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Intragrain charge carrier mobilities measured by time-resolved terahertz spectroscopy in state of

the art Cu2ZnSn(S,Se)4 kesterite thin films are found to increase from 32 to 140 cm2 V�1 s�1 with

increasing Se content. The mobilities are limited by carrier localization on the nanometer-scale,

which takes place within the first 2 ps after carrier excitation. The localization strength obtained

from the Drude-Smith model is found to be independent of the excited photocarrier density. This

is in accordance with bandgap fluctuations as a cause of the localized transport. Charge carrier

localization is a general issue in the probed kesterite thin films, which were deposited by coeva-

poration, colloidal inks, and sputtering followed by annealing with varying Se/S contents and

yield 4.9%–10.0% efficiency in the completed device. VC 2016 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/). [http://dx.doi.org/10.1063/1.4965868]

I. INTRODUCTION

Kesterite Cu2ZnSn(S,Se)4 materials have been intensely

investigated as thin solar cell absorber materials during the

last years. In spite of the close structural similarity with the

chalcopyrite Cu(In,Ga)Se2, significantly lower conversion

efficiencies up to about 12.7%1 have been achieved, com-

pared to more than 22.6% for solar cells based on the latter

material. So far, the open-circuit voltage deficit has been

identified as the main bottle neck but charge carrier dynam-

ics is not very well understood yet. The mobility of charge

carriers is a key property of semiconductor materials, in par-

ticular, for their application in various functional devices,

such as transistors, photodetectors, and solar cells. In solar

cell devices, a large minority carrier mobility ensures long

diffusion length and good carrier collection. However, the

measurement of the minority carrier mobility is challenging

and not accessible with Hall-effect measurements where

majority carriers are probed.2–7 Moreover, the in-plane

mobility is measured which is in the case of polycrystalline

thin films very different from out of plane mobilities, since

grain boundaries are severely influencing the measurements.

In order to estimate minority carrier mobilities in kesterite

thin films, a combination of internal quantum efficiency

(IQE), capacitance-voltage (CV), and time-resolved photolu-

minescence (TRPL) measurements8,9 as well as time-resolved

terahertz spectroscopy (TRTS)10 was used before. The IQE-

CV-TRPL derived mobilities are in principle also affected by

grain boundaries, in particular, by horizontal grain boundaries

that lie in the transport path. The method also relies on a num-

ber of simplifying assumptions necessary for the analysis

of the IQE, CV, and TRPL measurements and requires full

device structures.

II. KESTERITE SAMPLES

In this work, we examine the properties of the charge

carrier transport in kesterite-type Cu2ZnSn(S,Se)4 thin films

by contactless TRTS, which probes the charge carrier trans-

port on the nm-scale. To be able to generalize, we chose kes-

terite thin films from different deposition techniques as well

as with different Se/S contents. In order to probe relevant

thin films with respect to solar cells, only absorber layers

that yielded devices with efficiencies between 4.9 and 10%

were selected. The composition, the deposition technique,

and the solar cell efficiency are summarized in Table I.

Further, it contains the intragrain value of the sum of elec-

tron and hole mobility leþh and localization strength c1 as

they are derived in the subsequent Section III.

The probed absorber was grown on molybdenum-coated

glass substrates, which prohibits more commonly used trans-

mission TRTS measurements and complicates reflection

TRTS analysis [submitted]. Therefore, all of the absorbers

with exception of the sample HZB-Se were lifted off the

molybdenum and have a 2 mm thick epoxy film as a new

substrate. We chose the lift-off method over a deposition on

THz-transparent substrates in order to maintain the deposi-

tion conditions and material constraints relevant for kesterite
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solar cells. In contrast, the use of a substrate without a

molybdenum layer would influence the sodium supply, sub-

strate temperature, and nucleation conditions, which all may

affect carrier transport in kesterite thin films.2,5

A SEM cross-section of one of the NREL sample is

shown in Fig. 1. Rather large dark grains ranging from

1–2 lm and rather small bright grains at the Mo substrate as

well as a bright capping layer are observed. The dark grain

can be attributed to Cu2ZnSnSe4 and the bright areas to

ZnSe. This secondary phase also contributes to the relatively

high Zn/Sn ration of 1.6 the sample (Table I) in accordance

with recent findings.16 In Fig. 1, we have also indicated the

probing direction and range of different methods that have

been employed for the analysis of charge carrier mobilities.

While TRTS probes the mobility within single grains, as dis-

cussed further below, Hall-effect measurements probe the

lateral transport of majority carriers and can be dominated

by grain boundary potentials. On the other hand, mobilities

derived from combined IQE-CV-TRPL measurements8,9

probe the vertical transport of minority carriers and thus are

also expected to yield mobilities, which are representative

for the carrier transport in thin film solar cells.

III. THz-MOBILITY OF NANO-SCALE LOCALIZED
CHARGE CARRIERS

TRTS has been described extensively in several

reviews.17–19 We use TRTS in the reflection mode to avoid

THz absorption in the substrate off samples.20–22 It is

described in Ref. 23 and based on an amplified Ti-Sapphire

laser system which delivers three pulsed laser beams with

805 nm center wavelength, 50 fs pulse with, and 150 kHz

repetition rate. In principle, the first 805 nm optical pump

pulse generates charge carriers on the former Mo-bonded

side of the kesterite thin film with an absorption depth of

500 nm–230 nm for increasing Se content.24 These additional

carriers increase the conductivity of the thin film, which also

changes its refractive index.25 This changed refractive index

causes a change in the reflection of the THz probe pulse

which is generated by optical rectification of the second

805 nm pulse in a ZnTe crystal. The THz probe pulse is

detected by electro optical sampling in a ZnTe crystal by the

third 805 nm pulse. Employing a numerical analysis based

on the transfer matrix method, we can deduce the mobility of

the pump-induced charge carriers from the measured change

in THz reflection. The extracted mobility is the complex

AC-mobility at THz frequencies that describes the amplitude

and phase of the pump-excited charge carrier current driven

by the THz probe pulse. The error in the extracted mobility

can be estimated to be approximately 20% and consists

mainly of uncertainties in the excited carrier concentrations,

the layer thicknesses, and the refractive indices as input

for the transfer matrix analysis as well as errors from the

DC-mobility fit.

Although the THz probe spot size is �1 mm on the kes-

terite films and averages the mobility over that area, the inter-

action between the THz field and single charge carriers occurs

on the nm-scale.26 We assume the interaction between the

single-oscillation THz pulse and the individual charge carriers

to take place within one oscillation of f¼ 1 THz. Within

that time, the THz field of �1000 V/cm induces a carrier

oscillation of lF¼l E/x¼ 1.6 nm (Ref. 27) while the charge

carrier diffuse a distance lD¼ (lkBT/ef)0.5¼ 50 nm, assuming

a mobility l of 1000 cm2/V s. Together this leads to an inter-

action length <50 nm for mobilities l< 1000 cm2/V s which

is far below the grain size of �1 lm in the probed kesterite

thin films (Fig. 1). Therefore, the THz mobilities are intra-

grain values.

The measured AC-mobilities of the kesterite absorbers

are shown in Fig. 2. Despite differences in the absolute val-

ues of the real and imaginary parts, all spectra show the

same overall trend, with a real part increasing for larger fre-

quencies, and a negative imaginary part. This common shape

of the mobility spectra allows us to draw conclusions on the

nature of charge transport. Free charge carriers exhibit a

Drude-like mobility spectrum, which depends only on the

momentum relaxation time s and the effective charge carrier

mass meff, i.e., l¼ es /meff (1þ ixs)�1. However, a negative

imaginary mobility as measured for the kesterite thin films in

Fig. 2 cannot be explained by the Drude model. The negative

imaginary mobility is indicative for charge carrier localiza-

tion, which has been concluded from ps-decay components

in transient reflection measurements on sulfur based kesterite

single crystals before.28 To be independent of the physical

TABLE I. Sample information.

Sample Se/(SeþS) Cu/(ZnþSn) Zn/Sn Deposition method g (%) leþh (cm2/V s) c1 Reference

NREL 1 0.73 1.6 Coevaporation 7.2 140 �0.65 11

HZB-Se 1 0.7 1.0 Sputtering 7.0 100 �0.71 12

IMRA 0.6 0.83 1.12 Nano colloid ink 10.0 90 �0.72 13 and 14

HZB-S 0 0.80 1.22 Coevaporation 4.9 32 �0.76 15

FIG. 1. SEM picture of the NREL kesterite absorber on molybdenum with

illustration of the different spatial sensitivities of TRTS, Hall, and IQE-CV-

TRPL as charge carrier mobility measurements.
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model of carrier localization, but to be able to parameterize

the mobility and extrapolate the DC-value, the data can be

analyzed using the phenomenological Drude-Smith model29

lDS ¼
es

mef f 1þ ixsð Þ 1þ c1

1þ ixs

� �
: (1)

Here, the first term describes the free carrier Drude mobility,

while the second term and in particular, the localization

parameter c1 describes a continuous transition of the free car-

rier Drude-like (c1¼ 0) mobility from to a highly localized

spectrum (c1¼�1). The Drude-Smith model was derived by

assuming preferential backscattering of a fraction c1 of the

carriers at their first scattering event, while all subsequent

scattering events were assumed to randomize the carrier

velocity. As there is no physical reason why charge carriers

should scatter backwards at the first scattering event and not

at later scattering events, the Drude-Smith model is limited

to a phenomenological description of the carrier localization.

Despite its lack of microscopic insight, the c1 parameter has

been found to be a good measure for the degree of localiza-

tion of charge carrier mobility and to enable extrapolation of

THz mobilities to DC values.29 However, in our opinion the

momentum relaxation time s and effective mass meff* lose

their original physical meanings due to the phenomenologi-

cal nature of the Drude-Smith model, although we are aware

that this is discussed controversially in the TRTS commu-

nity. If the AC-mobilities are extrapolated to low frequencies

using the Drude-Smith model, DC mobility values of 140,

100, 90, and 32 cm2/V s are obtained for the samples NREL,

HZB-Se, IMRA, and HZB-S, respectively. These values

compare well with the 70 cm2/V s which has been obtained

previously for a mixed Se/S kesterite thin film by TRTS.10

The mobility modeled with Equation (1) is shown in

Fig. 3 for the NREL sample. It can be seen that a very good

fit of the THz mobility is obtained for c1¼�0.67, meff*

¼ 0.22, and s¼ 46 fs, where the c1 value indicates a strong

localization. This localization takes place on a length scale

below 50 nm and is therefore not caused by dimension of

the grains (�1 lm). The meff* parameter of 0.22 is far from

the predicted value of the effective electron mass of 0.08 in

kesterite30 and illustrates that meff* does not represent the

real effective charge carrier mass in the Drude-Smith model.

The parameter s is in the expected range of a typical momen-

tum relaxation time but also should not be directly associated

with the microscopic scattering time.

IV. CARRIER LOCALIZATION BY BANDGAP
FLUCTUATIONS

Charge carrier localization in kesterite semiconductors

may be caused by various phenomena reported previously,

among them are grain boundary scattering, bandgap fluctua-

tions,31 electrostatic potential fluctuations,32,33 surface band

bending,34 Cu-Zn disorder,35–37 defect bands,38,39 and sec-

ondary phases.40 Because of the nm-probing range of the

TRTS method, we can exclude grain boundary scattering as

the source of localization. Further, it has been shown previ-

ously41 that AC-conductivities as a function of frequency

have similar dependencies in disordered solids independent

of the details of the disorder which complicates an assign-

ment of the observed localization to one of the former

causes. Therefore, we investigate the dependency of carrier

localization on pump-induced carrier concentration Dn in

order to narrow down the possible explanations. The photo-

induced carrier concentration corresponds to the density of

excited electrons at the surface of the semiconductor and

decreases with the Lambert-Beer law into the sample.

Further excited hole and electron concentration are equal

right after excitation. In Fig. 3, THz mobility spectra for

two strongly differing excited charge carrier concentrations

(3 � 1015 and 1017 cm�3) are shown, which are indistinguish-

able within the measurement accuracy. In contrast, mobility

spectra of charge carriers localized in potential fluctuations or

surface band bending should show a transition to a lower

degree of localization due to screening of the potential

variations. If we assume that the amplitude of electrostatic

potential fluctuations c0 in a p-type semiconductor at room

temperature is limited by a Debye screening from free charge

carriers, the amplitude is proportional to c0� (nþDn)�1/4,42

where n is the doping density of �1016 cm�3 estimated by

FIG. 2. Imaginary and real AC-mobilities of lift off kesterite absorbers on

epoxy (HZB-Se as grown on Mo) measured by reflection TRTS at 20 ps after

excitation by 1.6 � 1013 photon flux of per pump pulse. Solid lines are fits

with the Drude-Smith model to extrapolate DC mobilities.

FIG. 3. AC-mobility mobility spectra of the NREL kesterite sample for dif-

ferent photoinduced electron concentrations at the sample surface and with

Drude-Smith fit yielding c1¼�0.67, s*¼ 46 fs, and meff*¼ 0.22.
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capacitance–voltage measurements and Dn the induced

carrier concentration. For the high excitation density of

1017 cm�3, the potential amplitude would be reduced to

roughly half of its initial amplitude, which should be observ-

able as a reduced localization of the charge carrier. In a simi-

lar manner, also surface band bending is screened by

additional free carriers. This indicates that electrostatic

potential fluctuations and surface band bending can be

excluded as a cause for the measured localization. Secondary

phase inclusions with individual charge carrier mobilities

can also cause localization in the mobility spectra. The

screening of the incident THz field by the mobile charge car-

riers is inhomogeneous in such a material and using an effec-

tive medium approach it has been shown that the observed

localization-like THz mobility spectrum should be strongly

carrier concentration dependent,26 which is not observed in

kesterite samples.

Due to the employment of pump/probe pulses with a

high time resolution of �100 fs, the conductivity transient

can be scanned by TRTS. The photoconductivity transient

of the NREL sample in Fig. 4(a) is double exponential

with decay times of 100 ps and 2.1 ns. The long decay

component is very similar to life time values in kesterite

thin films reported for time-resolved photoluminescence.

Additionally, the TRTS-derived mobility can be recorded

at different pump-probe delays, which enables the detection

of carrier mobilities at different times after carrier excita-

tion. Such measurements performed for the NREL sample

(Dn¼ 1017 cm�3) show mobility spectra exhibiting carrier

localization already 5 ps after the excitation pulse. At

further pump-probe delays, the spectra show almost no

change and the fitted localization strength c1 as well as the

DC-mobility stay approximately constant as plotted in Fig.

4(b). This shows that carrier localization occurs on a very

fast time-scale below 2 ps rather than via long time trapping

processes, as would be expected from multiple trapping or

multiple hopping.43 Further, the decay of the photoconduc-

tivity in Fig. 4(a) can be assigned to the recombination of

the photo excited carriers as the mobility in Fig. 4(b) is con-

stant for times >5 ps.

Considering the non-stoichiometric composition of the

investigated material and the various experimental and theo-

retical evidence for the presence of bandgap fluctuations

caused in particular, by the presence of Cu-Zn disorder, we

believe that band gap fluctuations are the most likely cause

of the carrier localization observed in our measurements.

Because of the short interaction length estimated above,

these band gap fluctuations must occur on the nm-scale, i.e.,

below 50 nm. This is in line with compositional fluctuations

on the 20 nm scale measured by energy dispersive X-ray

spectroscopy in kesterite single crystals.44

V. DC-MOBILITIES

The observed localization complicates the assignment of

the measured TRTS mobilities to electrons or holes. TRTS

is sensitive to all excited charge carriers and therefore

measures the sum of electron and hole mobilities, i.e., Dr
¼ e(lnDnþlpDp), where Dr, Dn, Dp, ln, and lp are the

induced conductivity, the induced electron and hole concen-

trations and the electron and hole mobilities, respectively. In

the free carrier description, the THz mobilities would be

dominated by the carriers with lower effective mass, which

are the electrons in kesterite.10,30 As the charge carriers in

kesterite are not free but localized, it is not a priori clear if

either electrons or holes are affected more by localization

and which species has the higher mobility.

In Fig. 5, we show the TRTS derived mobilities as a func-

tion of band gap/selenium content. It can be seen that the

mobilities show a monotonic increase with increasing Se con-

tent, with highest values slightly above 100 cm2/V s. The figure

also includes a literature value of a TRTS-derived mobility,10

which is in excellent agreement with the present study. The val-

ues are also similar to mobilities obtained by this method for

Cu-poor state-of-art CuInSe2.
45 In addition, the figure includes

mobilities obtained from Hall and combined IQE-CV-TRPL

measurements reported in the literature.8,9

Inspection of Fig. 5 shows that the charge carrier mobili-

ties obtained for kesterite thin films by different methods

vary by almost two orders of magnitude, while the variation

FIG. 4. (a) Transient of the photoinduced conductivity Dr and (b) localiza-

tion strength c1 and extrapolated DC-mobility lDC of NREL sample at dif-

ferent delay times after carrier excitation.

FIG. 5. Extrapolated DC-mobilites from TRTS of kesterite for different

bandgaps which are representive for different Se/S contents. Comparison of

the mobility measurement by Hall in the IMRA sample and literature values

(open symbols) from TRTS10 as well as an combination of IQE, CV, and

TRPL measurements.8,9 The dashed line indicates higher mobilities for Se

rich kesterites.
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is significantly smaller (factor 4) if only TRTS-derived val-

ues are considered. The mobility derived from the Hall-

measurement performed in this study (l¼ 2.5 cm2/V s) is

significantly lower than the values obtained from either

TRTS or IQE-CV-TRPL, while the values from the latter

two methods are of the same order of magnitude. The low

mobility obtained from the Hall measurement can be

explained either by the fact that the majority carriers (holes)

exhibit a significantly lower mobility than electrons in kes-

terite than electrons or by a dominant influence of grain

boundary scattering.

The mobilities derived from IQE-CV-TRPL are higher

than the Hall mobility but generally lower than the TRTS-

derived values with exception of one data point and show a

large variation of values for a given bandgap value (or sele-

nium content). The large variations are likely a consequence

of the combined individual errors of the three methods IQE,

CV, and TRPL. Especially, the lifetime estimation from the

commonly observed non-exponential TRPL decay and the

frequency dependent space-charge region width from CV are

origins of uncertainties. Further, grain boundaries in the

transport direction may reduce the IQE-CV-TRPL derived

mobility and as different samples possibly contain different

microstructures this may also contribute to the mobility vari-

ation. Under this assumption, the highest minority carrier

mobilities derived by IQE-CV-TRPL would likely originate

from samples where no grain boundaries are present in the

transport direction and therefore represent intragrain values.

The intragrain TRTS-mobilities lie right in the middle

of the highest minority carrier IQE-CV-TRPL mobilities

(Eg¼ 1.15 eV). This is a strong indication that the TRTS-

mobilities are indeed minority carrier (electron) mobilities

relevant for the estimation of charge carrier diffusion lengths

and that the high value IQE-CV-TRPL derived mobilities are

not hindered by grain boundaries. The fact that the TRTS

mobilities for higher Se/S contents result in higher mobili-

ties, while still showing localized charge dynamics, leads us

to hypothesize that bandgap fluctuations caused by cation

disorder are less severe for the material with higher selenium

content. The variation in TRTS-mobilities for similar band

gap values (or selenium content) is within 20% and shows

the high reliability of the method.

VI. CONCLUSION: CONSEQUENCES FOR KESTERITE
SOLAR CELLS

From the estimated minority carrier mobilities and typi-

cal minority carrier lifetimes found for kesterite samples, the

diffusion length for electrons can be estimated using

L¼ (lkBTs/e)0.5. For a lifetime of s �2.1 ns measured for the

NREL sample by TRTS and the mobility l¼ 140 cm2/V s

we get L � 860 nm, which is slightly smaller than the film

thickness of d � 1 lm. Therefore, a minor fraction of the

photo carriers is not collected in the finished solar cell. An

increase in diffusion length to values L � d could be

achieved by either increasing the minority carrier lifetime

and/or by increasing the carrier mobility. If we compare

both values to the properties found for CIGSe, then it is

apparent that the lifetime in Kesterite is much lower (1–5 ns

compared to 50–250 ns) while the mobilities are comparable

(30–140 cm2/V s vs. 100–200 cm2/V s). This indicates that

the minority carrier mobility is not a real fundamental limit

to photocurrent collection and thus device efficiency. On the

other hand, an increase of the mobility would still increase

the diffusion length and thus increase the efficiency, espe-

cially if thicker devices are used in order to maximize

absorption also for the longer wavelengths. This could be

achieved by reducing the band gap fluctuations, thus reduc-

ing localization that has been found in this study to limit the

mobilities. Previous studies on stoichiometric CuInSe2 have

shown Drude-like charge carrier dynamics with no sign of

carrier localization, yielding TRTS-mobilities of up to

1000 cm2/V s (Ref. 46) which in turn compares to mobilities

found for epitaxial layers of InP or GaAs where also no

charge carrier localization was detected.47,48
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