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The present work reports on microscopic analyses of recombination at

grain boundaries (GBs) in polycrystalline Li-doped (Ag,Cu),ZnSn(S,Se), (Li-
ACZTSSe) and Cu,ZnSnS, (CZTS) absorber layers in high-efficiency solar cells
(conversion efficiencies of 14.4% and 10.8%). Recombination velocities sgg
were determined at a large number of GBs by evaluating profiles extracted
from cathodoluminescence intensity distributions across GBs in these
polycrystalline layers. In both Li-ACZTSSe and CZTS absorber layers, the scg
values exhibited wide ranges over several orders of magnitude with a median
values of 680 and 1100 cm s ' for the Li-ACZTSSe and CZTS absorbers. A
model that provides a comprehensive explanation for this finding is
presented and discussed in detail. Correspondingly, wide ranges for sgg can
be explained by different positive or negative excess charge densities present
at different GBs, leading to different downward or upward band bending on
the order of several =10 meV, provided that the net-doping density of the
absorber layers is sufficiently large. As a result of the evaluation of the sgg,
input parameters for multidimensional device simulations are obtained. It is
revealed that the grain boundary lifetime closely matches the overall
effective lifetime, indicating that grain boundary recombination is a key

attracted significant attention as promising can-
didates for low-cost, environmentally friendly
solar cells.['"?] Composed of earth-abundant,
low-toxicity elements, these materials offer a
sustainable alternative to conventional thin-film
photovoltaic technologies such as Cu(In,Ga)Se,
(CIGS) and CdTe. With tunable bandgaps of
~1.0-1.5eV and high absorption coefhicients
(>10*em™"), kesterite-type absorbers are
well-suited for solar energy conversion. In
recent years, substantial advancements in syn-
thesis methods, post-deposition treatment, and
doping/alloying strategies have advanced the
technology of kesterite-type solar cells. Encour-
agingly, the power conversion efficiency (PCE)
of (Ag,Cu),ZnSn(S,Se)4 (ACZTSSe) solar cells is
surpassing 15%, and widegap Cu,ZnSnS,
(CZTS) solar cells have surpassed the efficiency
level of 13%, marking an important step toward
the advancement of sustainable, earth-abundant
thin-film photovoltaics. [3-9]

Further closing the gap that remains between

factor limiting the effective carrier lifetime of both Li-ACZTSSe and CZTS
absorbers. The estimated V¢ losses due to GBs reach up to 126 mV for
Li-ACZTSSe and 88 mV for CZTS. This work highlights that reducing grain
boundary recombination via improved passivation and increasing grain size is
an effective strategy for achieving further efficiency improvements.

1. Introduction

Kesterite-type materials such as copper—zinc-tin—sulfide (Cu,ZnSnS,,
CZTS) and copper—zinc—tin—selenide (Cu,ZnSnSey, CZTSe) have

theoretical
Shockley-Queisser limit to achieve efficiencies
of beyond 20% will require overcoming several
critical challenges. The most pressing one is
reducing the
losses, as current-state-of-the-art open-circuit
voltage (V) deficits of 300-350 mV impede
further improvements
performance.**~"'7 One origin of Voc losses in kesterite-type solar
cells is nonradiative Shockley—Read-Hall recombination at grain
boundaries (GBs). Ab initio calculations demonstrated that strong
cation—cation (e.g. Cu—Sn) and anion-anion (S-S) bonds at GBs can
introduce mid-gap states, acting as recombination centers.!'>'?]
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recombination through improved passivation
and increased grain size offers a promising
pathway for further efficiency improvements.

2. Results and Discussion

d(EQE)/dA (Normalized)

The high-efficiency Li-ACZTSSe device exhibits
a Voc of 571 mV, a short-circuit current (Jsc)
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of 364mAcm %, and a fill factor (FF) of
69.9%, resulting in a PCE of 14.4% (see Fig-
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ure la for the corresponding j-V curves).
These photovoltaic parameters are among the
best reported for ACZTSSe solar cells to date,
making its absorber an excellent candidate for
studying the intrinsic properties of GBs. The
capacitance—voltage measurements showed
that the net-doping concentration in this
absorber was 2% 10'¢am ™3} This moder-
ately high carrier concentration is consistent
with optimal doping levels for CZTSSe-based
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Figure 1. -V and EQE curves of a, b) Li-ACZTSSe (E; = 1.13eV) and ¢, d) CZTS (E; = 1.57 eV) devices.

Bandgap of the absorber estimated from first derivatives of EQE.

However, defect segregation mechanisms have been proposed, show-
ing that Zn-rich (Cu-poor) terminations minimize surface energy, act
as hole reflectors, and reduce the density of mid-gap states..'*"*} Addi-
tionally, the volatility of chalcogens can lead to chalcogen vacancies at
the GBs, which might be passivated through the incorporation of
alkali metals and oxygen incorporation.!'*™'*} However, investigations
on the recombination properties of GBs in kesterites remain
scarce,!' "'} and most publications reporting experimental improve-
ments attributed to reduced GB recombination rely solely on contact
potential difference (CPD) distributions obtained from Kelvin probe
force microscopy (KPFM) measurements.!''*2°1 To date, Li
et al.®% is the only study directly analyzing recombination velocities at
GBs (sgp) in kesterite-type absorber layers, indicating high nonradiative
recombination; however, its statistical significance is limited due to the
small number of GBs investigated.

In the present work, we examined systematically a large number of
GBs in high-efficiency Li-doped (Ag,Cu),ZnSn(S,Se)s (Li-ACZTSSe)
and Cu,ZnSnS, (CZTS) solar cells with PCEs of 14.4% and 10.8%,
using electron backscatter diffraction (EBSD) and cathodoluminescence
(CL) in scanning electron microscopy (SEM) to assess the positions of
the GBs and the recombination velocities at GBs sgg, as well as
time-resolved photoluminescence (TRPL) to determine the effective
lifetimes in the absorber layers. The sgp values obtained at different GBs
in both absorber layers exhibited ranges over several orders of magni-
tude. Numerical simulations indicate that the corresponding downward
and upward band bending at GBs varies on the order of several
£10 meV, which may be attributed to the presence of different positive
or negative excess charges at individual GBs. Grain boundary recombi-
nation was found to be a key factor limiting the effective carrier lifetime
in both Li-ACZTSSe and CZTS absorbers, with estimated Vo losses
reaching up to 126 mV for Li-ACZTSSe and 88 mV for CZTS. This work
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solar cells.213% Additionally, time resolved
photoluminescence  spectroscopy ~ (TRPL)
measurements  conducted on  the Li-
ACZTSSe/Mo/glass stack reveal an effective
minority-carrier ~ lifeime  of  ~16mns
(Figure S1, Supporting Information). The acti-
vation energy (E,) of the ACZTSSe/CdS interface, extracted from the
temperature-dependent j-V measurements, is 1.13 eV, matching the
absorber’s bandgap (E,), as shown in Figure 1b and Figure S2, Sup-
porting Information. This indicates that interface recombination is not
the dominant recombination mechanism. Instead, recombination pri-
marily occurs within the absorber bulk, including grain interiors and
boundaries, making it an ideal platform for studying grain boundary
properties and Voc loss mechanisms of the kesterite devices. On the
other hand, the j-V analysis of the CZTS solar cell (Figure 1c) revealed a
Voc of 774mV, a Jsc of 19.7 mA cm ™%, a fill factor (FF) of 70.6%, and
a PCE of 10.8%. The bandgap of the CZTS device is 1.57 eV, deter-
mined by EQE, shown in Figure 1d. The net-doping density was
determined to be 1 X 10*® cm™* by CV measurement (Figure S4a, Sup-
porting Information). The effective minority-carrier lifetime measured
by TRPL on the CZTS device was about 4 ns (Figure S4b, Supporting
Information).

Microscopic analyses were performed on cross-sectional specimens
of the Li-ACZTSSe and CZTS solar-cell stacks. Elemental distribution
maps from these solar-cell stacks acquired by means of
energy-dispersive X-ray spectroscopy (EDXS) are given in Figure S5,
Supporting Information. Zn(S,Se) and ZnS secondary phases were
detected in the Li-ACZTSSe and CZTS absorber layers.

From the electron backscatter diffraction (EBSD) maps (Figures 2
and 3), the average grain sizes (diameters of circles that exhibit the
same areas as the grains) were estimated to be about 0.7 and 0.3 pm
for the Li-ACZTSSe and CZTS thin films (see Figure S6, Supporting
Information for the corresponding grain-size distributions). The value
for the Li-ACZTSSe layer is consistent with the findings from the
top-view image shown in Figure S3, Supporting Information. Both
absorber layers do not exhibit any substantial film texture. In the CL
intensity distributions (Figures 2d and 3d), the CL signals are reduced

T T T
700 800 900 1000
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This behavior of the sgp values can be
understood by using the following expres-
sion, which is valid for p-type semiconduc-
tors and for low-injection conditions?®*]

SGB — SEB’OCXP (_q)GB (NGB,charge) /kBT) .
(1)

Here, Ngg charges @Pcp, ks, and T are the
010 effective, excess charge density at the
grain boundary, the upward or down-
ward band bending at the grain bound-
ary (due to redistribution of free charge

CL intensity-distribution map

Figure 2. a) SEM image b) EBSD pattern-quality and c) orientation—distribution maps, with the local

110 carriers), the Boltzmann constant, and
the absolute temperature. The prefactor
sgp,o 15 the product of the effective defect
density at a GB, of its capture
cross-section for electrons, and of the
thermal velocity of electrons (see Mendis
et al.*®] for further details) and describes
the enhanced, nonradiative Shockley—-

orientations perpendicular to the substrate given as false colors (see legend), as well as d) CL intensity Read—Hall recombination at the GB

distributions, all acquired on the identical area of a cross-sectional specimen of the Li-ACZTSSe solar cell.

SEM image

CL intensity-distribution map
(d)

C—I1um

Figure 3. a) SEM image b) EBSD pattern-quality and c) orientation—distribution maps, with the local
orientations perpendicular to the substrate given as false colors (see legend), as well as d) CL intensity
distributions, all acquired on the identical area of a cross-sectional specimen of the CZTS solar cell.

at randomly oriented GBs, while twin boundaries did not exhibit any
change in the CL intensity (verified by the EBSD maps).

Through a combined analysis of CL linescan profiles, grain size dis-
tributions from EBSD, and effective lifetimes (?;;,) obtained from TRPL,
the grain boundary recombination velocity (sgp) and minority carrier
lifetime at the grain boundary (Tgp) can be determined, using the
approach described in Refs 12334 (outlined in the SI). The resulting
recombination velocities determined at the various GBs in the
Li-ACZTSSe and CZTS absorbers are given in Figure 4a,b. Apparently,
their values range over several orders of magnitude for both absorber
layers: about 10°~10* and 10°~10* cms™ ' for Li-ACZTSSe and CZTS.
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plane. Note that a prerequisite for the
application of Equation (1) is that ®gp
exhibits an upper/lower limit of about
4100 meV.P**1 This upward and down-
ward band bending in Equation (1)
can be expressed byDS]

CDEP])} - (kBT)O.SeNGB,Charge/ [4' (EongA)O‘S]
)

and[36]

D™ = —"Nip charge/ (880&:NA). (3)

where €, and ¢, are the dielectric per-
mittivity of the vacuum and of the thin-
film material. Note that for given T, &,
and N, @gh and L™ are functions
only of Ngp charge that is, sgp is a func-
tion of Ngp charge and sgp o- We can now
determine the ranges for Ngp charge and
sgp,0 for which Equation (13) simulate
successfully the sgp values in Figure 4.
For this step, we assumed that in the
Li-ACZTSSe and CZTS thin films, the
interdiffusion of point defects during the film growth at elevated
temperatures leads to a quasi-homogeneous distribution of the Ngp,
charge at the GBs, that is, the magnitudes of Ngp charge T€main within
about the same order of magnitude for all GBs in the same layer.
Since it can be expected that the ensemble of point defects at GBs
and therefore, the excess-charge density Ngpcharge (and @gp via
Equations 2 and 3) is different (positive or negative) at different
GBs, and since these point defects, as an ensemble, exhibit different
enhanced, nonradiative recombination expressed by different sg;
values for different GBs, the result is different recombination veloci-
ties via Equation 1.

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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Figure 4. Recombination velocities sgg determined on a) the Li-ACZTSSe
and b) the CZTS absorber layers. The symbols are distributed in a horizontal
direction to avoid strong overlaps of the symbols.

Concerning sg; o, We set their ranges such that they are on the same
order of magnitude as the median of the sgp values (about 680 and
1100 cms™ " for the Li-ACZTSSe and CZTS absorbers). The correspond-
ing results are shown in Figures 5 and 6. Apparently, Ngp charge and
Sgp,o Tanges that are used to simulate successfully the experimental sgg
values are about 0.9-9 X 10" cm™? and 0.2-2 X 10~ ' cm” as well as
100-1000 and 500-2000cms™ ' for the Li-ACZTSSe and CZTS
absorbers. The band bending in both downward and upward directions
remains within the interval of 100 meV. It is well visible in Figures 5
and 6 that some sgp values can be simulated assuming only downward
or only upward band bending, while others can be modeled consider-
ing both downward and upward band bending.

We note that the magnitudes of the Ngpcharge and Sgp,0 Tranges
depicted in Figures 5 and 6 are in good agreement with results obtained
on GBs in those ACIGSe and mc-Si solar absorbers, which also exhibit
net-doping densities of about 10'® cm™> as the kesterite-type absorbers
in the present work.P**! Thus, we can condlude that the GB properties
leading to the measured recombination velocities are similar in the dif-
ferent absorber materials. However, the GB lifetime for kesterite-type
absorbers should be substantially smaller due to the smaller average
grain size compared with that in materials such as mc-Si, according to
Equation S3, Supporting Information. This Equation S3, Supporting

Information, highlights also that the GB lifetime in the absorber layers
and therefore, the device performance of corresponding solar cells, can
be improved by increasing the average grain size and passivation of GB
(i-e., decreasing the median GB recombination velocity).

The results in Figures 5 and 6 indicate different positive or nega-
tive excess charges at different GBs, leading to different upward or
downward band bending on the order of several =10 meV. Because
of these small band bending values, the transport of charge carriers
across GB planes and therefore, the short-circuit current in corre-
sponding solar cells is not affected considerably, as shown for GBs
in Cu(In,Ga)Se, solar cells.*71 This is, the main impact of GBs on
the device performance of solar cells is a decrease of the open-circuit
voltage Voc (and of the corresponding part of the fill factor) by
enhanced nonradiative recombination at GBs. For multidimensional
device simulations of CZTSSe-based solar cells, the estimates of the
Ngb,charge and sgg o Tepresent important input parameters (see, e.g.,
Krause et al.®’)); according to Equations (1-3), only they are
needed to simulate any sgp value for a given net-doping density and
absolute temperature.

As outlined in the SI, the median sgp values as well as the minority-
charge carrier lifetimes in the bulk and at GBs (Tpuk, Tgs) Wwere
extracted. By iteratively applying diffusion length fitting (Equation S1,
Supporting Information) and lifetime relations (Equations S2, S3, Sup-
porting Information), sgp, Tpuk, and Tge were determined for each
material, with median GB recombination velocities of 680 and
1100 cms ™' in Li-ACZTSSe and CZTS. The corresponding lifetime
values and the average grain sizes for the Li-ACZTSSe and CZTS layers
are listed in Table S1, Supporting Information. It is apparent that for
both layers, Tefrmateria and Tgp are very close to one another, suggest-
ing that the effective carrier lifetime is limited primarily by tgp.

The determined sgp and lifetime values were further used to
assess the contribution of grain boundary recombination to Voc
losses, accounting for both bulk and interface recombination effects
(Equations S4—S7, Supporting Information). Figure S7, Supporting
Information illustrates the estimated Ve losses in the Li-ACZTSSe
and CZTS, with Tiyer varying between the value of the Thy and
Tep (16200 ns for Li-ACZTSSe and 5-20ns for the CZTS sample).
The case for cells with perfect contacts is also calculated as a sepa-
rate point in the graph. It is shown that the Voc losses can reach
up to 126 mV and 88 mV for Li-ACZTSSe and CZTS, for an ideality

a 4 — b 4, C 4 ]
(@10 s (b) 10 | ()10 |
3 3> 3
103 p—— 103! 10 P
@ [ —— @ fot @ ———N
£ £ | £
L 102 — £ 10?} £ 102 —_—
o om f m i
o R o —_— |
10" 10" 10" !
10° 102" 10° ‘
0 2 4 6 8 0 500 1000 100 50 0 50 100
-2 1" n ) meV
N g charge (€M) X 10 Seg o (CM/S) ag (MeV)

Figure 5. Experimental sgg values for Li-ACZTSSe, simulated successfully using the ranges of a) Ngpcharge and of b) s¢g; and resulting in the band bending
value c) @gp. The blue bars represent downward, and the red bars upward band bending.
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Figure 6. Experimental sgg values for CZTS, simulated successfully using the ranges of a) Nggcharge and of b) sig, resulting in the band bending value
¢) ®cgp. The blue bars represent downward, and the red bars upward band bending.

factor of mg=1. The estimated VOC losses increase with a larger
ideality factor. While these gains do not fully explain the Voc defi-
cits of several 100 mV reported for CZTSSe devices, they highlight
that GB recombination remains a significant bottleneck to improving
T and, consequently, Voc.

3. Conclusions

Recombination at GBs in Li-ACZTSSe and CZTS absorber layers, of
which the solar cells exhibited PCEs of 14.1% and 10.7%, was analyzed
in detail using microscopic characterization. In both absorber layers,
the recombination velocities sqp are distributed over several orders of
magnitude, in good correspondence with sgg values determined on
GBs in wafer-based mc-Si as well as in polycrystalline ACIGSSe and
CdTe thin films. These large ranges for sgp can be explained by different
positive or negative excess charge densities present at different GBs,
leading to downward or upward band bending on the order of several
+10 meV. The extracted values for the excess charge density Ngp charge
and for the prefactor sgg, represent important input parameters for
multidimensional device simulations. The grain boundary lifetimes cor-
responding to the median grain boundary recombination velocities
were found to closely match the overall effective lifetime from TRPL
measurement, indicating that grain boundary recombination is a key
factor limiting the effective carrier lifetime of both Li-ACZTSSe and
CZTS absorbers. The estimated Vo losses due to GBs reach up to
126 mV for Li-ACZTSSe and 88 mV for CZTS. The present work high-
lights that reducing GB recombination via improved passivation (i.e.,
decreasing sgp) and increased grain size is an effective strategy for
achieving further efficiency improvements.
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