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A comparative study with focusing on carrier recombination properties in
Cu,ZnSn(S,Se), (CZTSSe) and the CulnGaSe, (CIGS) solar cells has been car-
ried out. For this purpose, electroluminescence (EL) and also bias-dependent time
resolved photoluminescence (TRPL) using femtosecond (fs) laser source were per-
formed. For the similar forward current density, the EL-intensity of the CZTSSe
sample was obtained significantly lower than that of the CIGS sample. Primarily,
it can be attributed to the existence of excess amount of non-radiative recombi-
nation center in the CZTSSe, and/or CZTSSe/CdS interface comparing to that of
CIGS sample. In case of CIGS sample, TRPL decay time was found to increase
with the application of forward-bias. This can be attributed to the reduced charge
separation rate resulting from the reduced electric-field at the junction. However,
in CZTSSe sample, TRPL decay time has been found almost independent under
the forward and reverse-bias conditions. This phenomenon indicates that the charge
recombination rate strongly dominates over the charge separation rate across the
junction of the CZTSSe sample. Finally, temperature dependent Vo suggests that
interface related recombination in the CZTSSe solar cell structure might be one of
the major factors that affect EL-intensity and also, TRPL decay curves. © 2016 Au-
thor(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/10.1063/1.4944911]

. INTRODUCTION

The second generation thin film solar cells based on chalcopyrite Cu(In,Ga)Se, (CIGS) are
already in the commercial stage. Currently, among the thin film solar cells, the world record po-
wer conversion efficiency of lab-scale CIGS is 21.7%."! However, non-abundant and/or expensive
elements, In and Ga are considered as obstacles to meet future multi-terawatt-scale global en-
ergy demand.>?® Replacing In and Ga in CIGS with earth-abundant Zn and Sn, we can obtain
CuyZnSn(SsSej_x)4 (CZTSSe) which has drawn increased attention as an alternative absorber
layer.*® CZTSSe has optimal band gap (1.0-1.5 eV, depending on the S, Se compositions),'” and
also high absorption coefficient (~10* cm™!) that make it suitable for solar cell application.'! Nev-
ertheless, the highest achieved efficiency, so far, using CZTSSe is 12.6%,'? which is only about
half of the similar structured CIGS-based solar cell. Among the solar cell parameters, poor open
circuit voltage (Vyc) i.e., large Vc-deficiency (Eg/q —Voc) is considered as the primary limiting factor
to achieve the highest possible efficiency in CZTSSe-based solar cells.!* Therefore, further progress

4E-mail: halimtsukuba2012 @ gmail.com

O]
2158-3226/2016/6(3)/035216/8 6, 035216-1 © Author(s) 2016.


http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
http://dx.doi.org/10.1063/1.4944911
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
mailto:halimtsukuba2012@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4944911&domain=pdf&date_stamp=2016-03-23

035216-2 Halim et al. AIP Advances 6, 035216 (2016)

for the CZTSSe based solar cells mostly depends on the deeper understanding of the defects that
lower the Vo relative to its Shockley-Queisser value.'*

Although many factors can affect the V¢ of a solar cell, the charge-carrier recombination in
the junction-region may be dominant. Generally an improvement in the Voc depends on how slowly
the photo-generated carriers recombine with time. Therefore it is crucial to understand charge
carrier generation, recombination, and more importantly the separation of these charge carriers by
the internal electric-field produced in the junction-region. Photoluminescence (PL) spectroscopy
is a widely used technique to study carrier recombination process in the CIGS materials as well
as CZTSSe.>2! However, to investigate the junction quality of the semiconductors, electrolumi-
nescence (EL) proves to be useful.?”~>> Nevertheless, EL-spectroscopy the principle of which is
the exact inverse of the photovoltaic principle has never been used for CZTSSe material systems
so far, although there have been some reports for CIGS materials.?>?* In the present study we
have compared the charge carrier recombination process across the junction regions of CZTSSe
and highly efficient CIGS solar cells. For this purpose, room temperature EL and time resolved
photoluminescence (TRPL) under different external bias have been investigated. A combined study
of the EL and TRPL is crucial to understand the complete carrier recombination mechanism of both
the CIGS and the CZTSSe material.

Il. EXPERIMENTAL

The CZTSSe thin-film solar cell was fabricated at Solar Frontier, Japan. In the cell structure,
the absorber layer of CZTSSe was grown by sulfo-selenization after forming of metallic precursor
stacking by co-sputtering method over a Mo coated soda lime glass substrate. The compositions of
the grown CZTSSe film have been found as [Cu]/[Sn] ~ 1.77 and [Se]/[S+Se] ~ 0.85 as estimated
from the electron probe microanalysis (EPMA). The band gap was estimated to be ~ 1.10 eV as
calculated from the external quantum efficiency data. The CIGS solar cell has been fabricated at the
National Institute of Advanced Industrial Science and Technology (AIST), Japan. CIGS film was
grown by a three-stage process using a molecular beam epitaxy (MBE) system.?® The [Ga]/[In+Gal]
ratio of the CIGS sample has been found to be ~ 0.30 which is also estimated by EPMA. All of
these measurements of EL, TRPL and temperature dependent Voc were performed on the solar cell
structures. A Keithley 2635B source meter has been used as an injection current source for the EL
measurement and also as a voltage source for the external bias dependent TRPL measurement. In
TRPL, photo-excitation was carried out by a mode-locked titanium: sapphire laser with the wave-
length of 750 nm and luminescence signals were detected by an InGaAs based photomultiplier de-
tector. The laser output comprised of 2 and 4 MHz pulse train with a pulse width of ~80 femtosecond
(fs). The diameter of the laser spot on the sample was approximately 70 um and the photon density
per pulse was approximately 10'" photons.cm™2 and it was chosen for excess carrier injection.

lll. RESULTS AND DISCUSSION

EL spectra measured at RT for the CIGS and the CZTSSe devices are presented in the Fig. 1(a)
and 1(b), respectively. The injection current of the measurements was fixed at 2253 mAcm~2 and
2546 mAcm™2, for the CIGS and the CZTSSe sample, respectively. It should be mentioned here that
the conduction band off-set between the n-type CdS window and the CZTSSe (p-type) is signifi-
cantly smaller (AEc~0.4 eV) than that of the valence band off-set (AEy ~ 1.0 eV).?” Almost similar
type of band alignment between CdS and CIGS has also been reported.”® Therefore, considering
the above condition, during EL measurement, as the forward bias flattens the conduction band edge,
electrons can easily be injected into the lower gap p-type absorber layers (both in the CZTSSe and
the CIGS). On the contrary, the higher valence band off-set between the CdS and the CZTSSe or
CIGS blocks the injection of holes from p-type absorber to n-type window material. Obviously, due
to the injection of excess minority carriers in the absorber layer, recombination will take place in the
lower gap region. As the recombination of these excess carriers occurs very near the metallurgical
junction region, quality of both the interface and the depletion region can affect the recombination
mechanisms, therefore, the EL-intensity. It should be noted that, during EL measurement, although
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FIG. 1. Room temperature EL and PL spectra for (a) CIGS and (b) CZTSSe solar cells.

the injection current was slightly higher for CZTSSe sample, corresponding EL intensity is more
than two orders of magnitude lower than that of CIGS device (see the vertical scale of Fig. 1).
It suggests the existence of excess amount of non-radiative recombination centers in the CZTSSe
and/or CdS/CZTSSe interface comparing to that of the CIGS sample. Together with the EL spectra,
the PL spectra of both the CZTSSe and CIGS samples measured under similar optical excitation are
also shown in figure 1. It is interesting to note that the same peak position in both the EL and PL
spectra for the CZTSSe and also for CIGS sample. It suggests, the origin of the luminescence are
due to the similar electronic transition.

The performance of studied samples are given in table 1. Although the band gap of both the
CZTSSe and the CIGS are comparable, there is significant decrease in the Vi of the CZTSSe solar
cell. The loss of V¢ can be attributed to the enhanced non-radiative recombination in the CZTSSe
sample which is also reflected in the reduced EL-intensity as mentioned above.

TABLE I. Device characteristics of CZTSSe and CIGS solar cells under AM 1.5 G illumination.

Sample Eff (%) Voc (mV) Jsc (mA/cm?) FF (%) Eg (eV)

CZTSSe 52 397 33.6 38.8 ~1.10
CIGS 15.9 681 34.0 69.0 ~1.15
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To understand more about the quantitative idea of the carrier-recombination mechanism, we
have performed TRPL from which effective decay time can be estimated. The measured TRPL
decay curves for the CdS/(CZTSSe or CIGS) and ZnO/CdS/(CZTSSe or CIGS) structures are
shown in Fig. 2. An ultrafast laser with pulse-width ~80 fs, and the wavelength of 750 nm has
been used as an excitation source for the TRPL measurement. The corresponding photon energy
(1.65 eV) of the laser excitation is lower than the band-gap energy of the CdS (2.42 eV) and the
ZnO (3.35 eV).?° Therefore, light will be transmitted through these layers and will be absorbed
only in the CZTSSe or CIGS layer in the structure. From the transmittance and reflectance data we
have estimated that the absorption coefficients of the studied CZTSSe and CIGS for the wavelength
of 750 nm are 4 x 10* and 3.8 x 10* cm™! respectively (data not shown here). Taking into account
similar absorption coefficient and the band-gap energy of the CZTSSe and CIGS layers in this study,
we can consider the penetration depth of the 750 nm excitation in both samples is almost similar.
The decay curves could be fitted by a double-exponential function:

Ipp (t) = Cre /"1 + Coe™'/2, (D

where ¢ is the time after a laser pulse excitation, I(¢) is the luminescence intensity at time ¢, C; and
C, are PL intensities of the corresponding PL. components, and 7; and 1 are the fast and slow decay
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4

= Solar Cell (~5 ns)
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FIG. 2. TRPL decay curves for CdS covered and solar cell structure of (a) CIGS and (b) CZTSSe samples.



035216-5 Halim et al. AIP Advances 6, 035216 (2016)

lifetimes. In our study, 7, is considered as an effective decay time for comparison, which is relevant
for solar cell operation. For the determination of the decay time a single exponential fit in the slow
decay avoiding the fast initial decay has been used. In general, the effective decay time, 7. can be
expressed as

1 1 1

=—+—, @)
Teff Tr Tnr

where 7, is the radiative lifetime and 7, is the non-radiative lifetime of the carriers.® In case of a
p-n junction, some of the excited carriers can be drifted out of the depletion region by the built-in
electric field at the junction before recombination. Thus, the population of the available excited
carriers becomes less which would otherwise be recombined with time. Consequently, TRPL decay
curve becomes faster, and hence yields smaller decay time. Therefore, in case of the p-n junction,
T.s can be expressed as

1 1 1 1

=—+ — + ,
Teff Tr Tnr Tdrift

3)

where 7gig is the carrier drift-out time at the junction. From the Fig. 2 at first, it is apparent that
decay time in the CdS covered CIGS layer is ~125 ns which is much higher comparing to that
of CdS covered CZTSSe layer (~ 9 ns). It usually suggests that non-radiative recombination in
CZTSSe is significantly higher comparing to CIGS. Another noteworthy observation is that in
case of CIGS, decay time has been significantly reduced to 5 ns for the ZnO/CdS/CIGS structure
comparing to that of CdS covered CIGS (~ 125 ns). It indicates that 7. strongly depends on
the 7q4in. It has been reported that ZnO, combined with CdS, makes strong electric-field at the
ZnO/CdS/CIGS structure and this electric-field quickly reduces the population of photo-generated
carriers across the junction.’! As a result, PL intensity abruptly falls resulting in extremely lower
TRPL decay time. On the other hand, decay time remains almost similar in both the CdS covered
CZTSSe and ZnO/CdS/CZTSSe structure. This phenomenon can also be attributed to the existence
of large amount of defect states at the CdS/CZTSSe interface and/or bulk of the CZTSSe layer.
These defect states act as more efficient recombination centers whose carrier capture-time is faster
than the carrier drifting time by the internal electric-field. Therefore, we may argue that in CZTSSe
solar cell 7, still remains dominant over 745 unlike the CIGS case.

To investigate more quantitatively about the effect of the electric-field on the carrier dynamics, we
have studied bias dependent TRPL for the ZnO/CdS/CZTSSe (or CIGS) structures. The pulse laser
excited carrier recombination dynamics under different bias conditions are shown in the Fig. 3. As can
be seen in figure 3(a), in case of the CIGS solar cells, the forward bias significantly increases the decay
time and also reverse bias produces shorter decay time as expected. The increase of the decay time
under forward bias condition in CIGS solar cell structure has also been reported by other groups.233
As we have explained before, without applying external bias, photo-excited excess-carriers are sepa-
rated by the electric-field in the junction due to built-in voltage. With the application of forward bias,
the electric-field in the junction-region is reduced, and then carrier-separation becomes less effective
resulting in the longer decay time. On the other hand, reverse bias produces strong electric-field across
the junction that enhances charge separation due to high carrier drift velocity. However, TRPL decay
curves for the CZTSSe sample seems to be independent on the external bias conditions as can be
seen in Fig. 3(b). It suggests 7y;if, is unaffected. The estimated TRPL decay times measured under
different external bias (forward and reverse) conditions are summarized in table II. As we can see,
in CIGS the estimated decay time significantly depends on biasing, whereas in CZTSSe it is almost
independent on biasing. The results, therefore, justify our explanation that the CZTSSe contains high
concentration of recombination center whose capture time is faster than the separation time of the
photo-generated carriers near the depletion region.

To understand whether the carrier recombination mechanism is more active at the interface
states, temperature-dependent Voc measurement has been performed for both the CIGS and the
CZTSSe structure (Fig. 4). The Vo is related with the temperature, T as follows,>*

E AkT N/
VOCZ—A——Xln(ﬂ),
q

q

“

Jsc
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FIG. 3. TRPL decay curves for (a) CIGS and (b) CZTSSe solar cells under different external voltages. The applied voltages
were 1.0V,0.5V,0V,-0.5Vand-1.0V.

where Ea, A, k, Joo and Jsc are the activation energy of the dominant recombination, diode ideality
factor, Boltzmann constant, reverse saturation current prefactor, and short circuit current density,
respectively. Considering A, Jsc and Jy in Eq. (3) are independent of the T, a plot of Voc vs T
should yield a straight line, and the extrapolation of this line to T=0 K gives the activation energy
E. It has been reported that if Schockly-Read-Hall (SRH) recombination mechanism dominates in
the depletion region then Ex will be equal to the band-gap, E, of the corresponding absorber layer.*®

TABLE II. The measured TTRPL decay time for CZTSSe and CIGS devices under different external biasing.

Bias Voltage Decay time in CIGS device (ns) Decay time in CZTSSe device (ns)
+1.0V 21.3 7.2
+0.5V 12.7 6.3
ov 5.1 6.4
05V 44 5.8

-1.0V 33 52
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FIG. 4. Temperature dependent open circuit voltage for CIGS and CZTSSe solar cells from which activation energy of the
dominant recombination was calculated.

On the other hand, if Ej, is smaller than E,, it indicates buffer-absorber interface recombination
more dominant.%37 In case of CZTSSe structure, from the Vo vs T data we estimated E, value to
be around 0.8 eV which is less than the CZTSSe band-gap of 1.10 eV. Such kind of lower Ex value
suggests that the interface-recombination is more dominant than the recombination at the depletion
region of the CZTSSe absorber layer. On the other hand, in case of CIGS structure the E, is almost
equal to the E, of CIGS indicating SRH recombination in the depletion region is more dominant.
Of course, we can not exclude recombination due to localized states at the bulk region, however,
from the above experiments, it seems interface-related recombination is one of the major factors that
affects the carrier recombination dynamics in the CZTSSe device comparing to that of CIGS device.

IV. CONCLUSIONS

We have performed electroluminescence, bias dependent TRPL, and temperature dependent
Voc on the CZTSSe and the CIGS solar cells. A significant decrease in the EL-intensity for the
CZTSSe comparing to CIGS indicates excess non-radiative recombination centers in the CZTSSe
sample. For a CIGS solar cell, carrier recombination rates are observed to be decreased and
increased under forward and reverse bias respectively, i.e. TRPL decay curves are strongly depen-
dent on the external bias voltage. Such kind of carrier recombination behaviors are expected in case
of an ideal p-n junction solar cell. However, in case of the CZTSSe solar cell, the TRPL decay
curves seems to be unaffected under the external bias conditions. These results were attributed to the
increased recombination at the interface and/or at the bulk of the CZTSSe. Finally, the temperature
dependent open circuit voltage suggests that recombination at the CdS/CZTSSe interface is might
be more active in the CZTSSe solar cell structure than CdS/CIGS.
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