.[42] To
have a better understanding of the sole effect of the KF PDT
and compare with the effects on polycrystalline films, all samples
are compared with Se-treated absorbers instead of the as-grown
state. It has been reported that Se PDTs can impact the solar cell
performance of polycrystalline coevaporated Cu(In,Ga)Se2 in a
beneficial or detrimental way, depending on the absence or pres-
ence of sodium, respectively.[43] Furthermore, Se PDTs have
been demonstrated to have a beneficial impact on passivating
surface defects in Cu-rich CuInSe2.

[44] Because we cannot
provide selenium during the cool-down stage of the MOVPE pro-
cess, it is reasonable to assume that a Se PDT could also have an
effect on the absorbers. Figure 4 displays the change in qFls
between the KF-treated and the Se-treated samples. This experi-
ment demonstrates that the Se PDT has indeed an effect on
the absorbers, and that the previously observed trend on the
effect of the KF PDT with respect to the as-grown state is altered
when comparing the KF-treated samples to Se-treated ones.

Figure 2. a) CGI and GGI ratios of all eight single crystals used for the investigation on the Cu content obtained from EDX; error bars show the standard
deviation. b) Normalized room temperature PL of all samples. A difference of 60meV in bandgap due to the Cu and Ga content can be observed as well as
a difference in the peak full width at half maximum when comparing the most Cu-poor and the close-to-stoichiometric samples.
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For Cu contents above 0.83, a beneficial effect of the Se PDT is
observed when compared to as-grown samples (Figure S5,
Supporting Information), in agreement with the report by
Barreau et al. for Na-free polycrystalline CIGSe with
CGI� 0.9.[43] For Cu contents below 0.8, however, a considerable
qFls loss is measured. As these samples contain OVCs, we can
just speculate that their presence plays a role in dictating the out-
come of the treatment. For example, it could be possible that
OVCs promote the confinement of carriers due to their larger
bandgap, which is partially lifted after the Se PDT. It has been
reported that alkali PDTs, for example, lead to a reduction of such
defect compounds.[45]

In fact, this new comparison (KF PDT versus Se PDT) dem-
onstrates that the KF PDT has a stronger effect in very Cu-poor
samples because an average gain in qFls of 15meV is obtained
for CGI up to 0.8 and just 7 meV for Cu contents between 0.8 and
1.0. The trend observed for Cu-poor samples when comparing
KF- and Se-treated absorbers in Figure 4 resembles the one of

the density of intrinsic copper vacancies (VCu) in CuInSe2 mea-
sured by neutron powder diffraction.[46] Stephan et al. found a
quite constant density of VCu in the Cu/In region between 0.8
and 1 and a higher density of almost one order of magnitude
when OVCs were present. Based on these results, we can specu-
late that the higher density of VCu present in Cu contents below
0.8 facilitated the diffusion of potassium, resulting in the larger
improvement observed in lower Cu contents. The fact that the
formation energy of the substitutional defect KCu is the lowest
among other possible configurations[47] also supports this model.
The relevance of OVCs in effective KF PDTs has been similarly
described by Lepetit et al. in polycrystalline CIGSe, where it was
found that the presence of such compounds on the surface was
indeed crucial to achieving a favorable effect of the PDT.[48]

Interestingly, the improvement of 17meV observed in the sam-
ple with CGI¼ 1.03 suggests that the effect of the KF PDT in the
Cu-rich regime has another origin as for this Cu content the den-
sity of VCu is considerably lower.

Figure 3. a) ΔqFls obtained from subtracting the qFls of the as-grown from the qFls of the KF-treated samples; error bars account for the standard
deviation of the data set, note the nonlinear x-axis. b) TRPL of four selected samples after receiving the KF PDT. c) Comparison between the KF-treated
and as-grown samples’ lifetimes obtained from fitting the TRPL decays. d) Conductivity at room temperature of the same four samples comparing the
KF-treated and as-grown state as well.
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In summary, the effectiveness of KF PDTs has been found to
be strongly dependent on the CGI ratio. Our results suggest that
comparing KF-treated samples with as-grown references can be
misleading, and that a Se-treated reference instead is more suit-
able to assess the real effect of the PDT. KF PDTs were found to
be more effective in Cu contents below 0.8, a fact attributed to a
higher density of copper vacancies and OVCs. The observed
improvement in qFls for all copper contents was demonstrated
to be bulk-related and associated with an increase in carrier
concentration.

2.3. Cu Influence in Low-Ga Absorbers

In the previous section, we demonstrated that the KF PDT can
have an effect on the qFls depending on the Cu content and that
such a change is most likely related to an increase in the net dop-
ing. The small yet meaningful change in qFls obtained when
comparing KF-treated with Se-treated samples made us question
the impact of the high Ga content used in the Cu series and its
possible relation with the observed changes. It is worth

mentioning that the electronic quality of the single crystals used
in the study is comparable (regardless of the GGI ratio) because
the qFls loss with respect to the Shockley–Queisser VOC did not
change considerably with the gallium content (Figure S6,
Supporting Information).

A study by Ishizuka et al. demonstrated that the group III ele-
mental composition of the absorber strongly dictates the out-
come of RbF PDTs.[20] They found that the improvement in
VOC after the PDT was stronger in CuInSe2 than in Cu(In,Ga)
Se2, and almost negligible in pure CuGaSe2. This result is in
agreement with our finding of a rather small improvement
due to KF in films with 40% GGI. This observation could be
related to the unfavorable band alignment of CdS with high-
gallium Cu(InGa)Se2, which could induce interface recombina-
tion as the dominant recombination path. A favorable band
alignment is however possible with Zn(O,S).[49] To make sure
that the limitations of the improvement observed after the
KF PDT in these high-Ga absorbers is indeed bulk-related and
not due to the interface with the CdS buffer layer, two of the stud-
ied samples were covered with Zn(O,S) instead. Regardless of the
buffer layer utilized, the improvement in qFls after the KF PDT
was basically the same (ΔqFls values can be found in Table S3,
Supporting Information). This observation indicates that the lim-
ited effect of KF on high-Ga absorbers is indeed a bulk effect.

Such a finding motivated us to study Cu(In,Ga)Se2 single crys-
tals with a low gallium content. Three samples with Cu-poor,
stoichiometric, and Cu-rich composition and a GGI ratio below
0.1 were studied. A table listing the atomic percentages obtained
from EDX can be found in the Supporting Information (the sam-
ples are referenced in Table S1, Supporting Information, as sam-
ples 9, 10, and 11).

The stoichiometric sample presented a radial compositional
gradient that was characterized with EDX. Twelve points were
measured from the center (point 1) toward the edge (point 12)
of the wafer, and the determined Cu/(Gaþ In) is plotted in
Figure 5a along with a schematic representation of the sample.
The center was found to have a higher Cu content than the edge.
Two pieces of this wafer containing both the edge and center
were treated with KF PDT and Se-only PDT, respectively. As
the PL yield is largely affected by compositional variations, a line
scan of the PL main transition (around 1 eV) at room tempera-
ture was taken along 20mm of the sample starting at the center

Figure 5. a) CGI measured along a close-to-stoichiometry sample with a radial compositional gradient and a schematic indicating the places of the
measurements. PL maps of the same sample after receiving b) a Se-only and c) a KF PDT. Larger improvement of the PL yield can be observed
for the most Cu-poor side of the sample.

Figure 4. ΔqFls between KF- and Se-only-treated absorbers with varying
Cu contents; note the nonlinear x-axis. Error bars indicate the standard
deviation.
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of the wafer (less Cu-poor). The radius of the laser used for the
measurement was around 1.3 mm and each measurement was
taken every 500 μm, assuring complete coverage of the sample
by the line scan. Figure 5b,c shows the PL line scan spectra
of the Se-PDT and KF-PDT samples, respectively. A clear
increase of the PL yield toward the edge of the wafer (that cor-
responds to the lower Cu content) is obvious, whereas no signif-
icant change can be observed closer to the stoichiometric point.
The average difference in qFls (qFlsKF� qFlsSe) for the first
5mm of the sample is around 4meV, whereas in the last
5mm (corresponding to the most Cu-poor side) ΔqFls is
�20meV.

The previous experiment indicates that in low-gallium
Cu(In,Ga)Se2, the KF PDT has a more substantial effect and also
a stronger relation between Cu content and its effectiveness com-
pared to the�42% gallium experiment from the previous section.
To verify this observation, a Cu-poor sample and a Cu-rich sample
with CGI of 0.86 and 1.12, respectively, were studied. First, a PL
spectrum at 10 K was recorded for each sample, which is displayed
in Figure 6a. Cu-poor and Cu-rich low-galliumCIGSe possess very
distinct signatures at 10 K. In the case of the sample grown under
Cu excess, several peaks can be observed, which are assigned to an
excitonic emission (Exc) right below the bandgap and two donor–
acceptor pairs (DA) with their respective phonon replica,

confirming that the film is Cu-rich.[17] The indium-rich sample,
on the other hand, shows the characteristic redshifted asymmetric
broad peak of a Cu-poor material.[50–52]

Once the composition of both samples was confirmed, they
were KF treated and their qFls was determined. It is worth men-
tioning that the elemental composition by EDX was determined
after the growth, while the PL analysis was performed after the
samples were KCN etched, ruling out any possible effect of sec-
ondary phases in the measured spectra. In the case of the Cu-rich
crystal, no change in the PL yield was obtained after the KF PDT
when comparing to a Se-treated reference. A figure displaying
several PL spectra taken at room temperature before and after
the KF PDT can be found in Figure S7, Supporting Information.
In the case of the Cu-poor sample, on the contrary, a gain of
30meV in qFls after the KF PDT was obtained as can be seen
from the PL yield difference in Figure 6b. When investigating
the origin of this improvement, the lifetime of both samples
was calculated by TRPL (Figure S8, Supporting Information).
Opposite to what we had previously observed for the 40%
Ga-containing samples of the previous section, the lifetime of
the Cu-poor KF-treated sample increased by a factor of two.
This change in lifetime cannot explain the improvement of
30meV in qFls as a factor of two would only account for
�17meV due to the nonradiative loss. In addition, comparing

Figure 6. a) PL spectra of a Cu-poor and Cu-rich low-gallium CIGSe at 10 K. b) Room temperature PL of the Cu-poor sample after receiving the KF PDT;
the difference in PL intensity corresponds to an improvement of 30meV in qFls. c) Seebeck coefficient determination of the carrier type in the Cu-poor film
before and after KF PDT demonstrating a change in the type of conductivity. d) SIMS profile showing the potassium distribution along the film before and
after KF PDT.
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minority carrier lifetimes only makes sense if the conductivity
type does not change. CuInSe2 grown in the absence of sodium
can result in either an n-type or a p-type semiconductor depend-
ing on the Cu/In ratio: n-type for Cu-poor and p-type for
Cu-rich.[22,53–56] Because the Cu-poor sample contained only a
small fraction of Ga, it was expected to be an n-type semiconduc-
tor, a fact that was confirmed by determining the Seebeck coeffi-
cient. After the KF PDT, the conductivity was found to change to
p-type, as shown in Figure 6c. As already observed for the
Ga-containing samples, the KF PDT increases the p-type doping.

A type inversion from n to p can happen by either increasing
the acceptor or reducing the donor concentration. In the CuInSe2
system, the acceptor concentration is dictated mainly by the shal-
low VCu and CuIn and InCu and Cu interstitials account for the
donors (for a comprehensive insight on electronic defects in
Cu(In,Ga)Se2, see the review by Spindler et al.[52]). We attribute
the observed type inversion to an increased acceptor concentra-
tion due to a potassium-related defect as SIMS revealed the
presence of potassium along the absorber layer (Figure 6d).
Theoretical results suggest that potassium-substituting indium
sites (KIn) would actually act as an acceptor with a formation
energy even lower than the KCu in the case of an n-type semicon-
ductor, which is the case presented herein.[47] The fact that a type
inversion occurred as a result of the KF PDT implies that potas-
sium can effectively alter the electronic structure of Cu(In,Ga)Se2
and, because all the presented experiments were performed on
single crystals, that even without grain boundaries a bulk effect of
heavy alkali PDTs can be observed.

3. Conclusion

The effect of potassium fluoride PDTs was demonstrated in a set
of Cu(In,Ga)Se2 single crystals grown by MOVPE. The effective-
ness of the treatment depending on the absorber composition
was studied and assessed by means of qFls.

We found that in the absence of sodium, potassium on its
own does alter the optoelectronic properties of Cu(In,Ga)Se2.
Furthermore, we found that to relate the effect of the KF PDT
on these MOVPE-grown samples with the effect of KF PDT in
polycrystalline absorbers, a comparison between KF-treated
and Se-only-treated absorbers would be more appropriate
(instead of comparing with the as-grown state), as the Se PDT
by itself has an influence on the absorber’s properties. In terms
of composition, a strong relationship between Cu and Ga content
and the effectiveness of the KF PDT was observed. In the case of
Cu(In,Ga)Se2 with a Ga content of �40%, an average improve-
ment of 15 and 7meV was achieved for CGI ratios below 0.8 and
between 0.8 and 1, respectively. We associate the larger improve-
ment observed for the most Cu-poor samples to the higher avail-
ability of Cu vacancies caused by the presence of OVCs. A TRPL
study of the KF-treated samples revealed no changes in the
minority carrier’s lifetime, suggesting that the improvement
observed in qFls does not originate from a reduction in non-
radiative recombination centers, but from changes in the doping
level, which is corroborated by the increased conductivity after
the treatment.

Low-gallium (below 10%) Cu(In,Ga)Se2 was also studied. We
found that absorbers grown under Cu excess (Cu/In> 1) show

no improvement in qFls after receiving the KF PDT. However,
the effect on Cu-poor samples was double the one observed in
high-Ga absorbers (�30meV). Furthermore, a type inversion
from n to p caused by the KF PDT was observed, which made
us conclude that in the absence of sodium, potassium acts as
a dopant.

The ability of potassium to diffuse and alter the electronic
structure of Cu(In,Ga)Se2, regardless of the absence of random
grain boundaries, demonstrates that the effect of heavy alkali
PDTs goes beyond grain boundary passivation.

4. Experimental Section

Heteroepitaxial Growth: Cu(In1–x,Gax)Se2 single crystals were grown by
MOVPE on 500 μm thick (100)-oriented semi-insulating GaAs wafers. The
reactor temperature and pressure were set at 520 �C and 90mbar for all
the processes. The metalorganic precursors used were cyclopentadienyl-
coppertriethyl phosphine (CpCuTEP), trimethylindium (TMIn), triethylgal-
lium (TEGa), and diisopropylselenide (DiPSe). To achieve the desired
composition, the CpCuTEP partial pressure was kept constant and the
partial pressures of TMIn and TEGa were adjusted for each process.
The partial pressure of the selenide precursor was chosen so all processes
had a similar selenium overpressure of Se/M� 25. In the case of the
absorbers with less than 10% gallium content, a 100 nm thick buffer layer
of Cu(In0.6,Ga0.4)Se2 was grown at the beginning of the process to reduce
the strain caused by lattice mismatch with GaAs.

KF PDTs: After growth, each sample was cleaved in a N2-filled glovebox
and transferred into a molecular beam epitaxy chamber where potassium
fluoride was evaporated at a rate of roughly 1 nmmin�1 for 6 min. The KF
deposition was done under a Se pressure of�2� 10�6 Torr at a substrate
temperature of 350 �C. After the treatment, the samples were rinsed with
deionized (DI) water and etched in a 5% KCN solution right before the CdS
buffer layer deposition. In the case of the samples with CGI> 1, a 10%
KCN solution was used instead to remove any CuxSe secondary phases.

Photoluminescence: Measurements were performed using a 660 nm
diode laser with a spot diameter of�2.6mm as excitation source. Two par-
abolic mirrors were used to collect and redirect the emitted photolumines-
cence into a spectrometer, where it was detected by an InGaAs array. All
measurements for qFls determination were conducted at room temperature
and spectrally corrected using a calibrated halogen lamp. For the spectra
taken at 10 K, a liquid helium flow cryostat was used. For the determination
of the qFls, the value was extracted from a linear fit of the high-energy wing
of the emitted photoluminescence (described by Planck’s generalized law
with the Boltzmann approximation).[36] TRPL measurements were taken
with a LifeSpec II spectrometer equipped with a 640 nm pulsed diode laser.

Chemical, Structural, and Electrical Characterization: SIMS depth profiles
were obtained with a CAMECA SC-Ultra instrument. The spectrometer was
operating at 1 keV with a focused Csþ ion beam (5 nA) over a surface of
250 μm� 250 μm. Ions of interest were detected as MCsþ or MCs2

þ where
M stands for O, Na, K, As, Cu, In, Ga, Se, and F. They were collected from an
area of 60 μm2 centered on the scanned area. The sputtering time was con-
verted into apparent depth based on cross-section scanning electron micro-
scope (SEM) images, which were taken with a Hitachi SU-70 field-emission
scanning electron microscope. Elemental composition was determined by
EDX taken at 7 kV. Raman measurements were taken with a Renishaw inVia
microspectrometer at room temperature with a 532 nm laser excitation
focused on the sample with a 50� objective lens and a numerical aperture
of 0.5, in combination with a 2400 linesmm�1 grating. A silicon reference
was used for calibration.

The EBSD analysis was performed using a JEOL 7000F SEM equipped
with an EDAX/TSL analysis system. The Kikuchi pattern was generated
at an acceleration voltage of 15 kV and a beam current of 5 nA recorded
by a Digiview camera system. JCPDS file number 351102 corresponding to
a CuIn0.7Ga0.3Se2 was used for the indexing of the EBSD maps. The XRD
measurements were conducted in Bragg–Brentano configuration with
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Cu Kα radiation in the 2θ range from 20� to 90� on a Bruker D8 Advance
Discover V2 with a step of 0.02�. Resistivity measurements were per-
formed according to the Van der Pauw formalism.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Table S1. Atomic percentages of all samples used in this study obtained from EDX and the calculated 

CGI and GGI ratios. 

Sample 

No. 
Name 

Cu (At. 

%) 

In (At. 

%) 

Ga (At. 

%) 

Se (At. 

%) 
Cu/(In+Ga) Ga/(Ga+In) 

1 CIGSe265 20.7 16.3 11.9 51.2 0.73 0.42 

2 CIGSe266 21.4 16.2 11.8 50.8 0.76 0.42 

3 CIGSe269 22.4 16.3 11.2 50.3 0.81 0.41 

4 CIGSe278 22.8 16.1 11.2 49.9 0.83 0.41 

5 CIGSe268 24.6 15.0 10.9 49.6 0.95 0.42 

6 CIGSe274 24.9 14.3 11.2 49.2 0.97 0.44 

7 CIGSe282 24.9 14.1 11.3 49.8 0.98 0.44 

8 CIGSe272 26.2 14.6 10.7 48.7 1.03 0.42 

9 CIGSe251 23.2 24.8 2.0 50.0 0.86 0.08 

10 CIGSe285 26.3 24.5 0.3 49.0 1.06 0.01 

11 CIGSe280 27.6 23.9 0.7 47.8 1.12 0.03 

 

 

Table S2. Quasi-Fermi level splitting measured at 10 suns of all samples used in the Cu-series for the 

three different conditions studied. 

Sample 

No. 

As-grown 

(meV) 

Se-PDT 

(meV) 

KF-PDT 

(meV) 

1 686 663 675 

2 693 664 681 

3 674 660 672 

4 698 697 703 

5 669 695 700 

6 666 669 678 

7 691 711 716 

8 665 676 693 
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Table S3. Quasi-Fermi level splitting difference (ΔqFls) between KF and Se-only PDT for CdS and 

Zn(O,S) buffer layers.  

Sample 

No. 

CdS 

 (meV) 

Zn(O,S) 

(meV) 

6  9 9 

8 17 12 
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Figure S1. Cross-section and top-view SEM images, the numbers indicate the sample. For the cross-

sections, the scale bar represents 1μm and for the top-views is 5μm. The strong faceting observed in 

part 4, 6, 8 and 10 is typical for Cu-poor or near-stoichiometric epitaxial films.  
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Figure S2. ). X-ray diffractogram of samples 8 (GGI=0.42) and 10 (GGI=0.01) showing the 008 

reflection at different angles due to the difference in gallium content. Note the difference in scale 

after the break of 2θ axis. No reflection from the 112 planes can be observed in the logarithmic inset. 

Powder diffraction files number 00-014-045, 01-070-335 and 00-062-005 corresponding to GaAs, 

CuInSe2 and Cu(In0.5Ga0.5)Se2, respectively, are used as references. 
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Figure S3. EBSD maps of two samples with different Cu content used in this study (sample number 

indicated in the black area) as well as the Kikuchi patterns obtained from the top-view. For the 

indexing of the EBSD maps, the JCPDS file number 351102 corresponding to a CuIn0.7Ga0.3Se2 was 

used. From the inverse pole figures is possible to appreciate that no grain boundaries were detected 

over a large area.  
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Figure S4. Raman spectra of four samples with different Cu content. The presence of an ordered 

vacancy compound was confirmed from the Raman shift at 153cm-1 in the samples with Cu content 

below 0.8. The peak at 178cm-1 corresponds to the chalcopyrite phase. The spectra are shifted 

vertically for clarity. 

 

 

Figure S5. Quasi-Fermi level splitting difference (ΔqFls) between Se-treated and as-grown 

absorbers with varying Cu content, note the non-linear x axis.  
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Figure S6. Quasi-Fermi level splitting loss with respect to the Shockley-Queisser VOC for samples with 

different Ga content and similar Cu content under 10 son illumination. The bandgap used for the 

calculation was determined from the PL spectrum.   

 
 

 

 

Figure S7. Room temperature PL spectra of Cu-rich low gallium CIGSe before and after KF-PDT. 
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Figure S8. Measured TRPL decays and corresponding fits. The KF-PDT sample shows an improved 

minority carrier lifetime.  
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Chapter 6 

6        On the origin of tail states and 

VOC losses in Cu(In,Ga)Se2 

 

The results presented in chapter 5 provided useful insights regarding the effects of 

postdeposition treatments (PDTs) with heavy alkalis, by demonstrating that potassium 

fluoride PDTs can result in an increase of the quasi-Fermi level splitting despite the absence 

of sodium and grain boundaries. The obtained improvement was traced back to the 

effectiveness of potassium to act as a dopant, similarly to sodium. In the case of 

polycrystalline absorbers, the improvement in quasi-Fermi level splitting, which translates 

into an improvement of the VOC, has been associated with a suppression of bulk 

recombination caused by a decreased density of tail states[18]. However, the origin of these 

tail states has been suggested to arise from charged defects at gran boundaries, where the 

segregation of heavy alkalis after postdeposition treatments occurs[18]. Moreover, different 

studies have shown that as a consequence of postdeposition treatments with heavy alkalis, 

the sodium concentration in the grain interiors increases[186]. This observation, yet 

reported, has been left out in the current models that explain the beneficial effects of PDTs, 

where the grain boundaries have taken the spotlight. If a decreased density of charged 

defects at grain boundaries is behind the improvement in VOC, how would the density of tail 

states be affected in single crystals treated with alkali metals? Furthermore, is the increased 

sodium concentration in the grain interiors somehow related to the aforementioned VOC 

improvement?   

This research article aims at providing a thorough investigation on tail states in 

Cu(In,Ga)Se2 to answer the previous questions. First of all, the intrinsic density of tail states 

is studied in alkali-free single crystals as a function of the copper and gallium content. Then, 

how the density of tail states changes upon sodium and potassium fluoride postdeposition 
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treatments is discussed. Finally, a comparison of the VOC losses among high-efficiency single 

crystalline and polycrystalline solar cells is presented. The main finding of this research 

paper is that the density of tail states of single crystals is equally affected by alkali-

incorporation as in polycrystalline absorbers, revealing that tail states in Cu(In,Ga)Se2 are 

largely determined by grain interior properties. Furthermore, it is shown that an increase 

in doping as a result of alkali incorporation contributes to the reduced tail states, which are 

demonstrated to arise largely from electrostatic potential fluctuations. By adding the 

doping effect to the VOC loss caused by radiative and non-radiative recombination through 

tail stales, the entirety of the voltage losses in Cu(In,Ga)Se2 can then be explained.  

The contribution of the author of this thesis to this research article consisted in the design 

of the experiments, sample growth (MOVPE), data acquisition (elemental compositions and 

photoluminescence), data analysis, data curation, data visualization, writing of the original 

draft and editing. J. Nishinaga provided all MBE-grown samples and solar cell 

characterization. F. Dingwell assisted with some of the photoluminescence measurements 

and Urbach energy determination. M. Wolter and V. Ranjan provided the analyses of 

polycrystalline absorbers.    
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The detrimental effect of tail states on the radiative and non-radiative voltage loss has been 

demonstrated to be a limiting factor for the open circuit voltage in Cu(In,Ga)Se2 solar cells. A 

strategy that has proven effective in reducing tail states is the addition of alkali metals, the effect 

of which has been associated with the passivation of charged defects at grain boundaries. Herein, 

tail states in Cu(In,Ga)Se2 are revisited by studying the effect of compositional variations and 

alkali incorporation into single crystals. The results demonstrate that alkalis decrease the 

density of tail states despite the absence of grain boundaries, suggesting that there is more to 

alkalis than just grain boundary effects. Moreover, an increase in doping as a result of alkali 

incorporation is shown to contribute to the reduced tail states, which are demonstrated to arise 

largely from electrostatic potential fluctuations and to be determined by grain interior properties. 

By analyzing the voltage loss in high-efficiency polycrystalline and single crystalline devices, 

this work presents a model that explains the entirety of the voltage loss in Cu(In,Ga)Se2 based 

on the combined effect of doping on tail states and VOC.   
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1. Introduction 

Generation and recombination processes are the basis on which our understanding of solar cells 

and fundamental models like the Shockley-Queisser limit finds its origins.[1] Understanding 

how carriers recombine and finding ways to reduce detrimental non-radiative recombination 

channels, have been part of the roadmap that has led to the improvement in efficiency in all 

solar cell technologies. Among the possible sources of non-radiative recombination, available 

energy states that extend from the bands into the band gap, known as tail states, have proven to 

be of great importance in describing the recombination activity in different kinds of 

semiconductor materials such as chalcopyrites[2-3], amorphous silicon[4], perovskites[5-6] and 

organic.[7] More importantly, the detrimental effect of tail states is not only limited to non-

radiative recombination but also affects the radiative open-circuit voltage, which is reduced as 

a result of the increased density of states available for absorption below the band gap.[2, 8-9] Tail 

states are associated with the thermal, structural and electrostatic disorder present in the material 

and can describe how far the material is from a perfect crystal.[10] Even though it is not possible 

to measure the density of tail states in a direct way, the relation between the absorption 

coefficient 𝛼  and the joint density of states, enables absorption-based techniques like 

photoluminescence (PL)[11] to access this information through the determination of the Urbach 

energy (𝐸𝑈)[12], as depicted in Figure 1(a). In other words, the higher the Urbach energy, the 

higher the density of tail states present in the material.   

Recently, an empirical linear relationship between Urbach energy and open-circuit voltage 

losses has been observed in different materials such as perovskites, kesterites, PbS quantum 

dots and chalcopyrites.[3, 6, 13-16] Even though it is often assumed that Urbach energies below 

𝑘𝐵𝑇 do not play a role, it has been demonstrated that they do in fact matter, and that each 

additional meV in Urbach energy causes an additional 20 mV voltage loss for Urbach energies 

in the range of 10 to 20 meV.[2, 6] In the specific case of Cu(In,Ga)Se2, for example, it has been 

proposed that the open-circuit voltage loss can be entirely attributed to tail states.[2, 17] The fact 

that a lower 𝐸𝑈 can be associated with reduced voltage losses, has prompted calls for the Urbach 

energy to be used as a parameter to describe the absorber’s quality.[18] Since optical techniques 

can be used directly at the absorber alone, without finishing the device, the Urbach energy can 

be used for the fast-screening of materials, similarly to what has been proposed in literature for 

the optical diode ideality factor[19].  

The recent efficiency improvements in Cu(In,Ga)Se2 solar cells, including the current record of 

23.35%[20], are related to the development of alkali metal postdeposition treatments (PDTs), 
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which have been found to affect both the surface and bulk properties of the absorber.[17] The 

most striking effect of PDTs is, perhaps, the one related to the improvement in open-circuit 

voltage ( 𝑉𝑜𝑐 ), which has been associated to the passivation of charged defects at grain 

boundaries.[17, 21] The idea behind this argument is based on the observation of alkali 

segregation at grain boundaries by atom probe tomography (APT)[17, 22], as well as changes in 

band-bending measured by Kelvin probe force microscopy[17, 23], phenomena that lead to the 

reduction of tail states and thereby to the aforementioned 𝑉𝑜𝑐 improvement. Evidence on the 

reduction of tail states caused by alkali incorporation can be found in literature in the form of a 

reduced Urbach energy after the treatments.[2, 17, 24] However, one of the consequences of the 

accumulation of heavy alkali elements at grain boundaries is the increase of the sodium 

concentration in the grain interiors.[17] An increase from ~15 ppm to ~40 ppm after a rubidium 

fluoride (RbF) postdeposition treatment, for example, was detected by means of APT.[22]  This 

phenomenon, although reported, has not been taken into account when explaining the beneficial 

effect of PDTs on the 𝑉𝑜𝑐 . Furthermore, the fact that the effectiveness of PDTs has been 

demonstrated in single crystals, where there are no grain boundaries, provides further evidence 

that there is more to alkali PDTs than just grain boundary effects[25-26].  

In this contribution, we revisit the tail states in Cu(In,Ga)Se2 by a photoluminescence study of 

the Urbach energy. In the first part, we analyze how compositional variations affect the Urbach 

energy of alkali-free single crystals, finding that increasing the Ga/(Ga+In) and reducing the 

Cu/(Ga+In) ratio result in an increased Urbach energy. After that, a temperature and intensity-

dependent photoluminescence study is carried out in order to investigate the higher Urbach 

energy measured in Cu(In,Ga)Se2 when compared to pure CuInSe2, finding that Cu(In,Ga)Se2 

suffers from more severe electrostatic potential fluctuations. Then, the effects of sodium 

fluoride (NaF) and potassium fluoride (KF) on the Urbach energy and quasi-Fermi level 

splitting (qFls) of single crystals are studied. It is revealed that NaF, and to a lesser extend KF, 

can effectively decrease the Urbach energy of single crystals in a similar way as they do in 

polycrystalline absorbers. Furthermore, an increase in doping as a result of alkali incorporation 

is shown to be associated to the reduced tail states after the treatments. This is explained based 

on the fact that as a consequence of the increased doping concentration, a reduced degree of 

compensation results in a lower density of charged defects or more screening of charges, which 

in turn reduces the magnitude of the electrostatic potential fluctuations and thus, also the tail 

states. Finally, a model explaining the entirety of the voltage loss in Cu(In,Ga)Se2 based on the 

combined effects of doping on tail states and the VOC  is presented. Our analysis of the VOC 

losses of high-efficiency polycrystalline and single crystalline devices shows, that tail states in 
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Cu(In,Ga)Se2 are not mainly determined by grain boundaries and that changes in the sodium 

concentration at the grain interiors after PDTs is actually the main driver of the VOC 

improvement. The aim of this work is to provide a thorough investigation on what can affect 

the density of tail states in Cu(In,Ga)Se2 and what can be done in order to reduce the VOC loss.   

 

2. Tail states and Urbach Energy 

The density of states within the band gap of an ideal semiconductor is zero. In a real 

semiconductor however, a density of states that decays exponentially towards the gap exists. 

Such energy states are known as tail states or Urbach tails, and they were first described by 

Franz Urbach while studying the absorption edge of silver bromide crystals.[12] The 

characteristic decay energy of the absorption edge is the so-called Urbach energy 𝐸𝑈, which 

relates to the thermal and structural disorder in the crystal.[10, 27] The thermal component 

describes the occupation of phonon states (vibrational disorder), while the structural disorder 

adds a temperature independent contribution caused by the structural deviation from the ideal 

crystal, such as the presence of crystallographic defects.  

In the case of Cu(In,Ga)Se2, such structural disorder can be the result of, for example: i) grain 

boundaries[28] ii) variations of the Ga-Se and In-Se bond length [29], iii) inhomogeneities in the 

elemental composition that would cause local fluctuations of the band gap (as it depends on the 

Ga content)[30] and iv) random distributions of charged defects that result in fluctuations of the 

electrostatic potential.[31-33] Thus, to understand how compositional variations affect the density 

of tail states, the following subsection deals with how the Urbach energy of Cu(In,Ga)Se2 is 

affected by changes in the copper and gallium content. Furthermore, the analyzed samples 

consist of single crystals in order to exclude the effects of grain boundaries. The evidence for 

the single-crystal character of the studied samples can be found elsewhere [26, 34].  

 

2.1. Tails in alkali-free Cu(In,Ga)Se2 single crystals 

Tail states arise from the thermal and structural disorder present in the crystal. Following this 

idea, it would be expected that differences in the elemental composition of Cu(In,Ga)Se2 

absorbers would have an influence on the tail states and therefore, on the measured Urbach 

energy. Replacing copper with silver, for example, has been reported to effectively decrease the 

chalcopyrite disorder since lower Urbach energies were measured in Ag-containing samples 

when compared to pure Cu(In,Ga)Se2 with the same amount of gallium[35].    
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Nevertheless, the influence of the Cu content is, perhaps, the most well-known parameter that 

has a strong influence on the Urbach energy. It has been demonstrated in pure CuInSe2 that the 

Urbach energy increases with decreasing Cu content, and that it remains essentially constant 

from the stoichiometric point towards Cu-rich compositions. [28] The reason behind this, lies in 

the fact that Cu-poor material has a higher density of both donor and acceptor defects which 

results in a higher degree of compensation. [32, 36-37] As an example, the absorption coefficient 

𝛼 of different Cu(In,Ga)Se2 single crystals with Ga/(Ga+In)~0.4 and varying copper content is 

displayed in Figure 1(a). As can be seen, the absorption onset becomes steeper with the increase 

in copper content, resulting in a lower Urbach energy as determined from fitting 𝛼 with 𝑒𝐸/𝐸𝑈  

(details on the determination of 𝐸𝑈  from PL can be found in section S1 of the supporting 

information and references [2, 11]). As a way to quantify the effect of the copper content on the 

Urbach energy, a comparison between CuInSe2 (data taken from Figure 4 in reference [28]) and 

CuIn0.6Ga0.4Se2 single crystals was carried out and is shown in Figure 1(b). Interestingly, the 

effect of copper deficiency appears to be similar in both compositions, where an increase of 

around 2 meV in Urbach energy for every 0.1 decrease in copper content is measured.  

Since the Urbach energy is closely related to disorder, it could be expected that alloy disorder 

arising from In/Ga intermixing would have an influence on the Urbach energy in a similar way 

as the Cu content does. In order to investigate this influence, which can be glimpsed already 

from Figure 1(b), the Urbach energy of several alkali-free single crystals with varying 

Ga/(Ga+In) was also investigated. Since the Cu content has a strong effect on 𝐸𝑈  as previously 

discussed, the Cu/(Ga+In) ratio was limited to values close to the stoichiometric point (from 

0.95 to 1.07). As some of the samples were grown with a Ga-gradient, it was decided to use the 

maximum energy of the photoluminescence as a proxy for the band gap (𝐸𝑔𝑃𝐿) and thus as an 

indicator of the Ga content instead of the Ga/(Ga+In) measured by EDX, since the luminescence 

measured in samples grown with a Ga-gradient comes from the area with the lowest band gap. 

[38] With the extracted Urbach energies, the interpolated color map of Figure 2(a) was 

constructed. Even though only a narrow range of Cu composition is studied, its effect on 𝐸𝑈 

can still be observed (horizontal). For a fixed Cu/(Ga+In) composition, the figure shows also 

the effect of the gallium content on 𝐸𝑈 through an increase of the Urbach energy towards higher 

gallium concentrations (vertical). The samples’ composition, 𝐸𝑈 and 𝐸𝑔𝑃𝐿  values can be found 

in Table S1 of the supporting information. 
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Figure 1. Absorption coefficient derived from room temperature photoluminescence 

measurements of a copper series of Cu(In,Ga)Se2 single crystals with ~40% gallium. Dashed 

lines are fits from which the Urbach energy is extracted. Data are shifted in energy for 

visualization purposes (a).  Urbach energy comparison between CuInSe2
[28] and Cu(In,Ga)Se2 

as a function of the copper content. Dotted lines are guides to the eye (b).  

 

Even though it is reasonable to assume that the increase in 𝐸𝑈 due to the Ga content is related 

to alloy disorder, it could also be related to the increase in band gap that goes along with it. An 

increasing trend of the Urbach energy with the band gap has been experimentally observed in 

other materials like kesterites[13-14] and perovskites.[5] Figure 2(b) gathers the Urbach energy as 

a function of the band gap of some of the aforementioned materials and references. Attention 

should be paid to the trends rather than to the magnitude of 𝐸𝑈, as the methods used to obtain 

the Urbach energy are different (photoluminescence, photothermal deflection spectroscopy and 

transient photocapacitance spectroscpopy) and so is their sensitivity to measure low absorption 

coefficients. [11] In the case that the change of 𝐸𝑈 in Cu(In,Ga)Se2 would be caused only by 
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alloy disorder, the Urbach energy of pure CuGaSe2 would be expected to be lower than in an 

alloy with 50% indium, for example. By extrapolating the value of 𝐸𝑈 in Figure 2(b) to the band 

gap of CuGaSe2 (~1.7 eV)[39]
, an Urbach energy of around 26 meV would be expected (gray star 

in Figure 2(b)), which is surprisingly close to the reported values for polycrystalline CuGaSe2 

absorbers measured by photodeflection spectroscopy (25-35meV)[40] and ellipsometry 

(33.8meV).[15] Even though the data for Cu(In,Ga)Se2 are based on single crystals and the 

reported values are from polycrystalline absorbers, it has been shown that the Urbach energy is 

higher in the latter but not so much when the composition is close to the stoichiometric point[28], 

which is the case here.  For a final decision on the role of alloy disorder vs. band gap, in a future 

study Ga/(Ga+In) ratios above 50% grown by the same process must be studied. But the 

available data points out that the increasing trend in 𝐸𝑈 observed with the increase of gallium 

content in Cu(In,Ga)Se2 seems to be an intrinsic property of the continuously increasing band 

gap rather than caused by alloy disorder. The discussion on the dependency of the Urbach 

energy on the band gap and the origin of the larger Urbach energies measured in samples with 

higher Ga contents will be addressed in the following subsections. 
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Figure 2. Interpolated Urbach energy map as a function of the Cu-content and optical band gap 

based on alkali-free Cu(In,Ga)Se2 single crystals grown by metalorganic vapor phase epitaxy 

(blue stars) and molecular beam epitaxy (white star) (a). Urbach energy as a function of the 

band gap in some Sn-based perovskites[5], kesterites[13] and chalcopyrites (b). The data for 

Cu(In,Ga)Se2 is the same as in (a). The gray star is the extrapolated Urbach energy for CuGaSe2 

and the shadowed area denotes the experimental values[40] reported by Meeder et al.   

 

The results discussed so far, especially the Urbach energy map in Figure 2(a), would suggest 

CuInSe2 with copper contents close-to-stoichiometric or even Cu-rich as a great solar cell 

absorber in order to minimize the VOC deficit due to their lower density of tail states. However, 

it is known that the quasi-Fermi level splitting of Cu-rich Cu(In,Ga)Se2 is lower than its Cu-

poor counterpart and that devices made of Cu-rich material suffer from a higher VOC loss.[41] 

Also, it has been reported that Cu-excess in CuInSe2 has a detrimental effect on the surface and 

interfaces which limits the device performance.[41-43] Nevertheless, recent advances in CuInSe2 

have demonstrated efficiencies above 19% [44] with a VOC deficit with respect to the Shockley-
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Queisser limit (considering a back reflector) of only 157 mV (Eg = 1.0 eV, VOC = 609 mV, 

VOC
SQ = 766 mV)[44-45], which is just 50 mV higher than the current Cu(In,Ga)Se2 record cell 

(Eg = 1.08 eV, VOC = 734 mV, VOC
SQ = 841 mV).[20, 45] An important step in the optimization 

of this cell was to increase the Cu content as close as possible to the stoichiometric point[44]. 

          

2.2. Tail states and Potential Fluctuations 

At the beginning of section 2, possible causes of static disorder in Cu(In,Ga)Se2 such as 

potential fluctuations  arising from charged defects or compositional variations were introduced. 

Then, in the previous subsection, it was established that the density of tail states is larger in 

Cu(In,Ga)Se2 than in pure CuInSe2 when grown with the same Cu content. In the following, a 

causal relationship between potential fluctuations and tail states is discussed. In order to study 

potential fluctuations, a temperature-dependent and excitation intensity-dependent 

photoluminescence analysis is carried out in several Cu(In,Ga)Se2 single crystals with varying 

gallium content.  

 

2.2.1. Potential fluctuations from temperature-dependent PL 

As explained by Larsen et al.[33] based on the seminal work of Levanyuk and Osipov[46], the 

temperature dependence of the energy or the photoluminescence maximum in compensated 

chalcopyrites with potential fluctuations is not monotonic with increasing temperature but has 

a redshift-blueshift behavior. At very low temperatures (10K), photogenerated carriers are 

hardly mobile and defect-related recombination occurs from local potential valleys arising from 

the Coulomb interaction of charged defects. However, when the temperature is increased, 

carriers start to gain thermal energy that allows them to overcome the potential barriers and 

recombine from valleys of even lower energy, explaining the initial redshift. As the temperature 

continues to increase, the mobile free carriers screen the charged defects and flatten the 

potential fluctuations, which explains the subsequent blueshift of the PL peak.[33] Thus, the 

temperature at which the redshift stops (𝑇𝑚𝑖𝑛) can be associated with the magnitude of the 

potential fluctuations, as deeper fluctuations will cause a higher 𝑇𝑚𝑖𝑛.[32] Besides the blueshift 

expected from the flattening of the fluctuations, an additional blueshift can be expected as the 

recombination path changes from defect-related to band-to-band. Figure 3 shows the 

normalized temperature-dependent photoluminescence of three close-to-stoichiometric alkali-

free single crystals with different gallium contents ranging from CuInSe2 to CuIn0.56Ga0.44Se2. 

Details on the construction of the intensity maps and the photoluminescence spectra can be 

found in section S2 of the supporting information. As can be clearly seen from this figure, the 
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position of the PL peak in all samples shows the initial redshift behavior previously described. 

In the CuInSe2 sample, 𝑇𝑚𝑖𝑛 is visible at around 80 K, and a clear blueshift is already visible at 

100 K. On the other hand, in the sample with the highest gallium content, the blueshift is still 

not visible at this same temperature. Thus, based on the apparent increase of 𝑇𝑚𝑖𝑛 with the 

gallium content, a preliminary conclusion can be drawn: Regardless of the nature of the 

fluctuations, their magnitude increases with the gallium content.  

Figure 3. Temperature-dependent photoluminescence from 10 to 100 K of a CuInSe2, 

CuIn0.76Ga0.24Se2 and CuIn0.56Ga0.44Se2 alkali-free single crystals with close-to-stoichiometric 

Cu contents. Each PL spectrum was normalized and the PL intensity is depicted by the colour 

code.  

 

2.2.2. Potential fluctuations from excitation intensity-dependent PL 

In order to corroborate the qualitative results from the temperature-dependent 

photoluminescence analysis, and provide more quantitative information about the magnitude of 

the potential fluctuations and their nature, an intensity-dependent photoluminescence study at 

low temperatures is needed. At low temperatures, the analysis of the shift of the PL peak energy 

position as a function of the logarithm of the excitation (𝛽) provides information on the nature 

of the observed transition. Without fluctuations, most transitions do not shift with excitation. 

Nevertheless, the usual behavior of a donor-acceptor (DA) transition with increasing excitation 

is of a slight blueshift (~1-3 meV/decade of excitation in chalcopyrites[47-48]) due to the changes 

in the Coulomb attraction between the two charged defects that influences the 

photoluminescence peak position. However, in the case of radiative transitions perturbed by 

potential fluctuations, the flattening of the fluctuations with increasing excitation would also 

produce a blueshift, which is usually stronger than a DA transition without potential 

fluctuations.[47-48] The amount of the shift is another measure for the depth of the fluctuations[32]. 
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In order to corroborate the results from the temperature-dependent analysis, the peak energy 

position as a function of excitation of the four samples listed in Table 1 was studied and is 

displayed in Figure 4(a).  As can be seen, the magnitude of 𝛽 increases with the gallium content, 

confirming the conclusion already drawn by the temperature-dependent analysis: the magnitude 

of the potential fluctuations increases with the gallium content. Details of the peak position 

determination and the fitting of 𝛽 can be found in section S3 of the supporting information.  

 

Table 1. Gallium content determined from EDX, optical band gap (EgPL) and Urbach energy 

(𝐸𝑈) determined from room temperature PL. 𝛽 and 𝛾 obtained from PL at 10 K of the four 

close-to-stoichiometric single crystals studied by intensity and temperature-dependent 

photoluminescence (Figure 4).   

 

Sample 

Number 

Ga/(Ga+In) 𝐸𝑔𝑃𝐿  

[eV] 

𝐸𝑈  

[meV] 

𝛽 

[meV/dec] 

𝛾 

[meV] 

285 0.01 1.03 12.6 2.5 20.9 

288 0.24 1.12 15.0 7.6 22.2 

275 0.38 1.24 16.8 12.5 23.4 

282 0.44 1.26 17.2 13.1 22.6 

 

 

For another approach to the magnitude of the potential fluctuations, a spectral fitting to the low 

energy wing of the PL can be performed. Depending on the depth of the fluctuations, the low 

energy wing can be spectrally fitted with either a Gaussian (for deep enough fluctuations) or 

with an exponential decay with decay constant [32-33] It should be pointed out that 𝛾 is not the 

Urbach energy 𝐸𝑈: 𝐸𝑈 is a property of the density of states while 𝛾 is a property of the PL 

emission, which at low temperatures cannot be described by the generalized Planck’s law due 

to the non-equilibrium between the different valleys arising from potential fluctuations. 

Furthermore, the fact that 𝛾 is extracted from low-temperature measurements, indicates that the 

level of excitation is higher than at room temperature.  

In order to obtain the magnitude of the potential fluctuations, we proceeded to fit the low energy 

wing of the same PL spectra used for the determination of 𝛽, finding that all of them can be 

well-described by an exponential decay as 𝐼(𝐸)~exp (−(𝐸 − 𝐸0)/𝛾) , where 𝐸0  is just an 

energy prefactor. Details on the fitting routine can be found in the supplementary information 

(section S3). As a result, we find that the magnitude of the potential fluctuations in these 
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samples ranges from 21 to 23 meV at low excitation levels, which is in excellent agreement 

with values between 19 and 25 meV reported for CuInSe2 and CuGaSe2 epitaxial layers, 

respectively.[32] In agreement with our findings, it has been reported that in close-to-

stoichiometric absorbers, the low energy wing of the PL can be better described by an 

exponential decay (independently of the Ga content)[32]. 

 

2.2.3. Band gap versus electrostatic potential fluctuations 

By analyzing the dependency of 𝛾 on excitation intensity, it is possible to obtain information 

regarding the nature of the potential fluctuations that causes the broadening of the PL emission, 

i.e., to distinguish whether the potential fluctuations are caused by charged defects (electrostatic) 

or by compositional variations (band gap). In the case of electrostatic potential fluctuations 

arising from the interaction of charged defects, it would be expected that 𝛾 decreases with 

increasing excitation as an increase in photogenerated carriers will result in the screening of 

charged defects and, as a consequence, the flattening of the fluctuations.[49] Nonetheless, if the 

potential fluctuations are due to variations in the band gap, an increase in photogenerated 

carriers may flatten the fluctuations of one of the band edges, but it will not change the local 

band gap and will thus not flatten the band gap fluctuations. As can be seen in Figure 4(b), 

independently of the gallium content, the magnitude of the potential fluctuations decreases with 

increasing excitation, suggesting that the potential fluctuations observed in alkali-free 

Cu(In,Ga)Se2 have an electrostatic nature. Interestingly, the decrease in 𝛾 for the two absorbers 

with the lowest gallium content seems to plateau at higher excitations, which would suggest 

that at this level of excitation most of the charged defects have been screened and the potential 

fluctuations flattened. For completeness, we point out, that the same analysis of 𝛾 was carried 

out in CuInSe2 polycrystalline absorbers (without alloy disorder and thus without band gap 

fluctuations) grown by co-evaporation onto soda lime glass. We obtained similar results, 

supporting the origin of the potential fluctuations being electrostatic in this kind of absorbers 

(see section S3 of the supporting information). Reports on the more severe effect of electrostatic 

potential fluctuations than band gap fluctuations on device performance can be found in 

literature[30]. 
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Figure 4. Determination of the PL peak energy position as a function of excitation. Dashed 

lines are linear fits, the slopes of which are used to determine β (a). Magnitude of the potential 

fluctuations γ determined from spectral fits to the low-energy wing of the PL at 10 K as a 

function of the normalized laser power. Error bars represent maximum and minimum values 

obtained from the fits (b).  

 

From the experiments and analyses presented in this section, it is possible to conclude that the 

magnitude of the potential fluctuations in Cu(In,Ga)Se2 increases with the gallium content 

(concluded from the composition dependence of 𝑇𝑚𝑖𝑛 and 𝛽), and that such fluctuations are 

mostly of electrostatic nature (concluded from the excitation intensity dependence of 𝛾). Thus 

both: the density of tail states in these samples (values of 𝐸𝑈  in Table 1), as well as the 

electrostatic potential fluctuations increase with the gallium content. Additionally, in the 

literature, it has also been demonstrated for polycrystalline films that the magnitude of the 

potential fluctuations determined from low temperature photoluminescence measurements (𝛽), 

correlates with the room temperature Urbach energy determined from external quantum 
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efficiency.[50] Thus, a causal relationship can be established: The larger density of tail states in 

Cu(In,Ga)Se2 is caused by stronger electrostatic potential fluctuations. 

 

2.3. Tail states and doping in single crystals 

Depending on the alkali or combination of alkalis used, the beneficial effects of postdeposition 

treatments on the bulk properties of polycrystalline Cu(In,Ga)Se2, have been reported to yield 

a decreased density of tail states.[2, 17, 24] For example, when comparing polycrystalline 

absorbers grown with and without a Na-blocking layer, the decrease in Urbach energy measured 

by transient photocapacitance spectroscopy has been reported to be as large as 6 meV[51].  

In order to investigate how alkalis decrease the density of tail states and whether this effect is 

exclusive to polycrystalline absorbers, the Urbach energy of alkali-treated Cu(In,Ga)Se2 single 

crystals with similar copper and gallium contents (CGI ~ 1.0 and GGI ~ 0.25) is studied in the 

following experiments. Furthermore, besides samples grown by metalorganic vapor phase 

epitaxy (MOVPE), absorbers grown by molecular beam epitaxy (MBE) are also included. The 

MBE samples were prepared by a similar process as the films that yield the current record 

efficiency of 20% for single-crystal Cu(In,Ga)Se2 solar cells.[26] For each set of samples, three 

conditions are compared; an alkali-free reference, a sample treated with only NaF and a sample 

treated with only KF.   

First of all, the quasi-Fermi level splitting difference (𝛥𝑞𝐹𝑙𝑠) was determined between the 

alkali-treated sample and an alkali-free reference, which can be seen in Figure 5 (a). It is worth 

mentioning that the MBE-grown sample received NaF during the growth and not as a 

postdeposition treatment, however, the improvement observed in qFls is similar in both kinds 

of samples and comparable to the one reported for alkali-free polycrystalline absorbers treated 

with NaF of around 80 meV.[38] In the case of KF, both samples received it as a postdeposition 

treatment. In this case, a considerably lower improvement of the qFls is observed (especially in 

the MOVPE-grown single crystal), which goes along with our previous results on the limited 

effect of KF-PDTs in Cu(In,Ga)Se2 single crystals with Cu-contents close to stoichiometry.[25] 

We attribute the larger improvement in qFls obtained with NaF to the more effective diffusion 

of sodium in the bulk crystal than potassium. Experimentally, it has been demonstrated by 

means of secondary-ion mass spectrometry that the bulk and grain boundary diffusion 

coefficients of sodium in Cu(In,Ga)Se2 are higher than for heavier alkali elements.[52-53] In the 

case of diffusion in the bulk through point defects, theoretical calculations also predict a higher 

diffusivity of sodium, since the formation energy of alkali-related defects like AlkCu and AlkIn 

is lower for lighter alkali metals.[54] Nevertheless, the fact that 𝛥𝑞𝐹𝑙𝑠 is larger for both alkalis 
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in the MBE-grown absorber may suggest an enhanced diffusion mechanism of alkalis in these 

kinds of samples. It has been demonstrated that the diffusion behavior of sodium in CuInSe2 

single crystals, for example, is affected by the density of extended defects which varies 

depending on the growth method.[55] Since both epitaxial Cu(In,Ga)Se2 films grown on GaAs 

by MOVPE and MBE are known to suffer from a high density of dislocations[56-57], the 

enhanced diffusion of alkalis in the MBE-grown crystals could be the result of a higher density 

of dislocations in these absorbers.    

 

 

Figure 5. Quasi-Fermi level splitting difference (𝛥𝑞𝐹𝑙𝑠) between alkali-treated (NaF or KF) 

and alkali-free Cu(In,Ga)Se2 single crystals (a). Extracted absorption coefficients of all 

conditions for MOVPE (b) and MBE-grown samples (c) as well as the obtained Urbach energy 

(d).   

 

Once the beneficial effect of alkali incorporation in the studied set of samples has been 

established, we proceed to study the effect of alkalis on the Urbach energy. The absorption 

coefficient, from which 𝐸𝑈  is extracted, of the MOVPE and MBE-grown samples for all 

different conditions can be seen in Figure 5 (b) and (c), respectively. From these figures, it is 

possible to appreciate that the steepness of the absorption onset changes with the different 

treatments, especially in the MBE-grown absorbers, which goes along with the more 

pronounced change in quasi-Fermi level splitting. As a result, variations in the Urbach energy 

were measured depending on the alkali metal incorporated, which are summarized in Figure 5 

(d). Interestingly, the decrease in Urbach energy for the NaF-treated samples when compared 

to the alkali-free reference (𝛥𝐸𝑈) of 2.8 meV (MBE) and 2.0 meV (MOVPE), is larger than the 

reported[2] change in state-of-the-art polycrystalline absorbers for the same comparison (𝛥𝐸𝑈 = 

0.8 meV), but similar to the reported combined effect of NaF + RbF PDT (𝛥𝐸𝑈 = 1.9 meV)[2].  



  

16 

 

In the case of KF-treated samples, 𝛥𝐸𝑈 was found to decrease less than with NaF (𝛥𝐸𝑈 almost 

negligible in the MOVPE-grown absorber), in agreement with the trend observed in the 𝛥𝑞𝐹𝑙𝑠 

measured. It is thus important to highlight that the relationship between a lower Urbach energy 

and a lower VOC loss (measured as a higher quasi-Fermi level splitting), also holds true in the 

studied single crystals.   

When taking a closer look at the relationship between the increase in quasi-Fermi level splitting 

and the decrease in Urbach energy, the question on the causal relationship between these two 

phenomena arises: is the increase in qFls a consequence of the reduced tail states or do they 

have a common cause? In the case of polycrystalline Cu(In,Ga)Se2 absorbers, the beneficial 

effect of alkali postdeposition treatments on the VOC has been associated with a reduction of 

tail states in the bulk and, in particular, at the grain boundaries.[17] Evidence of reduced band-

bending and accumulation of heavy alkali elements at grain boundaries has paved the way to 

establish the premise that both effects are correlated to the reduction in tail states measured by 

a decrease in the Urbach energy.[17, 23] Nonetheless, the fact that similar changes are observed 

in the Urbach energy of alkali-treated single crystals, where there are no grain boundaries, 

suggests that another mechanism related to the grain interiors also plays a role in the effect of 

alkalis on the Urbach energy.  

From the previous analysis, it becomes evident that alkali incorporation into single crystals has 

the ability to reduce potential fluctuations and tail states, which can also be seen in the changes 

in 𝑇𝑚𝑖𝑛 and 𝛾 of the MBE and MOVPE samples. On average, the magnitude of the potential 

fluctuations decreases by 4 meV and the redshift-blueshift behavior becomes barely noticeable 

upon sodium incorporation (see section S4 of the supporting information). Hence, the question 

on how alkali incorporation reduces tail sates can then be raised. One of the well-known effects 

of alkalis in Cu(In,Ga)Se2, especially sodium, is to increase the net doping.[25, 58-61] Can a doping 

effect explain the observed changes in tail states? An immediate effect of an increased net 

doping level, i.e. either increased acceptor or reduced donor concentration, would be the 

reduction of the degree of compensation 𝐾 = 𝑁𝐷/𝑁𝐴 (in a p-type semiconductor), where 𝑁𝐴(𝐷) 

is the acceptor (donor) concentration. As we have highlighted throughout the text, tail states in 

Cu(In,Ga)Se2 are mainly caused by electrostatic potential fluctuations, meaning that a decrease 

in the degree of compensation would have a direct influence on the density of charged defects 

and tail states. Theoretically, the average amplitude of the potential fluctuations can be 

estimated by equation (1)[62], which takes into account the screening of the charges and depends 

on the density of randomly distributed charged defects 𝑁𝐶 = 𝑁𝐴 + 𝑁𝐷, the carrier concentration 

𝑝 and the material’s relative permittivity 𝜀𝑟.  
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 𝛾𝑝 =
𝑒2

4𝜋𝜀0𝜀𝑟

𝑁𝐶
2/3

𝑝1/3
 (1) 

 

Decreased compensation would either decrease NC or increase p and thus reduce the amplitude 

of the potential fluctuations. By assuming 𝑁𝐶 = 1017 𝑐𝑚−3 and 𝑝 = 𝑁𝐶[(1 − 𝐾)/(1 + 𝐾)] in 

equation (1), the magnitude of the potential fluctuations as a function of the degree of 

compensation was calculated and is displayed in Figure 6. The values of 𝛾 obtained so far in 

alkali-free samples (> 21 meV), would suggest that the samples have a degree of compensation 

of minimum 95%, which is in excellent agreement with experimental findings determined from 

Hall measurements in CuGaSe2.
[36] The decrease of ~4 meV in 𝛾  measured after Na 

incorporation in a material with 𝐾 = 0.97, for example, would indicate that the degree of 

compensation has decreased by just 2-3%, demonstrating that even small changes in doping 

can result in diminished electrostatic potential fluctuations, and thus, in a lower density of tail 

states.              

 

Figure 6. Magnitude of the potential fluctuations 𝛾 as a function of the degree of compensation 

𝐾 for two different dielectric constants.  

 

The dependency of electrostatic potential fluctuations on the dielectric constant of the material, 

can provide a viable explanation to the observed increase in Urbach energy with band gap 

energy discussed in section 2.1. Based on simple arguments on bond length and electron density 
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it can be argued that the band gap energy has an inversely proportional relation with the 

dielectric constant, which is found experimentally for a large class of semiconductors.[63-64] This 

relationship would suggest that a semiconductor with a larger band gap (and thus a smaller 

dielectric constant), would suffer less screening and thus from stronger electrostatic potential 

fluctuations. In the case of Cu(In,Ga)Se2, the dielectric constant decreases from 13.6 in pure 

CuInSe2
[65] to 11[66-67] in CuGaSe2, which would indicate that tail states arising from 

electrostatic potential fluctuations in the solid solution, would increase intrinsically with the 

Ga/(Ga+In) ratio.  

In this section we showed, that alkali incorporation into single crystals results in a decreased 

density of tail sates as similarly observed in polycrystalline absorbers, suggesting that the 

beneficial effects of alkali PDTs on the VOC are not exclusively grain-boundary related. 

Furthermore, we showed that an increase in doping caused by the alkalis could explain the 

decreased density of tail states, as a decrease in the degree of compensation lowers the 

magnitude of electrostatic potential fluctuations. Moreover, the fact that doping decreases tail 

states is a direct evidence of the electrostatic nature of the potential fluctuations, since band gap 

fluctuations would not be affected by doping changes. In the following section, a detailed 

analysis on the relationship between Urbach energy and VOC loses, taking doping into account, 

is presented.    

 

2.4. Tail states and VOC losses 

Since sodium proved to be the most effective alkali in altering both quasi-Fermi level splitting 

and Urbach energy, a systematic study on the effect of sodium on these parameters was carried 

out. For the study, similar pieces of the same close-to-stoichiometric alkali-free Cu(In,Ga)Se2 

single crystal with a Ga/(Ga+In)~0.4 were cleaved and treated with a NaF-PDT with varying 

annealing time (to have the same crystal with varying sodium content). To prevent variations 

in the amount of sodium fluoride before the annealing step, all samples were loaded into the 

evaporation chamber and received NaF at the same time. Figure 7 (a) shows the quasi-Fermi 

level splitting at 1 sun (details can be found in section S5 of the supporting information) and 

the extracted Urbach energies of the studied samples including an alkali-free reference (denoted 

as zero minutes annealing time). This figure demonstrates the direct correlation between the 

increase of sodium in the film and the decrease in Urbach energy and increase of quasi-Fermi 

level splitting. Since changes in the splitting of the Fermi level can arise from both electron 

(𝐸𝐹,𝑒) and hole (𝐸𝐹,ℎ) quasi-Fermi levels due to changes in the recombination activity and 
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doping concentration[68], respectively, we will discuss the role of 𝐸𝑈 on the observed changes 

in the following.  

Wolter et al.[2] addressed the VOC losses associated with recombination through tail states with 

respect to the Shockley-Queisser limit. Since tail states act as non-radiative recombination 

centers but also allow absorption below the band gap[9], the model takes into account the effect 

in both radiative and non-radiative voltage loss. According to the model, an additional VOC loss 

of around 10 mV would be expected for every meV increase in 𝐸𝑈 as a consequence of the 

increased radiative and non-radiative recombination from tail states (each effect contributing 

roughly 5 mV). However, the model can only explain half of the experimentally observed VOC 

loss, suggesting that another mechanism related to tail sates needs to be further taken into 

account.[2] In the following, we analyze the VOC loss by studying the changes in quasi-Fermi 

level splitting, since 𝑉𝑂𝐶 = 𝑞𝐹𝑙𝑠/𝑞 in the absence of gradients in the quasi Fermi levels at open 

circuit.[69] Moreover, it has been demonstrated that the VOC almost equals the qFls in high-

efficiency Cu(In,Ga)Se2 devices[38]. 
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Figure 7. Urbach energy, quasi-Fermi level splitting and minority carrier lifetime of 

Cu(In,Ga)Se2 single crystals treated with NaF and varying annealing time. A sodium-free 

reference is also included and denoted as zero minutes annealing time (a). Area plot (areas start 

from zero) of the contributions to the quasi-Fermi level splitting difference between the Na-

containing and Na-free reference sample as a function of the decrease in Urbach energy (note 

that 𝛥𝐸𝑢 does not start from zero, since we study the changed to the Na-free reference) (b).  

 

Focusing on the non-radiative loss due to Shockley-Read-Hall recombination, the model 

proposes that the change in VOC due to a change in Urbach energy can be quantified as:  

 

 𝑞𝛥𝛥𝑉𝑜𝑐𝑛𝑟𝑎𝑑 ≈ 𝛥𝛥𝑞𝐹𝑙𝑠𝑛𝑟𝑎𝑑 ≈ 𝑘𝐵𝑇 ln (
𝐸𝑅

𝐵

𝐸𝑅
𝐴) (2) 

 

Where 𝑘𝐵 is the Boltzmann constant, 𝑇 the temperature in Kelvin, 𝑞 the elementary charge and 

𝐸𝑅  the decay energy of the Shockley-Read-Hall recombination rate due to recombination 

through tail states defined as: 

 

 
1

𝐸𝑅
=  

1

𝐸𝑈
−

1

𝑘𝐵𝑇
 (3) 

 

From the determined Urbach energy values, 𝐸𝑅 was calculated for all conditions with the use 

of equation 3. Then, the change in quasi-Fermi level splitting 𝛥𝛥𝑞𝐹𝑙𝑠 due to the non-radiative 

loss caused by recombination through tail states was calculated from equation (2). For example, 

by taking the Na-free sample as reference (𝐸𝑅 = 54 𝑚𝑒𝑉) and the one with the highest amount 

of sodium (𝐸𝑅 = 33 𝑚𝑒𝑉), an increase in quasi-Fermi level splitting of roughly 13 meV due to 

a decrease of 3 meV in Urbach energy would be expected. Since this change is caused by a 

decrease in non-radiative recombination, and thus related to the electron quasi-Fermi level 𝐸𝐹,𝑒, 

a corresponding change in minority carrier lifetime should also be observed. In order to 

compare the theoretically calculated non-radiative loss with the one determined from changes 

in lifetime, we performed time-resolved photoluminescence measurements (details can be 

found in section S6 of the supporting information). As can be seen from Figure 7 (a), the 

minority carrier lifetime follows the increasing trend in quasi-Fermi level splitting, confirming 

that the observed improvement is caused partially due to the effectiveness of sodium in reducing 
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non-radiative recombination centers such as tail states. From the measured minority carrier 

lifetimes, we proceeded to quantify the change in qFls due to 𝐸𝐹,𝑒 as[69]: 

  

 𝛥𝑞𝐹𝑙𝑠(𝐸𝐹,𝑒) = 𝑘𝐵𝑇 𝑙𝑛 (
𝜏𝑁𝑎𝐹

𝜏𝑅𝑒𝑓
) (4) 

 

Where 𝜏𝑁𝑎𝐹,𝑅𝑒𝑓 is the minority carrier lifetime of the Na-containing and alkali-free samples, 

respectively. By taking the same samples as in the previous example, a change in quasi-Fermi 

level splitting of 32 meV would be expected from the increase in lifetime from 1.8 ns (alkali-

free) to 6.4 ns (most Na-containing). Interestingly, the change in lifetime is larger than the one 

expected from just the reduction in non-radiative recombination due to reduced tail states. This 

would indicate that the effect of sodium in reducing non-radiative recombination centers in 

these samples extends beyond tail states, as will be further demonstrated below.  

As already mentioned, the model also takes into account the radiative VOC loss caused by tail 

states, which is estimated to be around 5 mV per each meV increase in Urbach energy.[2] To 

have a better visualization of the impact of the loss mechanisms on the change in quasi-Fermi 

level splitting as a function of the decrease in Urbach energy, the area plot in Figure 7 (b) was 

constructed. The larger area in red denotes the measured change in quasi-Fermi level splitting 

between the NaF-treated samples and the alkali-free reference (all areas start from zero). The 

smallest gray and yellow areas account for the reduction in non-radiative (𝛥𝑛𝑟𝑎𝑑) and radiative 

loss (𝛥𝑟𝑎𝑑) due to the reduction in Urbach energy, the green area represents the contribution 

𝛥𝑞𝐹𝑙𝑠 (𝛥𝜏) due to the measured increase in lifetime and the blue area is the sum of the previous 

two (𝛥𝜏 + 𝛥𝑟𝑎𝑑). Since the sum of 𝛥𝜏 and 𝛥𝑟𝑎𝑑 cannot account for the whole improvement in 

quasi-Fermi level splitting, we attribute the remaining proportion to the contribution from 𝐸𝐹,ℎ 

caused by the well-known effect of sodium discussed in the previous section: doping. In fact, 

the double effect of sodium as dopant and effective passivator of non-radiative recombination 

centers has also been observed in polycrystalline Cu(In,Ga)Se2 absorbers, where a continuous 

increase in hole carrier concentration accompanied by changes in the defect spectra detected by 

admittance spectroscopy and deep level transient spectroscopy were measured as a function of 

the sodium content[70].  

From the 𝛥𝑞𝐹𝑙𝑠 difference between the red and blue area in Figure 7 (b), it is possible to see 

that the contribution to the quasi-Fermi level splitting improvement from doping 𝛥𝑞𝐹𝑙𝑠(𝐸𝐹,ℎ), 

would range between 8 to 75 meV depending on the NaF annealing time. With the help of these 
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values and equation (5), the hole carrier concentration can be estimated to increase by a factor 

of 1.4 to 18.5 as the annealing time increases. It is worth mentioning that reports of increased 

doping after alkali postdeposition treatments of the same magnitude as the estimated one can 

be found in literature.[58, 70-71] Furthermore, Figure 7(b) also shows that the initial decrease in 

Urbach energy (𝛥𝐸𝑈 = 1.8 − 2 𝑚𝑒𝑉 corresponding to 15 and 20 minutes annealing time) is 

mostly associated to the reduction of non-radiative recombination centers with just a small 

contribution from doping. However, as discussed in the previous section, this seemingly small 

change in doping can have a strong effect on electrostatic potential fluctuations, and hence on 

tail states, depending on the degree of compensation. Thus, from this analysis it is possible to 

conclude that the VOC improvement obtained from doping, can account for the missing 

contribution in the model of radiative and non-radiative recombination through tail states to 

fully describe the entirety of the voltage losses in Cu(In,Ga)Se2.   

   

 𝛥𝑞𝐹𝑙𝑠(𝐸𝐹,ℎ) = 𝑘𝐵𝑇 𝑙𝑛 (
𝑝𝑁𝑎𝐹

𝑝𝑅𝑒𝑓
) (5) 

 

To better visualize the combined effect of doping, the radiative and the non-radiative voltage 

loss caused by tail states, a comparison between high-efficiency polycrystalline and single 

crystalline solar cells was carried out. In the case of single crystals, devices with alkali-free, 

NaF, KF and NaF+KF absorbers were fabricated by MBE. The Urbach energy was extracted 

from photoluminescence measurements under one sun illumination. The values of 𝐸𝑈 and the 

device parameters can be seen in Table 2. In the case of polycrystalline absorbers, data were 

taken from reference [2] and include similar devices with different alkali PDTs such as NaF and 

NaF+RbF. In order to set aside differences in the band gap, the VOC loss with respect to the 

Shockley-Queisser VOC was calculated. In the case of the single crystals, the band gap 

determined from the maximum of the PL spectra was 1.15 eV, which has a corresponding 

Shockley-Queisser VOC of 906 mV[45] (with back reflector). With all this information, the 

voltage loss was calculated and is displayed in Figure 8 as a function of the Urbach energy.  

 

Table 2. Urbach energy and device parameters of single crystalline solar cells with different 

alkali treatments (area around 0.2 cm2).  
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Alkali 

treatment  

𝐸𝑈  

[meV] 

VOC 

[mV] 

JSC  

[mA/cm2] 

FF 

 

𝜂 

[%] 

None 13.0 ± 0.2 668 33.2 0.75 16.6 

NaF 12.2 ± 0.3 727 34.2 0.781 19.4 

KF 12.9 ± 0.1 686 34.4 0.768 18.1 

NaF+KF 11.8 ± 0.4 754 34.5 0.815 21.2 

 

 

The blue area in Figure 8 corresponds to the expected radiative and non-radiative voltage loss 

due to EU alone, while the grey area accounts for the VOC improvement obtained as a 

consequence of an increase in doping. For example, a decrease in Urbach energy from 16 to 11 

meV, would convey a reduced voltage loss of roughly 100 mV. If 50 of those 100 mV were 

caused by an increased doping (which would imply that the doping increases by a factor of ~7), 

the remaining 50 mV could be explained by the reduced radiative and non-radiative voltage 

loss caused by the diminished density of tail states. Interestingly, both polycrystalline and single 

crystalline devices that contain sodium (either alone or in combination with a heavier alkali), 

lie close to the region where the voltage loss can be explained entirely by tail states. This further 

speaks in favor of tail states determined mainly by grain interior properties rather than grain 

boundaries. Furthermore, the data points that deviate the most correspond to devices that do not 

contain sodium, which would indicate that the double effect of sodium as dopant and passivator 

of non-radiative recombination centers would also be necessary in order to reduce the voltage 

loss. If upon sodium incorporation the VOC loss would still be far from the tails-limited region, 

this would suggest that another source of non-radiative recombination is the origin of the loss, 

such as a deficient passivation of the interfaces or the presence of deep defects.  The additional 

improvement of KF treatment after  NaF treatment has been attributed to surface passivation[26]. 

Our data confirms this explanation, as the NaF+KF epi sample moves closer to the line where 

the VOC loss is entirely due to tail states. Furthermore, the additional KF further reduces the 

Urbach energy by increasing the doping further and reducing the electrostatic potential 

fluctuations, but to a lesser degree than NaF alone. 
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Figure 8. Voltage loss with respect to the Shockley-Queisser VOC as a function of the Urbach 

energy of polycrystalline and single crystalline high-efficiency Cu(In,Ga)Se2 solar cells. The 

devices were fabricated from absorbers that received none or different alkali postdeposition 

treatments. Data points corresponding to polycrystalline absorbers were taken from reference 

[2].     

 

Interestingly, the device with the lowest VOC loss (𝐸𝑈 ≈ 11 𝑚𝑒𝑉) has a considerably lower 

band gap energy of 1.08 eV[2] compared to the conventional 1.15 eV of 3-stage co-evaporated 

Cu(In,Ga)Se2. Furthermore, the current record efficiency of 23.35% is also based on an 

absorber with a band gap of 1.08 eV.[20] If the lowest density of tail states achievable in an 

absorber is capped by the band gap energy as discussed in section 2.1, a decrease in band gap 

from 1.15 to 1.08 eV would allow a decrease in Urbach energy of roughly 1.4 meV (see Figure 

2 (b)), which would translate into a reduced voltage loss of approximately 28 meV. Thus, it is 

reasonable to assume that the reduced band gap energy in these high-efficiency devices is at 

least partially responsible for the reduced Urbach energy and thus the reduced voltage loss, and 

a proven strategy to follow up in order to continue boosting the efficiency of Cu(In,Ga)Se2.           

All in all, the results presented in this section shed light on the beneficial effect of alkalis, and 

especially sodium, in reducing the VOC deficit of Cu(In,Ga)Se2 solar cells. The role of sodium 

could explain why the reported improvement in VOC obtained after a postdeposition treatment, 

for example, varies from laboratory to laboratory. If the properties of the substrate, back contact 

and growth-process itself allowed an adequate sodium diffusion, then the improvement after a 
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PDT would be rather small. On the contrary, if the initial sodium concentration was not optimal, 

then the beneficial effect of the PDT would be greater. Evidence of this can be found in 

literature, where the improvement after a KF PDT in polycrystalline absorbers grown on soda 

lime glass has been reported to span from 20 mV[72] to 65 mV[73].  

The effects of alkali postdeposition treatments on the VOC improvement of Cu(In,Ga)Se2 solar 

cells, has long been associated with grain boundary passivation measured by changes in band 

bending at grain boundaries.[17, 23] However, our results suggest that rather than grain 

boundaries, it is the increased sodium concentration at the grain interiors that is the driver of 

the VOC improvement. Nevertheless, in order to increase the sodium content in the grains of 

polycrystalline absorbers, a heavier alkali species is necessary to “push” sodium out of the grain 

boundaries into the grain interiors[23], explaining why the effect of postdeposition treatments on 

the VOC is similar regardless of the heavy alkali species used. Furthermore, the validity of the 

observed changes in band bending at grain boundaries has recently been questioned by 

demonstrating the strong effect of surface roughness on the accuracy of Kelvin probe force 

microscopy measurements.[74] The conclusion that the improved VOC is due higher Na in the 

grains rather than grain boundary passivation is also in agreement with the observation that 

alkali treatment does not reduce the recombination velocity at grain boundaries[75]. 

 

3. Conclusion 

In this contribution, we present a photoluminescence study on tail states in Cu(In,Ga)Se2 single 

crystals, which we quantify by their Urbach energy, and how it is affected by compositional 

changes and the incorporation of alkali metals. Our results suggest that not only the copper but 

also the gallium content has an influence on the Urbach energy, which increases for higher 

gallium contents. A temperature and intensity-dependent photoluminescence study of samples 

with different Ga/(Ga+In), reveals that samples with higher gallium contents suffer from more 

harmful potential fluctuations. Contrary to what is expected from the literature, the increased 

Ga content does not seem to result in fluctuations arising from compositional inhomogeneities 

(band gap fluctuations), but to yield electrostatic potential fluctuations.  

Regarding the alkali incorporation, our results unveiled that the Urbach energy of MOVPE and 

MBE-grown single crystals is affected in a similar way as in the case of polycrystalline 

absorbers. In the case of Na-containing crystals, the Urbach energy was found to decrease when 

compared to an alkali-free reference: 2.8 meV for the MBE and 2.0 meV in the MOVPE-grown 

sample. In the case of KF, only the MBE-grown sample showed a significant decrease in 𝐸𝑈 of 

around 1.7 meV. In all samples, the improvement in quasi-Fermi level splitting with the alkali 
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treatment was found to be correlated with the change in the Urbach energy, confirming that the 

empirical relationship of a lower Urbach energy with a lower VOC deficit also applies in the 

studied single crystals.  

Furthermore, we carried out an analysis of the voltage losses in single crystals, where we show 

that upon alkali incorporation the doping concentration increases, leading to an increase in 

quasi-Fermi level splitting and a reduction in the density of tail states. We explain that as a 

consequence of the increased doping concentration, the degree of compensation decreases, 

resulting in a lower density of charged defects that are the cause of electrostatic potential 

fluctuations, which are the origin of tail states in Cu(In,Ga)Se2. Moreover, we argue that the 

VOC improvement that could not be explained through radiative and non-radiative 

recombination via tails states can be explained by the effect of doping. Higher doping leads to 

lower Urbach energies via reduced electrostatic potential fluctuations and at the same time 

increases VOC or qFls.   

Finally, by comparing the VOC loss with respect to the Shockley-Queisser VOC in polycrystalline 

and single crystalline solar cells treated with different alkalis, we concluded that tail states are 

determined by the grain interior properties rather than by grain boundaries, since the VOC loss 

of sodium-containing devices was found similar in both kinds of absorbers. This contribution 

demonstrates that an increase in sodium at the grain interiors has a strong effect on the 

optoelectronic properties of Cu(In,Ga)Se2, and suggests that such increase is the main driver of 

the VOC improvement obtained after a postdeposition treatment with KF, RbF or CsF in 

polycrystalline absorbers rather than grain boundary passivation.   

 

 

4. Experimental Section 

Metalorganic vapor phase epitaxy (MOVPE): Cu(In1-x,Gax)Se2 single crystals were grown on 

500μm thick (100)-oriented semi-insulating GaAs wafers. The reactor temperature and pressure 

were set at 520°C and 90mbar for all the processes.  The metalorganic precursors used were 

cyclopentadienyl-coppertriethyl phosphine (CpCuTEP), trimethylindium (TMIn), 

triethylgallium (TEGa) and diisopropylselenide (DiPSe). In order to achieve the desired 

composition, the CpCuTEP partial pressure was kept constant and the partial pressures of TMIn 

and TEGa adjusted for each process. Selenium is always provided in excess.  

Postdeposition treatments in MOVPE samples: After growth, each sample was cleaved in a N2-

filled glovebox and transferred into an MBE chamber where potassium fluoride was evaporated 

at a rate of roughly 1nm/min during 6 minutes. The KF deposition was done under a Se pressure 
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of ~2x10-6 Torr at a substrate temperature of 350°C. After the treatment, the samples were 

rinsed with DI water and etched in a 5% KCN solution for 30 seconds right before the CdS 

buffer layer deposition. For the NaF-PDT, each sample was cleaved in a N2-filled glovebox and 

transferred into an electron beam evaporator where 10nm of NaF were deposited. After this, 

the samples went back into the glovebox to receive a first annealing step at 350°C before being 

transferred into an MBE chamber where they were selenized under the same conditions as for 

the KF-PDT.   

 Photoluminescence: Measurements were performed using a 660nm diode laser with a spot 

diameter of ~2.6mm as excitation source. Two parabolic mirrors were used to collect and 

redirect the emitted photoluminescence into a spectrometer where it was detected by an InGaAs 

array. All measurements for qFls and Urbach energy determination were carried out at room 

temperature and spectrally corrected using a calibrated halogen lamp. For the analysis 

performed at low temperatures, a liquid helium flow cryostat was used. For the determination 

of the quasi-Fermi level splitting, the value was extracted from a linear fit of the high-energy 

wing of the emitted PL (described by Planck’s generalized law). Details on the extraction of 

the Urbach energy can be found in the supporting information. Time resolved 

photoluminescence (TRPL) measurements were taken with a LifeSpec II Spectrometer 

equipped with a 640nm pulsed diode laser.   

Chemical characterization: Elemental composition was determined by energy dispersive X-ray 

spectroscopy (EDX) taken at an acceleration voltage of 10kV.  
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Table S1. Copper and gallium content, optical bandgap determined from photoluminescence 

and extracted Urbach energy of all the single crystals used in the present study. 

 

Sample No. Name Cu/(Ga+In) Ga/(Ga+In) 
EgPL  

[eV] 

EU  

[meV] 

1 268 0.95 0.42 1.26 18.3 

2 270-BR 1.04 0.36 1.23 15.6 

3 271 1.056 0.02 1.04 11.6 

4 271-2H 1.04 0.21 1.06 12.2 

5 271-3H 1.02 0.25 1.07 12.7 

6 272 1.02 0.42 1.25 16.2 

7 273 1.04 0.43 1.25 17.5 

8 274 0.97 0.44 1.26 17.5 

9 275 1.02 0.38 1.24 16.8 

10 276 0.95 0.3 1.15 16.4 

11 280 1.07 0.03 1.03 12.1 

12 282 0.98 0.44 1.26 17.2 

13 285 1.06 0.01 1.03 12.6 

14 288 0.99 0.24 1.12 15.0 

15 AIST-A 1.0 0.25 1.14 14.1 

16 438 0.97 0.0 1.02 14.8 

 

 

S1. Urbach energy determination from PL 

In order to determine the Urbach energy, the absorption coefficient is needed, which is obtained 

from Beer – Lambert’s law as: 

 

𝛼(𝐸) = −
ln(1 − 𝑎(𝐸))

𝑑
 

 

Where 𝑑  is the sample’s thickness and 𝑎(𝐸)  the absorptivity obtained from applying 

generalized Plank’s law in Boltzmann approximation to the room temperature PL spectrum. 

Note that the quasi-Fermi level splitting and temperature are required in order to obtain 𝑎(𝐸). 

After that, the absorption coefficient is fitted with: 
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𝛼(𝐸) = 𝛼0exp(−
𝐸0 − 𝐸

𝐸𝑈
) 

 

The decay energy 𝐸𝑈 is the so-called Urbach energy, which describes the exponential decay 

nature of the tail states into the bandgap.  Fittings are performed below the bandgap and above 

the region where the PL spectrum exhibits considerable noise and in different energy ranges in 

order to reduce the error. Figure S1 exemplifies the fitting to the absorption coefficient in order 

to obtain the Urbach energy.   

 

Figure S1. Example of a fitting routine for the determination of the Urbach energy. Different 

arrows denote different fitting ranges. The blue line is the resulting fit from which the Urbach 

energy is extracted.  

 

 

S2. Contour maps of the temperature-dependent photoluminescence   

In order to create the contour maps of Figure 3, a temperature-dependent analysis of each 

sample was carried out in a liquid helium flow cryostat. The samples were excited with 3mW 

of a 660 nm diode laser and the obtained spectra were spectrally corrected using a calibrated 

halogen lamp. Figure S2 shows the temperature-dependent photoluminescence of the 

CuIn0.56Ga0.44Se2 sample discussed in the main text. After that, all the spectra were normalized 

and the PL intensity set as the Z-axis.  
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Figure S2. Temperature-dependent photoluminescence of an alkali-free CuIn0.56Ga0.44Se2 

single crystal.  

 

S3. Determination of β and γ from intensity-dependent photoluminescence 

For the determination of β, intensity-dependent photoluminescence measurements at 10K were 

performed. By using absorptive neutral density filters, the optical density is varied allowing the 

attenuation of the incident laser beam. The measurements were carried out over three orders of 

magnitude. After that, each PL spectrum was spectrally corrected, normalized and fitted with 

an asymmetric double sigmoidal function to determine the energy of the peak position. The 

exact function has no physical meaning, it just used to obtain the energy of the maximum. It is 

worth mentioning that the increasing trend of β with the gallium content discussed in the 

manuscript is independent of the fitting method used. Taking simply the energy of the highest 

intensity of the PL emission, for example, will show the same trend.   

For the determination of γ, the same PL spectra were used. The low energy wing of the PL was 

fitted with the equation: 

 

𝐼(𝐸) = 𝐴0 exp (
𝐸

𝛾
) 

 

The fitting range was restricted to at least 50 meV away from the PL maximum and at least two 

fitting routines were carried out in different energy ranges. The values of γ presented in the 
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main text are the average of the different values of γ obtained for the different fitting ranges. 

As an example, figure S3 shows the intensity-dependent photoluminescence analysis with the 

corresponding fits to determine β (a) and γ (b) from the sample with a Ga/(Ga+In) of 0.24 

discussed in the text.      

 

Figure S3.1. Excitation-dependent photoluminescence of an alkali-free CuIn0.76Ga0.24Se2 single 

crystal. Dashed lines are best fits to the data for the determination of the beta parameter (a) and 

gamma (b). Same color code applied to both figures.  

 



  

6 

 

 

Figure S3.2. Excitation-dependent photoluminescence at 10K of two polycrystalline CuInSe2 

absorbers (up) and the magnitude of the potential fluctuations γ determined from the spectral 

fits as a function of the laser power (down).  
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S4. Effect of sodium on Tmin and 𝜸  

In the main manuscript, we concluded that tail states in Cu(In,Ga)Se2 are caused by electrostatic 

potential fluctuations and that the addition of alkali metals, especially sodium, have an impact 

on such fluctuations which is measured as a decrease in the Urbach energy after the alkali 

postdeposition treatments. Here, the changes in potential fluctuations upon alkali incorporation 

are discussed.  

Similarly to section 2.2, the magnitude of the potential fluctuations was determined from 

intensity and temperature-dependent photoluminescence measurements. As can be seen from 

Figure S4, the incorporation of sodium after the PDT resulted in a decrease in Tmin of the 

MOVPE-grown absorber discussed in section 2.3. This result, along with the measured decrease 

in Urbach energy of 2 meV, provides a strong evidence of the decrease in potential fluctuations 

caused by the alkalis. In this case, KF seems not to have an impact on Tmin, which goes along 

with the almost negligible change in Urbach energy of this treatment.  

Furthermore, the magnitude of the potential fluctuations (γ parameter) and its dependency on 

excitation were also studied (Figure S5). In agreement with the temperature-dependent analysis, 

the magnitude of the potential fluctuations was found to decrease when comparing Na-

containing samples to the alkali-free reference regardless of the growth method. On the other 

hand, in the case of the KF-treated absorbers, the γ parameter of the MOVPE-grown sample is 

not greatly affected by the treatment, as similarly observed from Tmin in Figure S4 , while in the 

case of the MBE samples treated with KF, the decrease in potential fluctuations is less but 

comparable to the NaF case. In both cases, the magnitude of gamma was found to decrease with 

excitation, supporting the electrostatic nature of the potential fluctuations. 

In summary, both temperature and intensity-dependent photoluminescence measurements 

confirm that the reduction in Urbach energy obtained after alkali metal postdeposition 

treatments is caused, at least partially, by a decrease in electrostatic potential fluctuations.  
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Figure S4. Temperature-dependent photoluminescence analysis of the MOVPE-grown single 

crystal with Cu content close to stoichiometry and GGI~0.24 discussed in section 2.3. From the 

figure is possible to appreciate the decrease in the redshift-blueshift for the NaF case (left). 

 

 

Figure S5. Intensity-dependence of the γ parameter of MOVPE (circles) and MBE-grown 

samples (stars) treated with different alkali metals.  
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S5. Quasi-Fermi level splitting 

In section 2.4 of the main manuscript, the quasi-Fermi level splitting values of a Cu(In,Ga)Se2 

single crystal with a Ga/(Ga+In)~0.4 and different sodium contents are reported. Since the 

alkali-free reference and low-sodium samples have considerably low PL yield, the 

determination of the quasi-Fermi level splitting at one sun excitation from the fit to the high-

energy wing of the PL spectrum using generalized Planck’s law in Boltzmann approximation 

is not possible. Instead, the quasi-Fermi level splitting of each sample was determined from the 

extrapolation of an intensity-dependent analysis carried out in a calibrated setup for photon 

counting.  

Figure S6 (a) shows the integrated PL yield as a function of the excitation flux density. Linear 

fits were used to obtain the integrated PL flux equivalent to one sun illumination that, for a 

bandgap of 1.23 eV (from PL maximum), is 2.4x1017 photons cm-2s-1. From these values, we 

proceeded to calculate the quasi-Fermi level splitting as 𝛥𝜇 = 𝑞𝑉𝑂𝐶
𝑆𝑄

+ 𝑘𝐵𝑇ln(𝐸𝑅𝐸) .  

Furthermore, in order to corroborate the obtained values, the high-energy wing of the PL spectra 

was fitted as previously described and the quasi-Femi level splitting at one sun obtained from 

an extrapolation as illustrated in Figure S6 (b). The obtained quasi-Fermi level splitting from 

both methods were found to be in good agreement and are summarized in Table S2. The values 

given in the main manuscript correspond to their average. 

 

Table S2. Quasi-Fermi level splitting of sample CIGSe273 treated with different NaF 

conditions calculated from ERE and fitting to the high-energy wing of the PL.  

 

Sample 
𝛥𝜇𝐸𝑅𝐸  

[meV] 

𝛥𝜇𝐹𝑖𝑡  

[meV] 

𝛥𝜇𝑎𝑣𝑔  

[meV]  

Na-free 519.7 513.3 516.5 

NaF – 15min 558.7 554.1 556.4 

NaF – 20min 563.7 560.2 562.0 

NaF – 30min 618.4 615.3 616.9 

NaF – 45 min 640.1 636.1 638.1 
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Figure S6. Extrapolation of PL flux and quasi-Fermi level splitting to 1sun for differently Na 

treated Cu(In,Ga)Se2 single crystalline layers. The light colour dots are the measured values 

and the dark colour dots are the values extrapolated to 1 sun. 
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S6. Time-resolved photoluminescence (TRPL) 

In order to extract lifetime values, TRPL decays were fitted with a biexponential function after 

background subtraction. The time constants 𝜏1  and 𝜏2  obtained after the fittings are 

summarized in Table S3. At least two spots were measured for each sample and the values 

presented in the main text are the average. Only 𝜏2 was considered as the effective bulk lifetime. 

An example of the fitting results can be seen in figure S7. 

 

 

Table S3. Summary of the time constants 𝜏1 and 𝜏2obtained after the fitting routine to the 

TRPL decays using a biexponential model. 

 

Sample 
τ1 

[ns] 

τ2 

[ns] 

Average τ1 

[ns]  

Average τ2 

[ns] 

As-grown 0.58 1.83 0.61 1.81 

As-grown 0.57 1.87   

As-grown 0.68 1.73   

NaF – 15 min 1.69 4.89 1.74 4.88 

NaF – 15 min 1.79 4.88   

NaF – 20 min 1.59 5.9 1.75 5.47 

NaF – 20 min 1.71 5.02   

NaF – 20 min 1.94 5.48   

NaF – 30 min 1.66 5.24 1.67 5.43 

NaF – 30 min 1.69 5.62   

NaF – 45 min 1.44 6.55 1.46 6.42 

NaF – 45 min 1.51 6.12   

NaF – 45 min 1.44 6.6   

 

  



  

12 

 

𝐼(𝑡) = 𝐴1 ∗ exp (−
𝑥

𝜏1
) + 𝐴1 ∗ exp (−

𝑥

𝜏2
) 

 

 

Figure S7. Time-resolved photoluminescence measurements of sample CIGSe273 with 

different sodium contents. Dashed lines represent best fits to the data using a biexponential 

model.  
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7 Summary and Outlook 

 

With a record power conversion efficiency of 23.35%[13] and a low carbon footprint[12], 

Cu(In,Ga)Se2 remains as an attractive photovoltaic material for both research and industrial 

purposes due to its band gap tunability and long-term stability, which makes the material 

suitable for tandem applications with both well-stablished and emerging technologies such 

as silicon and perovskites. One of the milestones that has taken Cu(In,Ga)Se2 to its current 

status of advancement, has been the incorporation of heavy alkali metals through the 

development of postdeposition treatments (PDTs). In general, the beneficial effects of PDTs 

can be seen in the improvement of the solar cell parameters JSC, VOC and fill factor, which in 

turn increases the power conversion efficiency. However, how exactly alkali PDTs help to 

boost the efficiency of Cu(In,Ga)Se2 solar cells remains under discussion, and has been, in 

fact, a highly debated research questions in the chalcopyrite community. In this context, the 

CORE project “Grain boundaries in solar cells (GRISC)” funded by the Fonds National de la 

Recherche Luxembourg (FNR), from which this cumulative thesis derives, was launched as 

part of the efforts to understand the role of alkali metals in Cu(In,Ga)Se2.  

As discussed in the literature review of section 2.7, the effects of postdeposition treatments 

have been reported to affect both surface and bulk properties[18], and within the bulk 

properties, to cause changes at the grain boundaries but also in the grain interiors. The 

complexity of discerning what is caused by what, resides in the close interplay between 

alkali metals, grain boundaries, grain interiors and interfaces. Hence, the approach taken 

along this thesis to address this issue, was of the simplification of the problem by first 

studying single crystals (and thus removing the effect of grain boundaries), and then having 

a controlled incorporation of the different alkali species. The results obtained of the 

different analyses performed are presented in chapters 3-5 of this cumulative thesis, which 

are summarized in the following paragraphs.  

The first study focused on the sole effect of potassium fluoride postdeposition treatments 

on the optoelectronic properties of Cu(In,Ga)Se2 single crystals. The assessment on the 
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effectiveness of the treatments was carried out by measuring changes in quasi-Fermi level 

splitting as a function of the absorber’s elemental composition, i.e., the Ga/(Ga+In) and 

Cu/(Ga+In). This study revealed that potassium fluoride PDTs performed in the absence of 

sodium and grain boundaries, have the ability to alter the optoelectronic properties of the 

single crystals but that its effectiveness has a strong dependency on the copper and gallium 

contents. In the case of copper, absorbers with lower Cu/(Ga+In) profited the most from 

the treatments, especially those where the presence of ordered vacancy compounds was 

detected (Cu/(Ga+In) <≈ 0.8). Similarly, samples with lower Ga/(Ga+In) also showed a 

larger quasi-Fermi level splitting improvement after the treatments. The largest 

improvement of around 30 meV obtained, corresponded to a CuInSe2 single crystal with a 

copper content of 0.86. In this sample, an interesting change in conductivity type from N-

to-P as a consequence of the KF PDT was observed. All in all, these first experiments allowed 

to draw a first important conclusion about KF PDTs: in the absence of sodium and grain 

boundaries, potassium can diffuse into the crystal and act as a dopant[16].   

The similarities between potassium and sodium in increasing the carrier concentration and 

even causing an N-to-P type inversion in Cu-poor CuInSe2, sparked the interest to study the 

long-standing question in the chalcopyrite community on the possibility to grow N-type 

Cu(In,Ga)Se2. It has been known that CuInSe2 can be intrinsically grown as an N-type 

semiconductor in the absence of alkalis and under In-rich and Se-poor conditions[62-63, 187]. 

However, despite the similar electronic structure, CuGaSe2 is always a P-type 

semiconductor that resists all kind of N-type doping even from extrinsic impurities. The 

fact that CuGaSe2 is always P-type, suggests that the addition of gallium to N-type CuInSe2 

would result in an N-to-P type inversion as observed with the addition of sodium or 

potassium[16, 185] as a result of doping. Thus, the aim of the research article presented in 

chapter 3, was to study this exact same situation by analysing alkali-free single crystals 

grown with different Ga/(Ga+In) ratios. The results obtained demonstrated that the N-type 

character of CuInSe2 remains as such up to a gallium concentration of 15%, and that the N-

to-P type inversion occurs between 15% and 19%. The conductivity type was determined 

by measuring the Seebeck coefficient. A further study of the electrical conductivity showed 

that the carrier concentration drops around two orders of magnitude with the addition of 

gallium, change that was also observed in the change of binding energy measured by X-ray 

photoelectron spectroscopy. Furthermore, the formation energy analysis of donor and 

acceptor-like defects revealed that the N-to-P transition occurs due to the more 

energetically-favoured formation of acceptor-like defects, as the formation energy of 
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acceptor states decreases and of donor states increases with the addition of gallium. With 

this contribution, experimental evidence on the possibility to grow N-type Cu(In,Ga)Se2 and 

the analysis of the N-to-P type inversion caused by the addition of gallium was provided[15]. 

In the last chapter, a more in-depth analysis of the effects of alkali metal postdeposition 

treatments was carried out, more specifically, on the causes behind the improvement in 

open-circuit voltage obtained after the treatments. The origin of this improvement has been 

suggested in literature to correlate with a suppression of bulk recombination caused by a 

decreased density of tail states, which is diminished as a result of reduced band bending at 

grain boundaries[18]. Tail states are known to contribute to the voltage losses in most 

semiconductor materials used in solar cells, and thus, understanding their origin and what 

can be done to reduce their density is an important step towards bringing a material closer 

to its theoretical efficiency. By studying the effects of postdeposition treatments in single 

crystals, in this work we demonstrated that, in fact, the reduction in tail states is not 

exclusively a grain boundary-related effect but rather caused by changes in the grain 

interiors. Moreover, we argued that changes in the sodium concentration in the single 

crystalline films, which increases the net doping, is the main cause of the reduced tail states. 

The model that explains this argument is based on the fact that, as a consequence of the 

increased doping concentration, the degree of compensation decreases, resulting in a lower 

density of charged defects that are the cause of electrostatic potential fluctuations. In this 

contribution, it is also shown by means of an excitation intensity-dependent 

photoluminescence study at low temperatures, that electrostatic potential fluctuations are 

the main cause of tail states in Cu(In,Ga)Se2. By adding the doping effect to the VOC 

improvement explained through radiative and non-radiative recombination via tails states, 

the entirety of the voltage loss in Cu(In,Ga)Se2 is explained. Previously, only half of the VOC 

loss could be explained through tail states[17]. Furthermore, this contribution presents a 

comprehensive study on the dependency of tail states on elemental composition, showing 

that the density of tail states increases with the gallium content and copper deficiency.  

All in all, the results presented in this thesis shed light on the beneficial effects of alkali 

postdeposition treatments, and especially the effects of an increased sodium concentration 

in the bulk, in reducing the VOC deficit of Cu(In,Ga)Se2 solar cells. More importantly, the 

effects of alkali postdeposition treatments were demonstrated not only to be strongly 

dependent on the bulk properties of the absorber and extend beyond grain boundary-

related effects, but also affect the optoelectronic properties dictated by the grain interiors, 

such as the density of tail states. However, along these findings, the development of this 
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thesis also opened the door to more research ideas and raised questions that need to be 

addressed in future studies. Some of these ideas are further discussed in the following.  

One of the main conclusions of chapter 4 was that potassium can diffuse into the bulk 

crystal and act as a dopant. Where exactly potassium is located and how it increases the 

carrier concentration are, however, questions that did not have a conclusive answer. 

Despite the evidence that dislocations are not recombination-active, their role in the 

diffusion mechanism was not taken into account. A study on how potassium diffuses into 

the bulk, i.e., on the role of dislocations and vacancy diffusion of potassium, could be 

performed to address these questions. Furthermore, in chapter 3, the carrier concentration 

was speculated to increase as a result of substitutional defects related to potassium. 

However, no direct evidence in this regard was obtained and thus, a study on the exact 

mechanism of the increase in carrier concentration could provide some answers. In the case 

of sodium, it has been suggested[56] that the increase in carrier concentration is caused by 

an increased density of copper vacancies left after sodium is driven out of the lattice during 

the cool-down process after growth, and washed out in the subsequent processing steps.    

Most of the conclusions drawn related to grain boundaries in this thesis, were based on 

studies carried out in single crystals. However, GaAs multigrain wafers with well-defined 

centimetre-size grains and grain boundaries, can also be used for the MOVPE growth of 

chalcopyrites. A photoluminescence study on the effects of postdeposition treatments 

carried out in this kind of samples could provide the means to corroborate the conclusions 

drawn along the development of this thesis. More precisely, this study would help to 

discern between grain boundary and grain interior effects. Preliminary experiments have 

been performed already and the analysis of the samples is on its way. The aim of these 

experiments is to investigate the optoelectronic properties of well-defined grain 

boundaries and grain interiors after postdeposition treatments by means of   

cathodoluminescence and micro-photoluminescence.  

An interesting observation in chapter 5, was the increase in Urbach energy with the gallium 

content. Based on the available data for gallium concentrations below 40%, we showed that 

the increasing density of tail sates was primarily caused by electrostatic potential 

fluctuations rather than by band gap fluctuations arising from compositional 

inhomogeneities. However, a conclusion on the role of band gap and electrostatic potential 

fluctuations was not possible to draw for higher gallium contents. Thus, a similar study but 

including samples with gallium concentrations greater than 40% could help to have a more 

general overview of the Urbach energy and its causes. In this regard, the analysis of the 
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magnitude of the potential fluctuations as a function of excitation (𝛾), was used to discern 

between electrostatic potential fluctuations and band gap fluctuations. For all the samples 

studied, a decrease in 𝛾 was observed with increasing excitation, which was interpreted as 

the flattening of the electrostatic potential fluctuations. However, no experimental evidence 

was found in the literature for the behaviour of 𝛾 in the presence of band gap fluctuations. 

In order to corroborate our conclusions, a study of the intensity-dependence of 𝛾 in Cu-rich 

Cu(In,Ga)Se2, which does not suffer from electrostatic potential fluctuations, could provide 

the experimental evidence required.  

All in all, the results presented in this thesis contributed to the understanding of the effects 

of postdeposition treatments on the optoelectronic properties of Cu(In,Ga)Se2. From the 

obtained results, it could be suggested for example, that increasing the general Cu/(In+Ga) 

ratio right below the stoichiometric point and ensuring an adequate sodium content at the 

grain interiors, are good strategies to follow in order to increase the efficiency of solar cells. 

Besides the answered questions, new research ideas were generated along the 

development of the thesis, which will hopefully complement the presented results and set 

the basis for further studies. Continue to understand postdeposition treatments and the 

role of alkalis in improving the power conversion efficiency of Cu(In,Ga)Se2 solar cells is, 

without a doubt, an important step in this technology towards the development of new 

strategies that lead to more efficient devices.  
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