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. The knowledge of minority carrier lifetime of a semiconductor is important for the assessment of its
quality and design of electronic devices. Time-resolved photoluminescence (TRPL) measurements
offer the possibility to extract effective lifetimes in the nanosecond range. However, it is difficult to
discriminate between surface and bulk recombination and consequently the bulk properties of the

: semiconductor cannot be estimated reliably. Here we present an approach to constrain systematically

. the bulk and surface recombination parameters in semiconducting layers and reduces to finding the

. roots of a mathematical function. This method disentangles the bulk and surface recombination based

. onTRPL decay times of samples with different surface preparations. The technique is exemplarily
applied to a CulnSe, and a back-graded Cu(In,Ga)Se, compound semiconductor, and upper and lower
bounds for the recombination parameters and the mobility are obtained. Sets of calculated parameters

. are extracted and used as input for simulations of photoluminescence transients, yielding a good match

° to experimental data and validating the effectiveness of the methodology. A script for the simulation of

. TRPL transients is provided.

Minority carrier lifetime 7 is generally evaluated by using time-resolved photoluminescence (TRPL) in thin film
semiconductors, such as Cu(In,Ga)Se, (CIGS)!-°, CdTe® or perovskite’°. However, these photo luminescence
(PL) decay times are influenced by surface recombination and hence do not yield the bulk lifetime, which is a
. desired value indicating the quality of the semiconductor under test. A straightforward extraction of the bulk
. lifetime from the measured decay of the PL signal is generally not possible since various recombination channels
. happen simultaneously and are also influenced by diffusion processes!!. An interpretation of the TRPL decay time
. as the bulk lifetime leads in turn to an underestimation, which might result in incorrect conclusions. Fitting
: approaches are also not well suited as several sets of parameters can generally very well reproduce the experimen-
. tal transients. Several methods were proposed to decouple the effects of diffusion and surface recombination from
. the bulk recombination. Transient reflectance spectroscopy was proposed to measure the surface recombination
as well as the diffusion into the bulk on perovskite single crystals'? but can only be applied to free surfaces. On the
other hand, passivated surfaces are required to stabilize the interface properties and cannot be measured with the
. method proposed in'?. The extraction of charge carriers facilitated by hole or electron transporting layers has also
© been used as a measure for the bulk lifetime and diffusion coefficient of perovskite absorber layers®!’. In that case
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Figure 1. Model for the TRPL interpretation. Parameters describing non radiative recombination are the
surface recombination velocities at the front and back side of the absorbers S, and S, as well as the bulk
lifetime 7y and mobility 1 of the CIGS absorber. The radiative recombination is taking into account with
Trad= 1.7 is.

however, the drift of charge carriers'® due to a built-in electric field was not taken into account, leading to an
underestimated bulk lifetime and an overestimated diffusion coefficient.

Another method was proposed by Barnard et al.'* and Kuciauskas et al.'® that is based on two-photon excited
TRPL. With this method carriers are excited deeper inside the bulk of the semiconductor, which decreases the
influence of the front surface recombination on the initial decay characteristics of the PL signal'*!>. Still, the
mono-exponential tail decay time only corresponds to an effective lifetime governed by bulk- and surface recom-
bination and not the bulk lifetime of the semiconductor'.

Ahrenkiel and Johnston proposed an approach based on resonant-coupled photoconductive decay data in
the microsecond range to determine the surface recombination velocity and diffusion constant for Si wafers'®. A
multi-dimensional least square fit is applied to discriminate the obtained parameters. Hempel et al.'” followed a
similar approach by using terahertz spectroscopy, which allows a resolution of 0.1 ps and therefore enables the fit-
ting of the initial decay curve and thus the surface recombination velocity for thin films with carrier dynamics in
the sub nanosecond range. However, this methodology cannot be adapted to TRPL data due to a limited temporal
resolution!’. In particular, we show by simulations that a large range of parameters can describe reasonably well
the PL decay curves, which limits the use of such a fitting approach.

Staub et al. determined an upper limit of the surface recombination velocity assuming that the non-radiative
lifetime is solely caused by interface recombination’. This approach might be useful for high PL decay times
observed for instance in high quality perovskite layers’, however, might not yield reasonable limits for other thin
film technologies with lower effective lifetimes.

In this paper we present a technique based on the mathematical treatment of PL decay times acquired from
compound semiconducting layers with different front and back surface modifications. A model involving sur-
face and Shockley-Read-Hall (SRH) recombination as well as diffusion of excited charge carriers is applied to
discriminate these recombination channels. The analysis is carried out on CulnSe, (CIS) and single back-graded
Cu(In,Ga)Se, (bg-CIGS) layers used in solar cells'® with various surface modifications. These materials were
chosen due to their complexity and the possibility to introduce a bandgap grading throughout the semiconduct-
ing layer. However, the approach can be applied to other semiconducting material systems as well. Based on the
model, upper and lower bounds for the surface recombination velocities are extracted as well as estimates for the
bulk properties such as the minority carrier mobility and bulk lifetime. A Matlab script is used to simulate tran-
sients based on possible sets of parameters, which reproduce the experimental transients. The source code of this
script is available in the Supplementary Information.

The manuscript is structured as follows: section 2 introduces the theoretical background for the analysis of the
TRPL decay time based on bulk and surface recombination contributions. Section 3 describes the experimental
details for the measurement of TRPL transients as well as the sample preparation. The analysis of the decay times
and the discussion of material and interface parameters are given in section 4. Simulated transients using sets of
parameters extracted from the mathematical methodology are presented in section 5. The range of valid values
for all parameters involved in the underlying model is discussed.

Theoretical background

Device model and mathematical solution for aTRPL transient. Inorder to analyze the PL transients
the model shown in Fig. 1 is used. It assumes an absorber layer with a homogeneous non-radiative bulk lifetime
Tsryy and mobility pi. In particular, the electron and hole mobilities ;¢ are assumed to be equal and hence no ambi-
polar transport is considered. Thus, in low injection conditions (as realized in the experiments in the present
paper), the minority carrier lifetime is probed, while in high injection conditions the smaller mobility of the two
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rad. rec. coefficient B em’s™' |1.67 x 10710
absorption coefficient o um™t | 8.12
absorber doping Py cm™> 3.5 x 10°
absorber thickness d pm 3.0

eff. density of states N, N, om™? 2 x 10
temperature T K 300

Table 1. Parameters used for simulating PL transients.

charge carriers is probed". Also 7y, is equal for electrons and holes, which can be realized by midgap defect
states according to 7gz;; = 1/v,;,0N, (under low injection conditions®’), where v, is the thermal velocity of free
charge carriers, o the capture cross section for electrons and holes of the midgap defect state and N, its total den-
sity. In addition, surface recombination at the front and back side of the absorber is included and is described by
the recombination velocities S, ,, and S, ;. respectively.

The radiative recombination rate R, is described by

R4 = B((ny + An)(p, + An) — nyp,) 1)

The equilibrium densities for electrons and holes are denoted by i, and p, respectively and the excess electron
and hole density by An. For a p-type semiconductor (p, > n,) and under low injection conditions (p, > An),
Eqn. (1) reduces to

An
Trad (2)

with the radiative lifetime 7,,, = 1/Bp,*'. For Eqn. (2) it is assumed that An = Ap, i.e. without trapplng and charge
carrier separation. The radlatlve recombmatlon constant B is taken from ref2 and is set to1.67 x 10~ ' cm’s ™ (see
also Table 1). Capacitance voltage measurements were applied to determine p = 3.5 x 10"°cm™> (see Supplementary
Information B for more details). Thus, the radiative lifetime evaluates to 7, ,; &~ 1.7 psand is kept constant in this study.

Rmd - BpoAn =

Mathematical solution. For a mathematical solution of the PL transient the continuity Eqn. (3) including drift
and recombination needs to be solved.

0An kT 8*An
% —Rq — Ry + £

_ _|_

R 3)
where g denotes the generation profile of the laser pulse (see Eqn. (13). In the following, the pulse is assumed
infinitesimal short, i.e. exc(t) = 6(¢) with i, the number of photons per pulse and area. Solutions for other pulse
profiles can then be obtained by convolution'". Using low injection conditions for the radiative and SRH recom-
bination rate R, ,; and Rggyy, Eqn. (3) reads

2
dAn __An[_+L]+ukT6Azn
ot Ted  Tsr) 4 0z )

The solution for Eqn. (3) was calculated (without 7, ;) using the surface recombination velocities S, and S,
as boundary conditions'"?2. The solution (including 7, in this case) reads'"?>*:

An(t, z) = Ay + D A Uz)exp(—1n,t)
k=1 (5)
with
1 1 )
n, =—+ — + DG
Y Ted Torm (6)

and
D(Spox + S 15
tanﬂkd __ ( back fron;) 2k
Sbacksfront -D ﬁk (7)

Here D = 1kT/q denotes the diffusion constant and d the thickness of the semiconductor layer. The functions
Ui(z) and prefactors A are dependent of the surface recombination and are given by'"*
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U(z) = cosfBiz + Ds—gksinﬁkz ®)

fddz exp — azU(z)
n 20

f&k =
L et ©

Equation(7) is solved numerically for 5, with0 < 3, < 3, < .... As the § coefficients are strictly increasing
with k, the contribution to An(t, z) of the summed terms at later times is decreasing exponentially due to the term
exp(— nkzt) in Eqn. (5). Consequently, the decay at long times of a measured transient can be described by using
only the first term with k = 1, which describes the recombination at the surfaces and in the bulk!'"*. Note that
A, = Oifeither of the surface recombination velocities is non-zero®. Consequently, at late times Eqn. (5) reduces
to

An(t, z) = AlUl(Z)eXP{—

1 1
o Dﬁflt
Trad  TSRH

(10)

Late times refers to the time until the injected carriers diffused into the semiconducting layer and are in quasi
equilibrium, i.e. the surface recombination constant is not dependent on time anymore. Maiberg et al. showed
that diffusion takes place within a few ns for a mobility >10 cm*V~'s' and a layer thickness of 3 ym.
Experimentally, this can be observed by a single exponential decay.

As A, and Uj(z) are time independent in Eqn. (10), the effective lifetime T can be written as

1 1 1 1
_ = — {_ _— 4_ —_—
T Trad  TSRH  Tourf (11)
with
1
— =Dg}
7;urf (12)

It is stressed that the surface term 7, . includes the surface recombination at the front- and the backside via Eqn.
(7) as well as the mobility, which is included in the diffusion constant. Therefore the effective tail decay time 7,;
can be expressed as a function of 4 free parameters: Spont> Seack> I Tri-

In section 4 the expression (11) is used to calculate the effective lifetime based on these four parameters. Then
the comparison to experimental PL decay times allows deducing boundary values for these 4 parameters. It is
pointed out that good analytical approximations for Eqn. (7) exist in the two special cases: S, = Sj,,q = S 0Or
that either of the recombination velocities is zero'"*>. However, in the general case of S, = S, = 0, which is
used in the present paper, Eqn.(7) needs to be solved numerically.

Recently, trapping of minority carriers has also been proposed to influence the measured decay tail time
which was mainly motivated by a strong temperature dependence of the decay tail time?®. While trapping was
included into the model presented in?, no temperature dependent transients were measured. Redinger ef al.
measured temperature dependent transients in air and in N, environment and showed that the strong temperature
dependence can result from a degradation of the front surface?®. For the CIS and the bg-CIGS absorbers investi-
gated in this study the TRPL curves do not show a strong temperature dependence and thus might be explained
solely by the temperature dependence of the Shockley-Read-Hall recombination rate (see Supplementary Fig. 3).
It is noted that this argument alone is not sufficient to exclude an influence of trapping. However, due to simplic-
ity, trapping is not included in the analysis presented in this paper.

25-27
>

Simulations of time-resolved photoluminescence transients. If not mentioned otherwise, 1D sim-
ulations of PL transients were carried out using a Matlab script, which is provided in the supporting information.
The script solves the drift-diffusion equation as well as the continuity equation for electrons and holes. Bulk
defects are implemented using SRH statistics and surface recombination by surface recombination velocities. The
Poisson equation is not solved and hence ambipolar transport is not taken into account. Further details concern-
ing the physics of the Matlab script are given in Supplementary Information A.

The conduction band grading for one of the semiconductor under test (see section 3.2) is implemented on
each mesh point by a potential energy for the electrons. Material parameters used for the simulations are listed
in Table 1. Other parameters, such as bulk lifetime, surface recombination velocities and mobilities are estimated
and discussed in the main text.

In order to verify the results obtained by the Matlab script a number of transients with relevant parameter var-
iations were simulated using Sentaurus TCAD, see supporting information A. For TCAD simulations the graded
conduction band was implemented by splitting the semiconductor region into 40 sub-regions and by linearly
interpolation between these regions subsequently.
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Figure 2. Sample modifications for measuring the same absorber with different surface conditions.

Optical generation. Experimentally, free electron-hole pairs are generated by a pulsed laser, as described
in the experimental section 3.1. For the simulations the absorption and hence the generation is described by
Beer-Lambert law according to

gz, 1) x nwexc(t)aexp(—az) (13)
with the absorption coefficient « = 8.12 ym™" at 639 nm, which was determined by in-house measurements of
CIS layers®. The normalized function exc(t) describes the shape of the laser pulse, which is used for simulated
transients (section 5), and the « factor normalizes the exponential term. The total number of injected

electron-hole pairs per pulse and per area . is estimated from the laser power and excitation spot area.

Experimental

TRPL measurements. For TRPL measurements the sample is excited with a 639 nm laser on a spot of
roughly 50 pm diameter with a pulse FWHM of around 100 ps. The PL emission is collected by an optical system
with numerical aperture of 0.22 and detected by a Peltier cooled InGaAs photomultiplier tube. A monochromator
in the detection chain is set to 0'" order, i.e. the PL transients were spectrally integrated. The excitation density was
estimated by measuring the current of a Si reference cell for the different laser intensity settings used in this study.

Sample preparation. The samples were grown on Mo coated glass substrates by a multistage co-evaporation
process as described in ref.!® (samples CIS and BG2 therein). For the CulnSe, (CIS) sample only In was supplied
as a group-III element during the growth, resulting in a constant bandgap through the depth of the absorber.
For the single graded Cu(In,Ga)Se, (bg-CIGS) sample, Ga was supplied within the first stage of the deposition
process, realizing a Ga gradient only towards the back contact. The front side of the bg-CIGS layer has a bandgap
of around 1 eV similar to the pure CulnSe, absorber and hence similar absorption characteristics'®. The [Ga]/
([Ga] + [In]) (GGI) grading profile as measured by secondary ion mass spectrometry (SIMS) of the bg-CIGS
absorber investigated here is shown in Supplementary Fig. 1. (black line). The layer shows a GGI at the back of
0.28. For simulated transients the GGI grading is implemented as a conduction band grading as detailed in sec-
tion 2.2. Parts of the absorber layers were completed into solar cell devices with a stack of CdS/ZnO/AL:ZnO and
a Ni/Al grid (see ref.!® for details).

TRPL measurements were carried out on the absorbers with various surface treatments, and not on full
devices to exclude severe charge separation effects®. These surface treatments were applied to modify the front
or the back surface of the absorber and consequently the surface recombination velocities. Figure 2 displays the
various configurations and modifications for the front and back surfaces. These configurations can be described
as follows:

i. glued: a thin CdS layer was grown by a 5 minute chemical bath deposition (CBD) process to stabilize and
passivate the front surface of the absorber layer®"*2. The deposition time was kept short to limit the CdS
thickness and to avoid the formation of an electric field due to the formation of a pn junction® (see also the
configuration HAc). After CdS deposition a glass substrate was glued on top with an approximately 30 pm
thick transparent epoxy layer. It was checked that the epoxy layer does not emit parasitic luminescence
during a TRPL measurement. For this configuration the absorber back surface remains in contact to the
Mo/glass substrate.
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Figure 3. Normalized PL transients of the CIS and the back graded CIGS absorber. Various surface
modifications are applied demonstrating the effect of the surface recombination velocity.

ii. delam: The sample is prepared as described for the glued configuration. However, the sample is subsequent-
ly detached from the Mo/glass substrate. The back side of the absorber is not in contact to the Mo layer
anymore, but exposed to air.

iii. HAc: Starting from a finished device the ZnO was removed by 1 min etching (sonication) in 5% acetic acid
(HAc) leaving only approximately 50 nm (24 min CBD) of CdS (see Supplementary Fig. 2). The back side of
the absorber is in contact to the Mo/glass substrate. It is noted that TRPL measurements of the device after
removal of the window layer are very similar to those of an absorber directly after the deposition of a thick
CdS layer (not shown).

iv. HCI: Starting from a finished device the ZnO and the CdS layers were removed by 1 min etching (sonica-
tion) in 5% hydrochloric acid (HCI) leaving the bare absorber surface exposed (see Supplementary Fig. 2).
The back surface is in contact to the Mo/glass substrate. For the CIS sample the HCl etch led to uncon-
trolled flaking of the absorber. Thus, this configuration could only be applied for the bg-CIGS absorber.

v. aged: same as i) but without gluing a glass substrate onto the front side. The sample with a thin CdS layer
did not show any degradation in a TRPL measurement within a few days. However, after storing the sam-
ple in ambient conditions for approximately 3 months a degradation was observed in terms of a faster PL
decay. In the subsequent analysis the configuration aged denotes the condition after the 3 months storage.
It is noted that the configuration glued did not show any signs of degradation.

Results and Discussion

Figure 3 shows normalized PL transients measured on the CIS and the bg-CIGS absorber for the surface modifi-
cations described in section 3.2. In general, the transients show a small initial non-exponential decay (during the
first few ns after the excitation) and a single-exponential decay after approximately 20 ns. The focus of the subse-
quent analysis is the single-exponential decay at late times (after 20 ns). In this regime it is assumed that the sys-
tem can be described by low injection conditions and that the PL decay time can be described by Eqn. (11), i.e. by
a single exponential decay with effective lifetime 7,;. Low injection conditions in this regime are indicated by the
single exponential behavior. In addition, assuming that the carriers have homogenized in the 3 pm thick absorber
(in the single exponential region) results in an excess carrier density of 2.8 x 10" cm™%/3 pum ~ 1 x 10" cm >,
which is below the doping density of 3.5 x 10"°cm . In the following sections the lifetimes were extracted con-
sistently between 20 ns and 80 ns to prevent any influence of possible high-injection conditions and residual
background. As the modification of the surfaces is not expected to influence the bulk properties, the changes in
the decay time for different sample configurations can be assigned to the front and back surface recombination
terms given by TS;} = D@’ In the following, the results obtained for the CIS (section 4.1) and the bg-CIGS (sec-
tion 4.2) absorbers are investigated separately. Subsequently, the obtained recombination parameters are dis-
cussed in section 4.3 and compared to simulated transients (section 5).

Surface recombination analysis for the CIS absorber. Table 2 reports the experimental decay times,
which span from 11 ns (aged) to 48 ns (delam) for the CIS absorber. An important observation is that the decay time
in the delam configuration is strongly increased compared to the glued configuration (see also Fig. 3a, green and blue
curve, respectively). The only difference is the back contact and hence the back surface recombination, which for the
glued configuration (in contact with the Mo/glass substrate) is much stronger. For the following analysis, the surface
recombination velocity of the CIS/Mo interface is setto Sy, 1, = 1 X 10° cms™ ! (see Supplementary Information

SCIENTIFICREPORTS| (2019) 9:5385 | https://doi.org/10.1038/s41598-019-41716-x 6


https://doi.org/10.1038/s41598-019-41716-x

www.nature.com/scientificreports/

CIS 17 48 30 — 11
bg-CIGS 98 105 118 57 34

Table 2. Decay times of measured PL decay curves shown in Fig. 3. The decay times were extracted from a
single exponential fit in the range 20 ns to 80 ns.
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Figure 4. Estimation of the valid parameter values of 7y, 1t and the unknown surface recombination velocity
of the corresponding sample configuration according to Eqn. (14) for the CIS absorber. The pale color maps in
the background indicate the parameters satisfying Eqn. (14) when only a single measurement for the indicated
configuration is taken into account. The bright (and smaller) color map is the intersection of all individual
color maps. These bright maps take also the restrictions for 7 and p into account, which are given by the
measurements of the other configurations.

B for further discussion). It is noted that similar results are obtained with a weaker S, ;o = 1 x 10° cms 'anda
stronger Sy, 1o = 1 x 107 cms™ ' back surface recombination velocity (not shown).

In the following, a systematic approach is described to confine the value range of the remaining parameters
based only on the effective decay times presented in Table 2. As discussed in section 2.1.1 each of these effective
decay times is determined by a set of parameters (7,,, 14> Spont> Space) through Eqn. (11).

To explore the parameter space a numerical solution has been calculated to the equation

Texp,i — eﬂ(ﬁmlk’ s Sfront, i’ Shack,i) (14)

where 7, ; denotes the experimentally measured lifetime for the configuration i (glued, delam, HAc, aged)
reported in Table 2. For the configurations in contact with the Mo substrate the back surface recombination veloc-
ity was set to the fixed value S, , = 1 x 10°cms ™" as described above. For the delam configuration the front
surface is the same as for the glued configuration and therefore S, joium = Spont giuea- CONsequently, for each
configuration the parameter space to Eqn. (14) is reduced down to 3 free variables. By imposing values to the
(Thup 1) parameters, a solution may be found for the surface recombination velocity such that Eqn. (14) is ful-
filled. Figure 4 presents the solutions to the surface recombination velocity as a function of the two absorber
parameters 7, and y, for each sample configuration. A white background indicates that no solution exists for
that particular combination of (7, 1t). The pale colors represent combinations of (7, ) were solutions were
found based on Eqn. (14), for each configuration separately. Thus, each configuration results in different restric-
tions to the parameter space. As the same absorber is used for all surface configurations, the values for 7, and x
are expected to be the same and independent of the surface configuration. Therefore, valid (7, 1) values must
allow solutions for each and every sample configuration. These regions are obtained by the intersection of the
valid parameter space of each individual configuration and are displayed as bright regions in Fig. 4. These maps
show that the parameters governing the recombination can effectively be confined by measurements on different
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Sprontgiued | 1S 53 x 10° 9.1 x 10° |3.0 x 10> |1.8 x 10°
Sponac | cms! 0 1.4 x 10° | 4.4 x 10" |1.4 x 10°
Sfranl,aged cms™! 2.2 x 10* | oo 3.2 x 10° |00

S front,Hl cms™! n/a 1.4 x 10> 4.7 x 10°
Spack,delams | €M™ 0 1.9 x 10° |n/a

Thulk ns 117 ] 132 0

Iz cm?V-lsT! 32 45 8.3 00 (*)

Table 3. Boundary values for the surface recombination velocities and the absorber properties based on
the mathematical analysis presented in sections 4.1 (CIS) and 4.2 (bg-CIGS). For the calculations of the CIS
absorber a surface recombination velocity at the Mo interface was chosen to be Sy, 0, = 106 cms ™.

(*) Simulations of transients could provide an upper limit to the mobility y in the bg-CIGS absorber.
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Figure 5. (a) TCAD simulations of the electron density within the back graded absorber bg-CIGS for different
times after the excitation pulse. The back grading results in a decreased electron density towards the back
confining the electrons within an effective depth d o (b) Calculated effective thickness for the back graded
CIGS absorber according to Equations (7) and (11) with the same parameters 7y, Sgon» 1t as used by the TCAD
simulations.

sample configurations (glued, delam, HAc, aged). Boundary values for each recombination parameter are then
extracted by minimum and maximum value in each (intersected) map and are listed in Table 3. The mobility is
confined between 32 and 45 cm®V ~'s™ ! and the bulk lifetime takes values above 117 ns. This value is significantly
larger than the highest measured decay time (48 ns for the delam configuration) and shows a clear influence of the
surface recombination on experimental data.

In section 4.3 three parameter sets P1, P2 and P3 obtained from this approach will be used as input for sim-
ulated transients. It will be shown that the parameters indeed result in correct decay times and can describe the
experimental transients with a reasonable match.

Surface recombination analysis for the bg-CIGS absorber.  Figure 3b shows the experimental tran-
sients for the configurations used for the bg-CIGS absorber and Table 2 reports the extracted decay times.
Compared to the CIS absorber the transients for the glued and the delam configuration are very similar, demon-
strating that the Ga back grading (increase of GGI by 0.28) efficiently prevents the recombination at the back
contact. Simulations support this assumption (presented in Supplementary Fig. 4), which show that a conduction
band increase of 193 meV towards the back contact (equivalent to a GGI at the back contact of 0.28) yields tran-
sients independent of the back surface recombination velocity. The recombination at the back contact is prevented
by a very low electron density in this high bandgap region, while the electrons are concentrated in the low band-
gap region (Fig. 5a). This effect is accounted for in the solution of Eqn. (11) by modeling the bg-CIGS absorber as
an ungraded layer with a thinner effective thickness d, and a low back surface recombination velocity. In order
to seta reasonable d,; value, TCAD transients were simulated implementing the grading shown in Supplementary
Fig. 1 using a few sets of input parameters S;,.., Sy, K> Ty The simulated decay times were used in the
model of Eqn. (11): by imposing the same Sfmm, t> T,y Parameters and S, = 0 cms ' a solution of the effec-
tive thickness d,; is calculated and presented in Fig. 5a. The solution of d,  is consistently between 1.4 and 1.6 pim
and matches roughly the absorber depth, where the increase in the conduction band corresponds to the thermal
energy k,T. Thus, for the ongoing analysis of the bg-CIGS absorber a value of d,;; = 1.5 um was used and S,
was set to1 cms ™', which represents a passivated back contact.
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Figure 6. Solutions of the parameters for 7,,; and ;¢ and the surface recombination velocities for the bg-CIGS
absorber based on Eqn. (14). The pale areas indicate the solution when taking into account only one decay time
for the corresponding sample configuration. Bright areas indicate solutions considering the solutions for all
configurations.

Figure 6 shows the valid parameters based on the numerical analysis as similarly carried out for the CIS sam-
ple in section 4.1. No map is shown for the delam configuration as it is similar to the glued case due to similar PL
decay times (see Fig. 3b and Table 2). Each map shows the solutions obtained from each individual measurement/
configuration (pale areas) as well as the combined solutions (bright areas). The upper and lower bounds are pre-
sented in Table 3. The estimates of the surface recombination velocities are comparable to these of the CIS
absorber. However, no upper bound of the mobility 1 could be identified for the bg-CIGS absorber, which may
take large values. In contrast, the mobility in the CIS absorber was quite well confined. The reason for that will be
discussed in section 4.3.

Discussion and comparison to simulated transients. Table 3 compiles the boundary values estimated
from the mathematical analysis of the decay times, for both CIS and bg-CIGS absorbers. While there is a small
difference for S, .4 there is a good match for the two recombination velocities S, 4. and Sg;1 ggea-

Concerning the bulk properties for the CIS absorber the mobility could be confined between 32-45 cm*V ~'s ™!
and a lower bound of 117 ns for the SRH lifetime 7g;; was determined. It is stressed that this lower bound of 7y,
is much larger than any measured PL decay time demonstrating the influence of surface recombination. For the
bg-CIGS absorber only a lower limit of 8.3 cm*V ~'s ! is identified for the mobility but no upper limit could be
deduced. The reason is that for the bg-CIGS absorber no configuration exists with a high enough surface recom-
bination velocity (the back surface is passivated due to the GGI grading). Thus, the parameters (7, 41, Spy,,,) Can
always be chosen such that the surface recombination rate is limited by the surface recombination velocity and
not by the mobility of the charge carriers, which have to diffuse to the recombinative surfaces. Ahrenkiel?? gives
approximate analytical expressions for Ty i the limiting cases of small and high values for y = S (with
S = Siont = Spack for simplicity). For small values of y (i.e. small surface recombination velocity compared to the
mobility) the approximation using tan 3,d = 3,d can be applied to Eqn. (7) and it is found*

Lol
“7 ™ 28 (15)
Clearly, the surface recombination is not dependent on g, which in turn cannot be confined. In contrast to the
bg-CIGS absorber, the CIS absorber exhibits a highly recombinative back contact due to the Mo and the absence
of a bandgap gradient. Looking at the decay time and the parameter map in Fig. 4 for the HAc configuration, the
mobility cannot be increased arbitrarily since for high S, (Syuck.110 = 10°cms ™) the surface recombination is
mobility limited by diffusion to the recombinative surfaces resulting in*?
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Figure 7. Simulated (colored) and measured (black) transients based on three parameter sets (P1, P2 and P3)
deduced by the mathematical considerations in section 4.1. See also Fig. 4 for details of P1, P2 and P3.

Tt = pre (16)

These limiting cases show that a measurement with a highly recombinative surface is necessary for confining
the mobility towards large values.

An upper limit for the SRH lifetime 7g;; could neither be deduced for the CIS nor for the bg-CIGS absorber,
since the parameters can always be chosen in a way that the effective decay time is limited by surface
recombination.

Due to the large spread in (valid) parameter values for 7g,; and p, it cannot be conclusively evaluated if the
difference in the measured decay times (bg-CIGS and CIS absorber) is solely due to a passivated back contact for
the bg-CIGS absorber, or if also the bulk properties 7, and p are improved for the bg-CIGS device.

Simulation of Transients.  In the following, simulated TRPL transients confirm the validity of the mathematical
approach, and are used to evaluate if more information can be extracted from the measurements. The transients are
simulated using the Matlab script for the parameter sets annotated in Fig. 4 (CIS absorber) and Fig. 6 (bg-CIGS
absorber) and are shown in Figs 7,8, respectively. Estimations of the experimentally injected charge carriers are imple-
mented, and the transients are scaled (same factor for all transients) to account for the collection efficiency of the optical
system. For all configurations, the injection levels were set to 6.4 x 10' cm pulse" (low power),
5.3 x 10" cm2pulse”" (med. power) and 3.6 x 10'* cm ™ *pulse”" (high power). Except for the HAc configuration
(see discussion below), a good match for the PL yield is found.

By comparison of the simulated transients with the experimental transients at medium power a good match
between the decay times (slopes of the transients) between 20 and 80 ns (time range used as input for the math-
ematical analysis, see Table 2) is observed. Consequently, the mathematical analysis of the decay times is indeed
well suited to determine reasonable device parameters. In particular, the approach of defining an effective thick-
ness d,g (for a certain back grading) as described in section 4.2 works reasonably well.

Concerning the transients for the CIS absorber a good match for all injection levels is found for the glued
(Fig. 7a) and the delam (Fig. 7¢) configuration; also the initial non-exponential decay is well reproduced. Hence,
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Figure 8. Simulated (colored) and measured (black) transients of the bg-CIGS absorber for the parameter sets
G1-G4 as presented in Fig. 6. G1 and G3 are the two sets with rather high mobilities, while G2 and G4 have low
(t but span a large range of Tgpy.

no further confinement of 75, and i values can be made by taking additionally the initial decay into account,
despite the fact that 7, ranges between 117 ns and 716 ns and ;1 between 32 cm*V~'s™! and 45 cm?V~'s™! for the
simulated transients shown in Fig. 7a,c. In particular, this shows that fitting a transient can become problematic
as similar transients are obtained for large deviations of the recombination parameters (in this case only three
parameters: Sﬁm, 1 Toppp)-

For the HAc configuration the decay times as well as the shape of the initial decay are also well reproduced.
However, the experimental maximal PL yield is strongly reduced at low power levels compared to the simulations.
This might hint to the fact that the ~50 nm thick CdS layer after the HAc etch introduces a small electric field,
which separates the injected charge carriers (already during the pulse) and thus quenches the PL yield*. The
simulated transients for the aged configuration deviate slightly and might be explained that the aged surface can-
not be solely described by a surface recombination velocity but probably also surface charge needs to be taken into
account. Despite that, the parameter set for P3 with a rather high surface recombination velocity of
Shont,aged = 5-2 X 10° cms™ ' shows the strongest deviation in the shape of the initial decay and thus might be
exclucfed. Still, this cannot be used to further confine values of 7, or p.

The simulated transients for the bg-CIGS absorber (Fig. 8) can be analyzed similarly. The simulated decays give a
good match with the experimental transients for the configurations glued (Fig. 8a) and HCI (Fig. 8c) except for high
power levels, where experimentally a reduced decay time is observed as compared to lower power levels. Also the shape
of the initial decay is well reproduced except for the parameter set G1 with ;1 = 696 cm>V ™%~ Due to the high mobil-
ity the carriers homogenize rather quickly. Consequently, the non-exponential decay caused by bi-molecular recombi-
nation and diffusion is observed for considerably shorter times (compared to the other three parameter sets with lower
mobilities). Thus, it can be concluded that the mobilities cannot take arbitrarily high values as otherwise the initial
decay is not pronounced enough. The initial decay for the parameter set with ;1 = 50 cm*V ™'~ !still looks reasonable
and thus cannot be excluded. To establish a better confinement for the mobility a more detailed analysis for the bg-CIGS
absorbers needs to be carried out in terms of the initial decay characteristics, which is however not subject of this paper.
The transients for the HAc configuration show a similar behavior as for the CIS absorber, which is a strongly reduced PL
yield at low power levels compared to the simulated transients. Again, this might be caused by an electric field present
due to the CdS buffer layer. The aged transients also deviate slightly as for the CIS case indicating a similar surface mod-
ification (i.e. possibly additional surface charges).
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It is worth noting that Sﬁom’HAc < Sfmm)HCl, with Sﬁom, e < 1.4 % 10%cms ™, which shows the passivating
effect of the CdS buffer layer. Further, it is worth noting that an electric field potentially caused by the CdS layer
(for the HAc configuration) leads to an increased recombination at the front surface due to the attraction of the
minority carriers towards the junction. In that case, the upper bound for the real front surface recombination
velocity S;, ., 114, is even lower.

With these simulations we demonstrate that the mathematical approach is an efficient method to systemati-
cally explore the large parameter space and provide numerical bounds to recombination parameters. In our case,
only marginal information could be gained from the more elaborate transient simulations.

Conclusions

An analysis method is presented to estimate the surface recombination velocities as well as charge carrier mobility
and SRH lifetime values based on TRPL measurements. For this purpose, the surface recombination velocities
are tuned by applying various surface modifications. This enables to explore systematically the parameter space,
to disentangle the contributions of surface and bulk recombination and to determine lower and/or upper bounds
of the parameters.

The mathematical analysis was carried out on a CIS and a single back-graded CIGS absorber. Table 3 presents
an overview of the bounds for the parameters governing the recombination in these systems. In particular, a sur-
face recombination velocity below 1.4 x 10°cms™" was found for the CIS/CdS interface, which is an important
parameter for device simulations. For the CIS absorber the mobility was deduced between 32 —45 cm*V~'s™". For
the bg-CIGS absorber the confinement of mobility values was not as good, as no surface configuration could
cause sufficiently large surface recombination to be mobility limited. For the bulk lifetime 74, a lower limit of
Tsry > 117 ns was determined for the CIS absorber, indicating relatively good bulk properties even though the
highest measured decay time was only 48 ns.

Transients were simulated using a Matlab script with valid sets of device parameters deduced from the math-
ematical analysis as input. Taking the shape of the initial decay into account, high mobilities around
700 cm’V~'s""in the bg-CIGS device could be excluded. However, no further confinement of the bulk lifetimes
could be achieved based on the simulations of transients compared to the mathematical model. Nevertheless, a
good match of the decay tail times is found showing the validity and effectiveness of the mathematical approach.
Even for a large range of parameters, the initial decay is generally well reproduced, demonstrating that fitting
procedures for the determination of the recombination parameters is problematic. In case of a fitting procedure it
is thus recommended to use various excitation wavelengths to vary the shape of the initial decay as for instance
applied in".

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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