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ARTICLE INFO ABSTRACT

Keywords: The open circuit voltage (Voc) deficit of Cu,ZnSn(S,Se)4 (CZTSSe) kesterite solar cells is higher than that of the
Copper zinc tin sulfur selenide closely related Cu(InGa)Se; solar cells. One of the most promising strategies to overcome the large Vo deficit of
Kesterite kesterite solar cells is by reducing the recombination losses through appropriate cation substitution. In fact,
Cations SPbStit“ati‘)“ replacing totally or partially Zn or Cu by an element with larger covalent radius one can significantly reduce the
Monograins concentration of I-1I antisite defects in the bulk. In this study, an investigation of the impact of partial sub-
Photoluminescence

stitution of Cu by Ag in CZTSSe solid solution monograins is presented. A detailed photoluminescence study is
conducted on Ag-incorporated CZTSSe monograins and a radiative recombination model is proposed. The
composition and structural quality of the monograins in dependence of the added Ag amount are characterized
using Energy Dispersive X-ray Spectroscopy and X-Ray Diffraction method, respectively. The Ag-incorporated
CZTSSe monograin solar cells are characterized by temperature dependent current-voltage and electron beam

Electron beam induced current

induced current methods. It was found, that low Ag contents (x < 0.02) in CZTSSe lead to higher solar cell

device efficiencies.

1. Introduction

The p-type semiconductor Cu,ZnSn(S,Se), (CZTSSe) has been the
subject of intensive studies over the last decade as an attractive, non-
toxic absorber for sustainable solar cells. CZTSSe is a challenging
semiconductor compound. Although a promising efficiency of 12.6% of
kesterite-based solar cells was reached in 2013 (Wang et al., 2014),
further advancements have been limited mainly by the non-optimized
absorber properties and the device structure (Siebentritt, 2013). Among
all the efficiency limitations, the low open circuit voltage (Voc) of the
solar cells compared to their theoretical maximum given by the
Shockley-Queisser limit (Shockley and Queisser, 1961) seems to be the
most critical issue to solved. The high density of bulk defect states and
the atomic disorder are accused to cause band tailing leading to the
large Vo deficit in kesterite solar cells (Oueslati et al., 2019; Barkhouse
et al., 2012). The Cug, antisite formation results from the low enthalpy
of formation of the associated defect due to the similarity of the cova-
lent radiuses of Cu™ (0.74 [o\) and Zn2* (0.74 }o\) cations (Li et al., 2018)
leading to high concentration of bulk defects, pinning of the Fermi level

in the middle of the bandgap and limiting the V¢ of the device (Chen
et al., 2013). One of the most promising strategies to overcome the
large Vo deficit is by reducing recombination losses related to Cu-Zn
disorder in the absorber through appropriate cation substitution. In
fact, replacing Zn or Cu completely or partially by an element with a
larger covalent radius increases the enthalpy penalty for the I-II site
exchange, which should significantly reduce the concentration of bulk
defects (Gershon et al., 2016). Silver (Ag*) with a relatively large
covalent radius of about 1.14 A (Li et al., 2018) is a good candidate to
replace the Cu*. Both elements belong to the same chemical group and
partial substitution of Cu by Ag in the CZTSSe system will likely sup-
press the cation disordering and the associated band tailing. Further-
more, Ag-incorporated Cu,ZnSn(S,Se), offers a way for widening the
bandgap making this compound an important candidate for tandem
solar cell applications (Jing et al., 2015). The influence of Ag in-
corporation on the CZTSSe thin film solar cell device performance has
already been studied by several research groups (Gershon et al., 2016;
Guchhait et al., 2016; Qi et al., 2017). Gershon et al. reported that the
extent of band tailing in the CuyZnSnSe, (CZTSe) semiconductor is
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decreasing with increasing the content of Ag based on the comparison
of the optical bandgap extrapolated from transmission data and the
position of the room-temperature photoluminescence peak (Gershon
et al., 2016). Guchhait et al. reported an increase of the Voc and device
efficiency resulting from the incorporation of Ag in Cu,ZnSnS, (CZTS)
which is found to improve the grain size, enhance the depletion width
of the p-n junction and reduce the concentration of antisite defect states
(Guchhait et al., 2016). Qi et al. showed that the power conversion
efficiency of the solar cells based on the Ag-incorporated CZTSSe ab-
sorbers was successfully improved from 7.39 to 10.36% by reducing the
formation of Cug, antisite defects as evaluated by the deep-level tran-
sient spectroscopy technique (Qi et al., 2017). There is no clear corre-
lation between the measured Ag concentration in the absorber layer
and the claimed improvement of the solar cell parameters among the
cited studies. In fact, only low Ag content (lower than 10%) is reported
to be beneficial for solar cell performance whereas higher amounts lead
to lower performance as found in (Gershon et al., 2016; Qi et al., 2017).
Few reports focused on the substitution impact on the fundamental
properties of the material. A systematic research on the crystallographic
and optical properties of both types (Ag,Cu)»ZnSnS, (ACZTS) and
(Ag,Cu)2ZnSnSe, (ACZTSe) solid solutions with a varied ratio of [Ag]/
([Ag] + [Cul) was performed by Gong et al. confirming the tetragonal
kesterite-type structure in both cases (Gong et al., 2015). However, very
little information is known about the electronic properties of
(AgxCuj —5)2ZnSn(S,Se), (ACZTSSe) in the form of solid solution
monograins for photovoltaic applications. Inspired by the above men-
tioned encouraging experimental results obtained using thin film ab-
sorber layer, the present study aims to reveal the effect of partial sub-
stitution of Cu with different amounts of Ag in the kesterite monograins
on its electronic and optoelectronic properties. A detailed photo-
luminescence (PL) study is conducted on ACZTSSe monograins and a
radiative recombination model is proposed. The corresponding
ACZTSSe monograin solar cells were studied by temperature dependent
current-voltage (IVT), external quantum efficiency (EQE) and electron
beam induced current (EBIC) methods.

2. Experiment description
2.1. Synthesis of ACZTSSe monograins

The ACZTSSe monograins were synthesized in molten flux po-
tassium iodide (KI) at 740 °C (above the melting temperature of the
flux) for 88 h from elemental 5 N purity precursors: Cu, Ag, Zn, Sn, Se
and S. The mixture of the precursors and flux were inserted into quartz
ampoules. The Ag is added as elemental precursor to the precursors
mixture in various concentrations and the ratio [Ag]/([Ag] + [Cul) is
presented as x throughout the manuscript referring to the input
amounts introduced to the system. The Ag-incorporated kesterite solar
cells usually adopt low Ag content (lower than 10%). The contents
investigated here are X = 0, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.08. The
Ag-free sample (x = 0) is considered as a reference material. After the
synthesis of the monograins, the flux (KI) was removed by washing with
deionized water at room temperature, after which the monograins are
dried and sieved to narrow fractions (Additional Material Fig. Ala). A
heat treatment step at 740 °C for 35 min is needed to heal the mono-
grain’s surface.

2.2. Solar cell devices fabrication

To form a p-n junction on each monograin, the heat-treated
monograins were covered by a thin cadmium sulphide (CdS) layer using
the chemical bath deposition method. By partially embedding the
monograins with desired size (50 to 60 um) in a thin layer of polymer,
so-called monograin layer (MGL) is prepared (Additional Material Fig.
A1b). Solar cell devices where the monograins are connected in parallel
are completed in a standard process using i-ZnO/ZnO:Al as a front
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contact and graphite as a back contact. A more detailed description of
monograin synthesis and the device preparation can be found else-
where (Kauk-Kuusik et al., 2018; Neubauer et al., 2018).

2.3. Characterization and analysis

The composition and structural quality of the monograins were
characterized using Energy Dispersive X-ray Spectroscopy (EDX) and X-
Ray Diffraction (XRD) methods, respectively. The EDX study was per-
formed on a Zeiss MERLIN scanning electron microscope operated with
an accelerating voltage of 20 kV using a Rontec EDX XFlash 3001 de-
tector. The cross-section electron beam induced current (EBIC) in-
vestigation was conducted with the same instrument. The crystal
structure of the studied ACZTSSe monograins was determined by XRD
using a Rigaku Ultima IV diffractometer with monochromatic Cu Kal
radiation (A. = 1.5406 A) at 40 kV and 40 mA operating with the silicon
strip detector D/teX Ultra. The phase analysis and lattice parameters
calculations were made using software on the Rigaku's system PDXL2.
Time resolved photoluminescence (TRPL) measurements were acquired
with a Hamamatsu C12132 near infrared compact fluorescence lifetime
measurement system, in which the monograins were illuminated with a
15 kHz, 1.5 ns pulsed 532 nm laser with 1.38 mW average laser power.
For photoluminescence (PL) measurements, the samples were mounted
in a closed-cycle He cryostat enabling variation of temperature between
10 and 300 K. The 442 nm He-Cd laser line was used as an excitation
source and its intensity was attenuated with a range of neutral density
filters. An InGaAs detector from Hamamatsu was used to detect the PL
signal. The current-voltage (I-V) measurements at room temperature
were performed under AM1.5 illumination condition using a Newport
Oriel solar simulator system (class AAA). For the temperature-depen-
dent current-voltage measurements, solar cells were mounted in a
closed-cycle He cryostat. The I-V(T) curves were measured with a
Keithley 2401 Source Meter under 100 mW/cm? illumination using
calibrated intensity from a halogen lamp. The external quantum effi-
ciency (EQE) measurements were carried out by means of a Newport
Oriel 300 W Xenon lamp with a Cornerstone 260 monochromator at
room temperature. The EQE measurements were done under chopped
light in the wavelength range between 350 nm and 1100 nm. For im-
pedance measurements at room temperature, a Wayne Kerr 6500B
impedance analyser was used. The measurements were carried out in
the dark with AC voltage amplitude of 10 mV and DC bias of 0 V.

3. Results
3.1. Structural characterization

3.1.1. Materials composition

The different amounts of Ag introduced as input to substitute the Cu
and the actual Ag amounts measured with EDX in the investigated
samples are summarized in Fig. 1a. For monograins with X = 0.01 and
0.02, the EDX analysis shows that roughly all the introduced Ag was
incorporated in the formed solid solution. However, for x > 0.03, the
Ag concentration measured by EDX becomes considerably lower com-
pared to the introduced amounts, but still increasing monotonously
with increasing the introduced Ag amounts without reaching satura-
tion. EDX analysis of the reclaimed KI flux after the synthesis suggests
that the missing Ag amounts end up in the flux forming silver iodide
(AgD). An equilibrium between the liquid and the solid phases during
synthesis probably leads to the AgI formation. It is worth noting that the
synthesized ACZTSSe samples were slightly (Cu and Ag)-poor with
([Cul + [Agl/([Zn] + [Sn]) < 1), Zn-rich ([Zn]/([Sn]) > 1) and S-
rich ([S1/([S] + [Se]l) = 0.6), as determined by EDX and presented in
Table Al in Additional Material. Although not all the Cu is substituted
with the introduced amount of Ag in the cases of x > 0.03, the cor-
responding ([Cu] + [Ag])/([Zn] + [Sn]) ratio remained in the range of
0.9, indicating the ability of the formed compounds to readjust and
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Fig. 1. (a) Amount of input x compared to the measured x in (AgxCu; —,)>ZnSn
(S,Se)4 monograins using EDX, (b) Evolution of the tetragonal unit cell volume
versus the input Ag contents x.

form a copper-poor/zinc-rich composition. The readjustment of the
composition is accompanied by the formation of corresponding
amounts of Zn or Sn-based secondary phases. The EDX line scan com-
position within the synthesized monograins shows uniform elemental
distribution as shown in Additional Material Fig. A2.

3.1.2. XRD results

The powder X-ray diffraction investigations were carried out with
all the studied samples and are presented in Additional Material Fig.
A3a. The data show major peaks at 20 = 27.9°, 46.4° and 55.1°, which
can be indexed as 112, 220 and 312 planes, corresponding un-
ambiguously to the kesterite structure (Nateprov et al., 2013). The most
intensive 112 peak at 20 = 27.97° of CZTSSe shifts slightly to lower
angles with increasing Ag concentration as shown in Additional
Material Fig. A3b. The shift of the 112 peak to lower angles implies an
increase in lattice parameter values due to the replacement of relatively
smaller atomic radius Cu® and/or Zn®* with a larger atomic radius
Ag™; thereby increasing the unit cell volume. Fig. 1b confirms that the
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unit cell volume increases monotonously with increasing the Ag con-
tent. This could be explained by the larger bond valence parameters for
Ag than for Cu leading to the observed bond distances (Ag—S bond is
longer than Cu—S bond) (Yuan et al., 2015). Although no secondary
phases weredetected, the presence of Zn(S,Se) and Cu,Sn(S,Se); phases
cannot be excluded since their peaks overlap with those of CZTSSe and
therefore cannot be distinguished by XRD (Dale et al., 2009).

3.1.3. Lifetime results

TRPL is a technique frequently used to estimate the minority carrier
lifetime in the direct bandgap absorber layer of photovoltaic devices.
Measuring the minority-carrier lifetime could help to understand the
impact of changes of the material quality as a function of the amount of
Ag. The samples are excited using an ultrafast laser pulse and the decay
of the photoluminescence signals with time were acquired and are
shown in Additional Material Fig. A4a. However, the determination of
minority-carrier lifetime is not that straightforward. In fact, the TRPL
signal could be a complex convolution of multiple physical factors such
as bulk carrier lifetime, interface recombination velocity, electric field,
doping density, photo-excited carrier density, and carrier mobility
(Kanevce et al., 2013). To avoid the carrier drift due to the junction
field, the TRPL measurements were carried out on monograins without
CdS layer. The minority carrier lifetime, 7 is determined from the decay
time of the charge carrier recombination. In order to evaluate 7, the
TRPL decay curves were fitted with a multiple exponential functions
based on the following equation (Brammertz et al., 2013):

n

t
Ip (t) = Cie™
o1 (8) 2 ; o
in which Ip;(t) represents the luminescence intensity at time t after the
excitation pulse, C; are coefficients and 7; are different decay times. The
fitting of the TRPL decay in ACZTSSe monograins has shown a good
match with the experimentally measured decays using three different
exponential components as shown in Additional Material Fig. A4b. The
deconvoluted fitting parameters are summarized in Table 1. The first
decay time g7 is very short and usually linked to the charge separation
time in an electric field (even for monograins, there is usually a surface
field due to interface defects) (Kanevce et al., 2013). The second decay
time 1, can be ascribed to the charge carrier recombination time
(Brammertz et al., 2013), whereas the longest decay i seems to be a
trapping time in a defect level which delays the recombination. This
interpretation is still under debate for kesterite materials (Li et al.,
2019; Hages et al., 2017). Using percentage weighting of the amplitude
of the three exponential components, we can provide clear under-
standing of which component dominates the decay dynamics as a
function of Ag amount. An example of decay curve fittings of the re-
ference powder is presented in Additional Material Fig. A4c.

It is clear that exclusion of the trapping time 7 is not detrimental for
the evaluation of the injection minority carrier lifetime. The faster part
of the decay 7 related to charge separation is dominating the decay
curves. The slower recombination time ,seems to be more relevant for
the evaluation of the minority carrier lifetime in the ACZTSSe mono-
grains and its dependence on the amount of introduced Ag as shown in
Fig. 2. The lifetime () of ACZTSSe monograins with x = 0.02 in-
creased compared to Ag-free monograins CZTSSe. However, by further

Table 1

Decay parameters obtained by using fitting equation (1).
[Agl/([Ag] + [CuD) 7 (ns) Gy (%) 7 (ns) Cz (%) 7 (ns) Cs (%)
0 0.52 + 0.02 72.51 3.40 = 0.06 26.70 3493 * 1.95 0.79
0.02 0.79 = 0.04 74.09 5.53 + 0.23 20.83 109.52 = 2.39 5.08
0.04 0.47 = 0.02 72.90 2.59 = 0.06 25.98 28.58 = 1.42 111
0.05 0.39 + 0.02 80.31 2.74 = 0.07 18.78 39.12 * 1.98 0.91
0.08 0.09 = 0.002 96.55 0.58 + 0.03 3.33 7.95 = 0.70 0.12
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Fig. 2. The low injection minority carrier lifetime in the ACZTSSe monograins
as a function of different amounts of Cu substituted by Ag.

1
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increasing the amount of Ag, a pronounced decrease of lifetime is de-
tected suggesting that higher concentrations of defects or non-radiative
recombination centers were introduced to the material by substituting
more Cu by Ag.

3.1.4. Photoluminescence results

Photoluminescence spectroscopy (PL) measurements offer an op-
portunity to study the electronic structure of semiconductors in general
and in particular defect states within the bandgap. Studies of the tem-
perature and excitation power dependent PL spectra offer an opportu-
nity to explorethe recombination mechanisms within the kesterite
monograins and to understand the effect of Ag incorporation to it. A
detailed PL study was performed on samples (few heat-treated mono-
grains embedded in a non-radiating polymer) with different Ag contents
of X = 0, 0.02, 0.05 and 0.08. The PL spectra at 10 K of the studied
samples have an asymmetric shape with much steeper decline on the
high-energy side compared to the low-energy side as shown in Fig. 3.
This kind of shape is quite common in chalcopyrite and kesterite ma-
terials (Grossberg et al., 2009; Krustok et al., 1999; Sulimov et al.,
2019). From an exponential fit of the low-energy side of the PL spectra
at T = 10 K an average depth of fluctuations (y) can be estimated
(Levanyuk and Osipov, 1981). The extracted y values are 78.6 meV,
80.4, 101.8 meV and 98.1 meV for samples with x = 0, 0.2, 0.05 and
0.08 of Ag substitution, respectively. The y values show a tendency to
increase as the Ag content increases.

1o’ L T=10K
= ¥ ~101.8 £ 0.6 meV
< ¥ ~98.1 £ 0.9 meV
g 1x10" |
2 Y ~ 80.4 £ 0.9 meV
(2]
8 Y ~ 78.6 + 0.6 meV
E 1x107%
= —x=0
—x=0.02
——x=0.05
1x10° b ——x=0.08
il a 1 i 1
0.8 0.9 1.0 1.1 1.2 1.3

Energy (eV)

Fig. 3. PL spectra of the investigated powders at T = 10 K. y values show the
estimation of the average depth of the sum of potential and bandgap fluctua-
tions.
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Fig. 4. Dependences of (a) the PL intensity and (b) the peak position, as a
function of the excitation power at T = 10 K for ACZTSSe monograins with
various Ag contents.

At a fixed temperature of T = 10 K, the excitation power i.e. carrier
concentration dependence of the PL spectra was measured by changing
the excitation power by almost three orders of magnitude. The excita-
tion power dependence of PL intensity is generally a good indicator for
identifying the nature of the radiative recombination processes. The
dependence is described by a power law Ip coP,X (k is the power
coefficient estimated from a linear fit of the log-log plot of I, (P.)). The
empirical asymmetric double sigmoidal function (DSF) provides rea-
sonable fitting of the PL spectra (Yakusheva et al., 2017):

%))] x [1 - 1/(1 + exp(‘%ﬁz))

(2)

I(hv) =A[1/(1 + exp(—

where A, E,, E;, W; and W, are fitting parameters. The fitting results
are shown in Fig. 4a and the extracted slope k is lower or equal to unity
indicating that the radiative recombination involves localized defects
with energy levels within the bandgap (Oueslati et al., 2015). The PL
peak positions of the investigated samples as a function of the excitation
power show significant blue-shifts, so called j-shift, as shown in Fig. 4b.
The rate of the shift per decade of increasing laser power (8) grows
from 13.2 meV/decade for Ag-free sample to 17.2 meV/decade for
ACZTSSe sample with X = 0.08. Such a significant j-shift of the PL
spectra along with its asymmetric shape at low temperature are char-
acteristic features of materials with high concentration of charged de-
fects (Sulimov et al., 2019).
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Fig. 5. (a) Temperature dependence of the PL peak position, (b) temperature
dependence of the integrated intensities, dashed lines show the fitting results
using Eq. (5).

In order to identify the nature of the radiative recombination me-
chanism associated with the studied samples the extraction of the ac-
tivation energy of the transitions is mandatory. Temperature-dependent
PL under fixed excitation power density of about 500 W/cm?® was
measured between 10 and 250 K. The temperature dependencies of the
peak positions of the PL spectra hvyq.(T) of the studied powders are
depicted in Fig. 5a. The hvy.(T) shows a red-shift with increasing
temperature up to a characteristic temperature (T¢) representing the
minimum value of hv,,,(T). With further increase of the temperature,
the hvyq, (T) shifts towards higher energies. The monotonic decrease of
NVmax (T) at low temperatures is more rapid than the bandgap shift with
temperature and it can be expressed as (Krustok et al., 1999):

Woper (T) = B¢+, — V27 — & 3)
with g = kzTln Ny
p + né @

whereE is the energy gap without fluctuations, , is the Fermi energy
of the electrons, N, is the effective density of states in the valence band,
n and p are the concentrations of free electrons and holes, respectively,
and 0 is the ratio of electron and hole capture probabilities by the lo-
calized states.

The shift of hv,.(T) can be simplified to a linear behaviour at
temperatures below T¢ as presented in Fig. 5a. Slope values a of about
1.8, 2.1, 2.7 and 2.4 corresponding to In(N,/(p + n6)) deduced for
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powders with x = 0, 0.02, 0.05 and 0.08 respectively. The a values
show a trend towards higher values with increasing amount of Ag.
According to Eq. (4), higher a values correspond to lower carrier con-
centrations (p + nf) or to higher effective density of states in the va-
lence band N,. The shift of the PL peak positions hv,,, towards higher
energies with increasing the excitation intensity observed in Fig. 4b is
consistent with Egs. (3) and (4), where the concentrations of free
electrons and holes increase with higher excitation intensities.

The temperature dependences of the integrated PL intensities can be
fitted according to the exponential law (Krustok et al., 2016):

()

where I (T) represents the integrated PL intensity at temperature T, I, is
the integrated PL intensity when the temperature approaches T ~ 0 K, A
is a fitting parameter, Er is a thermal activation energy and kg is the
Boltzmann constant.

A linear fit of Ln(Iy/I — 1) versus 1/T leads to a slope corresponding
to Er according to Eq. (5). The fitted lines are presented in Fig. 5b as
dashed lines. A thermal activation energy of about 168 meV was ex-
tracted for the reference material CZTSSe, while lower activation en-
ergies of about 74 meV, 44 meV and 47 meV were extracted for ma-
terials with X 0.02, 0.05 and 0.08, respectively. The kesterite
materials are characterized by the presence of high concentrations of
charged defects so that potential fluctuations start to affect the re-
combination processes and two radiative recombination pathways are
likely dominating at low temperatures: (1) band-to-tail transition (BT) —
the recombination of holes, localized in acceptor-like states of the va-
lence band tail, with free electrons from the conduction band, and (2)
the band-to-impurity transition (BI) — the recombination of free elec-
trons with holes localized in acceptor states, which are deeper than the
mean energy depth of potential fluctuations (Levanyuk and Osipov,
1981; Krustok et al., 1999). The significant j-shift of the PL spectra
observed in Fig. 4b along with its asymmetric shape at low tempera-
tures are characteristic features of BT or BI transitions in materials with
high charged defects concentration (Grossberg et al., 2011). The Er of
the reference sample is higher than the estimated depth of the sum of
potential and bandgap fluctuations indicating that the PL spectrum at
low temperatures is related to BI transitions. The Er of the Ag-sub-
stituted samples are lower than the estimated depth of the sum of po-
tential and bandgap fluctuations, suggesting that the PL spectra at low
temperatures originate from the BT transitions. Thus, the Ag substitu-
tion of Cu in concentrations as used in this study changed the dom-
inating radiative recombination mechanism from BI transition: invol-
ving acceptor defects deeper than the mean energy depth of potential
fluctuations in the CZTSSe monograins, to BT transition: involving lo-
calized acceptor-like states of the valence band tail in the ACZTSSe
monograins.

I(T) =1y[1 + Aexp(—Er/kgT)]

3.2. Electrical characterization

3.2.1. Current-voltage measurement results

Following the successful substitution of Cu with Ag within the
kesterite phase, a detailed investigation of its effect on the PV perfor-
mance was performed. Current-voltage characterization of eight solar
cells for each sample under AM1.5 illumination was carried out. The
values of the open circuit voltage (Voc), short circuit current (Jsc), fill
factor (FF) and power conversion efficiency (n) of the solar cells are
summarized in Fig. 6. The area of the solar cells is about 3.8 mm? and
the presented n values are adjusted to the active area of the material. In
fact, 75% of the actual area is covered with monograins where the rest
of the area is polymer as shown in Additional Material Fig. Alb. For
solar cells with x = 0.01, 0.02, and 0.03, the conversion efficiency
consistently and reproducibly exceeded 8% and it is slightly higher than
the reference devices. For those devices, the FF and the Vo showed
minor increase while the Jsc remained comparable to the reference
cells. For devices containing the higher concentrations of Ag x = 0.04
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Fig. 6. Photovoltaic parameters of (Ag,Cu, —)>ZnSn(S,Se), based monograin solar cells as a function of input Ag concentration measured under AM1.5 illumination,
(a) open-circuit voltage (Voc), (b) short circuit current (Jgc), (c) fill factor (FF) and (d) efficiency (n).

and 0.05, the overall conversion efficiency n was below 8% and the
solar cells showed a tendency to lower performance with further in-
creasing the Ag amount. In fact, the Voc and the FF decreased causing
the observed drop of efficiency while the Jsc remained comparable to
the reference cells. The devices with x = 0.08 showed the lowest I-V
parameters resulting in efficiencies below 6%.

3.2.2. The external quantum efficiency results

The external quantum efficiency (EQE) measurements were per-
formed on the best solar cells of the eight series presented in Fig. 6. The
measured EQE spectra of cells with x = 0, 0.02, 0.04 and 0.08 are
exhibited in Fig. 7a. For all the investigated cells, the EQE spectra show
equal losses up to 50% in the short wavelength region due to the ab-
sorption in the CdS buffer layer suggesting that the growth of the CdS
layer was independent of the substitution of Cu by Ag. A maximum
carrier collection was measured at a wavelength of around 540 nm,
followed by steeply declining behaviour in the longer wavelength re-
gion where the photons are absorbed deeper in the absorber. The losses
of the EQE at wavelengths higher than 540 nm increase with increasing
the Ag amounts suggesting lower charge collection probability, which
could be related to either weaker depletion field, and/or to the shorter
charge carrier lifetimes presented in Fig. 2. The bandgaps (Eg) of the
studied samples are estimated from the EQE spectra by plotting the
(EQE*E)? against the photon energy (E). The interception of the linear
part with the energy axis represents a reasonable estimation of the Eg as
displayed in Fig. 7b (Oueslati et al., 2019). Analogously to previously
reported results, we observed that a low level of Ag substitution of Cu
(< 10%) has little influence on the bandgap of the absorber materials
(Gershon et al., 2016) where the Eg shows only a slight blue-shift with
higher Ag contents. Actually, the increase of the Eg with partial sub-
stitution of Cu by Ag is expected as the bandgap of CZTS and CZTSe is
continuously tunable from 1.5 to 2.01 eV for CZTS and from 1.0 to
1.34 eV for CZTSe by substituting Cu by Ag (Li et al., 2018; Gong et al.,
2015).

3.2.3. Impedance measurements results

The estimated capacitances evaluated from the impedance mea-
surements at room temperature and at a fixed frequency of 100 KHz
under DC voltage of 0 are presented in Fig. 8. Impedance Z and phase
angle 6 were both measured. An equivalent circuit, where a series re-
sistance is followed by a resistance and a capacitance connected in
parallel, was used for this evaluation. The impedance is consisting of a
real and an imaginary part and it is described by the following equation
(Kask et al., 2013):

RP . RPZCCO

o @R CPE T+ (@R, CP 6)

Z:RS

where w, C, and Rp are angular frequency, capacitance, and parallel
resistance, respectively. The estimated capacitance can be found by
rewriting Eq. (6) as:

7
C= - o
[(Z = Rs) + (-Z Y] %)

The estimated capacitance across the width of the space charge
region (SCR) shows an increase from 1.9 nF for the Ag-free cell up to 3.2
nF for the cell with x = 0.08. The increase of capacitance values with
increasing Ag amounts reveals an increase of the carrier concentration
causing a reduction in the SCR width and affecting the carrier collection
in the long wavelength region as shown in Fig. 7a.

3.2.4. Results of the temperature dependent current-voltage measurements
In order to gather more information about the electrical behaviour

of the cells, temperature-dependent I-V measurements were performed

under illumination. The behaviour of the V¢ of the cells as a function

of the temperature Voc(T) is shown in Fig. 9a and can be described byw

Eq. (8) (Kask et al., 2016):

@ Mln(@)

Voc = — —
o g \J (8)

where @ is the potential barrier for the dominant recombination path, q
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Fig. 8. Capacitance values at a fixed frequency of 100 KHz and a DC voltage of
0 for solar cell devices with different Ag contents.

is the elementary charge, A is the ideality factor, kg is the Boltzmann
constant, T is the temperature, Jy is the reverse saturation diode cur-
rent prefactor and Jj, is the light generated current density. At relatively
high temperatures (above 200 K), the Vpc versus T shows linear be-
havior. The extrapolation of this linear part to T = 0 K indicates the
potential barrier ®. The activation energy values of the dominant re-
combination paths 1.22 eV, 1.20 eV, 1.18 eV, 1.20 eV and 1.12 eV for
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Fig. 9. (a) Open circuit voltage as a function of temperature (the straight lines
are linear fits according to Eq. (8), (b) extracted activation energy from the
series resistance Rg as a function of temperature for solar cells with different Ag
contents.

devices with x = 0, 0.01, 0.03, 0.04 and 0.08, respectively, were
found by dividing the ® value by the elementary charge q. These ac-
tivation energy values are significantly lower than the E, values of
ACZTSSe extracted from the EQE spectra suggesting that the dominant
recombination channel in such solar cells is related to interface re-
combination, which inevitably causes large Vo deficits (Oueslati et al.,
2019; Brammertz et al., 2013).

The effect of the series resistance (Rg) of the devices at room tem-
perature remains relatively small. However, the Rgs increases ex-
ponentially as the temperature decreases as shown in Additional
Material Fig. A5. The barrier height @ associated with the increase of
Rs as a function of decreasing temperature can be estimated using Eq.
(9) (Oueslati et al., 2015):

Rs =Ry + Bexp(f—;) ©
where B is a fitting parameter, @, is the barrier height and Ry is the
background Rs. Ry is assumed to be weakly dependent on temperature
and to dominate only at high temperatures (T > 300 K). At lower
temperatures, the exponential term will dominate and R, becomes
negligible. An Arrhenius plot of the series resistance reveals that the
energy of the activation barrier is decreasing monotonously with in-
creasing Ag content as shown in Fig. 9b.

3.2.5. EBIC analysis result
For the electron beam induced current (EBIC) analysis, twin devices
using the same investigated ACZTSSe monograins were prepared. The
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images in Additional Material Fig. A6 are presented as a split picture
showing on one side the secondary electron image and on the other side
the photocurrent image obtained simultaneously from several mono-
grains connected in a parallel configuration. The EBIC signal within the
same monograin exhibits a continuous signal at the ACZTSSe/CdS in-
terface showing a well-defined collection border following the grain’s
shape. It is worth to note that the discontinuity of the EBIC signal be-
tween different monograins exhibited in Additional Material Fig. A6 is
due to the solar cell structure where the polymer is in between the
working monograins. For better resolution and more accurate estima-
tion of the EBIC signal width (W), higher magnification SEM & EBIC
micrographs are shown in Fig. 10a, where the current amplification is
increased in order to better identify the edges. Four devices with dif-
ferent amounts of Ag, x = 0, 0.02, 0.05 and 0.08, were investigated to
study the variation of the EBIC signal width as a function of the Ag
amount. An average of several EBIC profile lines extracted from the
measured images of the investigated samples were used to extract the
width W, as illustrated in Fig. 10b. The different layers of the solar cell
structure are marked in the line scan picture. W was estimated to be
about 350 nm for the Ag-free device. The EBIC line profiles obtained
from the four investigated devices are depicted in Fig. 11. The change of
the signal width W is clearly noticeable and it narrows with increasing
Cu substitution by Ag. Thereby, the EBIC signal width decreases from
350 nm for the Ag-free device to 200 nm for the device with x = 0.08.
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Fig. 11. Calibrated line scan of normalized EBIC signal as a function of devices
with different Ag contents.
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4. Discussion

The studied ACZTSSe samples were synthesized with relatively low
Ag contents (x = 0.08) and seem to crystallize in tetragonal units with
parameters close to those of the reference kesterite CZTSSe. The partial
substitution of Cu by Ag in the CZTSSe monograins increases the degree
of the cationic disorder and leads to higher defect concentrations. In
fact, the elevated synthesis temperature of 740 °C needed to form
ACZTSSe monograins provides the required thermal energy to rando-
mize Cu, Ag and Zn in the unit cell, leading to a high density of antisite
defects. Moreover, the added amounts of Cu were adjusted to a fixed
ratio [Cu] + [Ag]l/([Zn] + [Sn]) = 0.94 without taking into account
that the added amounts of Ag were not totally incorporated in the
kesterite structure as shown in Fig. 1a. Hence, Cu vacancies (Vc,) seem
to be the energetically favorable defects (Chen et al., 2013; Shin et al.,
2017) and the concentration of V¢, was predicted to increase sig-
nificantly compared to the reference sample CZTSSe. The same as-
sumption applies to CZTSSe absorbers when decreasing the Cu fraction
from a Cu rich composition. This decrease in Cu-fraction leads to a
material with higher p-type conductivity due to higher concentration of
Ve defects (Vidani et al., 2018). According to the impedance mea-
surements, the capacitance at a fixed frequency in the depletion region
increased with increasing Ag content supporting the assumption that
Cu/Ag deficit leads to higher doping concentrations. As a result, the
ACZTSSe monograins had higher doping concentrations than the
CZTSSe in contrast with other publications (Gershon et al., 2016;
Guchhait et al., 2016; Qi et al., 2017).

The suggested change in the dominant recombination channel from
BI transition for the CZTSSe sample to BT transition for ACZTSSe
samples as studied by PL cannot solely be explained by the suppression
of the acceptor level Cugz,. In fact, the change of the high valence band
energy edge (connected with the Cu 3d-state and (S/Se) 3p-state anti-
bonding) to a lower valence band edge (connected with hybridized
states of the Cu 3d (Ag 4d) and (S/Se) 3p-state) could also contribute to
the change of the nature of the radiative transition (Yuan et al., 2015).
It is noted that the estimated barrier values @y extracted from Rg (T)
decrease with increasing Ag amount, which could also be a con-
sequence of the lower valence band energy edge after adding Ag or
result from a change in the conduction band offset between CdS buffer
layer and ACZTSSe absorber. The IV(T) study suggested that the
dominant recombination channel in the whole solar cell device is at the
CdS/CZTSSe heterojunction. Overall, the partial substitution of Cu by
Ag in the CZTSSe solid solution leads to lower charge collection at-
tributed to the higher carrier concentration after Ag incorporation or/
and to the lower measured carrier lifetime. An increase of the carrier
concentration tends to narrow the depletion width affecting the carrier
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collection as also found in the EQE analysis. The length-scale of the
variation of the EBIC signal W, as a function of the added Ag amounts,
is in the order of hundred nanometers, indicating to the change of
barrier height @p or/and to the change in the order of magnitude of
doping. It was found that the efficiency for cells with X < 0.02 was
improved and higher Ag concentrations result in the decrease of the
device efficiency nicely correlating with the trend of the measured
carrier lifetime. The main contributing factors for the overall im-
provement or reduction of the efficiency are the Vo and the FF. While
the solar cells based on Ag-substituted CZTSSe absorbers showed higher
bandgap compared to non-substituted absorbers, the changes in the V¢
are rather small and the Vp deficit increases with increasing the Ag
substitution.

5. Conclusions

Single phase (Ag,Cu; —4)>ZnSn(S,Se), monograins were synthesized
in molten KI flux. The added Ag amounts were not totally incorporated
into the kesterite structure leading to the Cu/Ag deficit in the synthe-
sized materials, which increases the degree of cationic disorder and
leads to higher defect concentrations. The thermal quenching of the
photoluminescence emission can be well described by a single thermal
activation energy, having lower values for the studied ACZTSSe
monograins compared to the reference one. The Ag substitution of Cu
by the amount used in this study changed the dominant radiative re-
combination mechanism from BI transition involving acceptor defects
(deeper than the mean energy depth of fluctuations in the CZTSSe
monograins) to BT transition involving localized acceptor-like states of
the valence band tail in the ACZTSSe monograins. Higher carrier con-
centration and lower carrier lifetime were observed after Ag in-
corporation to CZTSSe leading to lower charge collection. The lower
barrier height in the heterojunction and the higher doping concentra-
tions after Ag incorporation in the kesterite material lead to lower
collection width (smaller space charge region) as evaluated by the EBIC
study. Partial substitution of Cu by Ag with small content (x < 0.02)
increases slightly the FF and Voc and leads to higher solar cells effi-
ciencies, however higher Ag content does not have a positive impact on
the solar cells parameters.
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