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a b s t r a c t

Absorber layers consisting of Cu2ZnSnSe4 (CZTSe) and surface ZnSe in variable ratios were prepared by
selenization of electroplated Cu/Sn/Zn precursors and completed into full devices with up to 5.6% power
conversion efficiency. The loss of short circuit current density for samples with increasing ZnSe content is
consistent with an overall reduction of spectral response, pointing to a ZnSe current blocking behavior. A
feature in the spectral response centered around 3 eV was identified and attributed to light absorption by
ZnSe. A model is proposed to account for additional collection of the carriers generated underneath ZnSe
capable of diffusing across to the space charge region. The model satisfactorily reproduces the shape of
the spectral response and the estimated ZnSe surface coverage is in good qualitative agreement with
analysis of the Raman spectral mapping. The model emphasizes the importance of the ZnSe morphology
on the spectral response, and its consequences on the solar cell device performance.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Cu2ZnSn(S,Se)4 (CZTS(Se)) is a promising direct band-gap semi-
conductor for the replacement of Cu(In,Ga)(S,Se)2 from thin film
solar cells [1], as demonstrated by devices with power conversion
efficiencies above 11% [2]. However, due to the diverse chemistry of
Cu, Zn and Sn [3], and to the reduced phase homogeneity region [4],
the synthesis of phase-pure CZTS(Se) thin films by chalcogenization
of the elemental precursors is a complex task. CZTS(Se) films free
from secondary phases are a prerequisite for incorporation into
devices. The detrimental effects of Cu–S(Se) [5], Sn–S(Se) [6], Zn–S
(Se) [7] and Cu–Sn–S(Se) [8] phases in CZTS(Se)-based solar cells are
reported in the literature. Experimentally, it is known that only
absorbers with Cu-poor and Zn-rich compositions give rise to devices
with reasonable efficiencies [9–13]. From electron beam induced
current (EBIC) analysis it was inferred that excess ZnSe on the surface
of the absorber in microscopic devices acts as a current blockage [7].
In analogy to the selenide system, this observation was confirmed by
an improvement of the short circuit current density (JSC) in CZTS

(sulfide) cells where ZnS was selectively removed from the absorber
surface by etching with HCl [5]. For the selenide system the harm of
Zn excess on the device performance at a macroscopic scale has
recently been highlighted to be conditional upon its location [14]. In
particular it was shown that segregation of ZnSe at the absorber back
contact is neutral on device performance (at least with relatively low
minority carrier diffusion lengths), while significant power conver-
sion efficiency reduction is observed when ZnSe is located at the
interface between the absorber and CdS, with the JSC reduction
accounting for half of the efficiency loss, and the other half being
due to deficiency in open circuit voltage and fill factor. If all the
photogenerated current under the ZnSe is blocked, then the spectral
response of the devices is expected to show a reduction over the
entire wavelength range. The loss of response would only depend on
the extent of ZnSe coverage at the CZTSe/CdS interface. On the
contrary, if any of the current photogenerated under the ZnSe is
collected, this should display a characteristic signature in the spectral
response of the device. Such a signature would arise from optical
absorption of the photons passing through the ZnSe, a phase with
optical band gap of about 2.7 eV [15].

In this study a series of sequentially electroplated Cu/Sn/Zn
films with Cu poor and Zn rich compositions with respect to
CZTSe stoichiometry were selenized and completed into devi
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ces. The current–voltage characteristics and spectral response of
the devices were measured with the intent of clarifying the effect
of surface ZnSe secondary phase on the optoelectronic properties.
The spectral response of the devices was modeled in order to
account for the wavelength independent collection reduction
and for the additional response arising from underneath ZnSe,
which is therefore affected by ZnSe optical absorption. The ZnSe
surface coverage of the absorber layers determined from the
model was compared against values obtained independently from
Raman maps.

2. Experimental

The series of CZTSe thin films were obtained by a two-stage
route consisting of sequential electrodeposition of Cu/Sn/Zn metal
precursors onto 2.5�2.5 cm2 Mo-coated glass substrates, followed
by selenization at 550 1C in a graphite box in the presence of Se
and SnSe powders, as described elsewhere [11]. The composition
of the absorber layers was tuned by varying the relative thickness
of the metal layers, so that precursors had either Zn/Sn¼1.2 or
1.3 and Cu/(ZnþSn)¼0.5, 0.6, 0.7, and 0.8. The electrodeposition
was performed in potentiostatic mode with a method adapted
from [16]. The setup consisted of a three-electrode cell with a Pt
counter electrode, a reference electrode, and a rotating disk working
electrode. The potentials employed were �1.07 V (vs. saturated
Hg/HgO), �0.75 V (vs. Ag/AgCl) and �1.15 V (vs. Ag/AgCl) for Cu,
Sn and Zn respectively. The aqueous electroplating solutions
contained 0.1 M CuSO4, 50 mM Sn(II) methanesulfonate and
50 mM ZnCl2 for the depositions of Cu, Sn and Zn respectively.

The composition of the unetched layers after selenization was
estimated by top view energy dispersive X-ray spectroscopy (EDS,
Oxford Instruments INCA X MAX) with an electron beam of
20 keV. The top view micrographs were obtained with a Hitachi
SU-70 scanning electron microscope (SEM), while the layers cross
sections were prepared with a focused ion beam microscope (FIB,
FEI Helios Nanolab). Pt e-beam deposition was used to prevent
damage to the absorber layer during milling and an ion beam with
5 kV acceleration was used to polish the face of the cross section
(this also minimizes FIB artifacts, such as material re-deposition
[17]). The ion beam was also used to image the absorber cross
section using a beam acceleration of 30 kV and a beam current of
9 pA. The ion beam was used for imaging in preference to the
electron beam as it provides superior contrast between the various
phases while reducing residual topographical information.

Ramanmaps (40�40 mm²) were obtained bymeans of a Renishaw
inVia Micro-Raman spectrometer with an excitation laser wavelength
of 442 nm and a power of about 0.5 mW.

Prior to cell finishing, the absorbers were etched in a 5 wt%.
KCN solution for 30 s. A CdS buffer layer was deposited by
chemical bath deposition, followed by i-ZnO and Al:ZnO deposi-
tions by RF-magnetron sputtering. Ni–Al grids were deposited by
e-beam evaporation for front contacting. Importantly, the cell
finishing procedure of the series of samples was carried out in
the same deposition batches, implying that they possess buffer
and window layers of the same type and thickness. This is of key
importance for the interpretation of the spectral response results.

The room temperature optoelectronic properties of the finished
devices were assessed by external quantum efficiency (EQE) and
current–voltage (IV) measurements using home-built equipment.

3. Results and discussion

The results section is split into three parts. In Section 3.1, the
measured optoelectronic properties are described as a function of
the amount of ZnSe and the presence of ZnSe on the surface of the
absorber layers is confirmed. In Section 3.2, the spectral response
is interpreted through the use of a simple model which accounts
for both electrical and optical losses. In Section 3.3, some implica-
tions of the optical model as a semiquantitative tool are presented.

The microstructural characterizations of the selenized films in
this work show that the films are composed solely of CZTSe and
ZnSe (cf. Section 3.1). As a consequence, throughout the text the
composition of the absorber films is expressed as ZnSe mole
fraction defined as the ratio between the moles of ZnSe and the
sum of the moles of CZTSe and ZnSe. Due to surface segregation of
ZnSe, analysis of the EDS data overestimates the amount of ZnSe in
the absorber films (cf. Section 3.1 and Fig. 2a). Therefore, in order
to have a more realistic estimation of the ZnSe mole fraction, an
approach based on the composition of the precursor films is
employed. The Cu and Zn contents of the precursor films are
calculated by means of the corresponding electroplating charges
and calibrated electroplating efficiencies. The ZnSe mole fraction
of the selenized films are then derived assuming no losses of Cu
and Zn during the synthesis, with Sn being half the Cu content.

3.1. Experimental results

Regardless of Zn/Sn and Cu/(ZnþSn) ratios in the precursors, the
EDS compositional analysis of the selenized films is consistent with
binary mixtures of CZTSe and ZnSe in variable ratios. More precisely,
decreasing amounts of Cu in the precursors result in selenized films
with increasing ZnSe content. This phenomenon is a direct conse-
quence of the dynamic solid/gas equilibria in the CZTSe(s)/SnSe2(s)/
SnSe(g) system [3], and will be discussed more extensively in a
separate publication. Fig. 1 shows that a linear relationship exists
between the short circuit current density of the devices and the ZnSe
mole fraction of the absorber layers (black dots). Other solar cell
parameters (e.g. open circuit voltage VOC, grey dots shown in Fig. 1)
do not display a clear trend with ZnSe content in the absorber films.

The power conversion efficiencies of the devices range between
0.3% and 5.6%. A linear trend between JSC and composition is also
observed if the ZnSe mole fraction in the absorber films is
calculated from the EDS analysis; a shift towards higher ZnSe
content is observed in such case, indicating that EDS overestimates
the amount of ZnSe in the selenized films (data not shown). This
observation is related to the depth-dependence of the EDS
technique, as confirmed by simulations performed with ThinFil-
mID Oxford Scientific© software (not shown), and is consistent
with the microstructure shown in Fig. 2a, as well as with previous
studies [18], i.e. ZnSe segregates mostly on the surface of the films.

The absorber SEM top views (Fig. 2b,c) show the presence
of two types of crystals. Films obtained from precursors with high

Fig. 1. JSC (black dots) and VOC (grey dots) of the solar cells as a function of the
molar ratio of ZnSe in the absorber films calculated from the plating conditions (cf.
remark in Section 3.) (the black hollow dots correspond to the devices for which
EQE analysis is reported).
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Cu/(ZnþSn) molar ratio (e.g. Fig. 2c) are mainly composed of
micrometer-sized grains. Conversely, Fig. 2b shows that Zn-richer
films contain a considerable amount of sub-micrometer-sized crystal-
lites that aggregate on the surface. The SEM top views (Fig. 2b,c) and
the Raman maps (Fig. 2d,e), combined with the global EDS analyses
suggest that the small crystallites are composed of ZnSe. Both the
strongly resonant signal from ZnSe as well as the weaker signature
from CZTSe (Fig. 2f) could be unambiguously identified in the Raman
spectra from different points of the samples surface, giving rise to

highly resolved maps (Fig. 2 d,e). The difference between the
measured and the reference Raman shifts of the ZnSe [19] may be
attributed to the different structural environment caused by the
presence of impurities in the ZnSe, as already inferred by Djemour
et al. [18]. The Ramanmaps were acquired with different focal lengths
to ensure results free from artifacts arising from the films roughness,
but no meaningful differences were observed. Fig. 2a is the cross
section of a film compatible with Fig. 2b,d with 0.43 ZnSe mole
fraction. Fig. 2a reveals that the absorber surface alternates between

Fig. 2. (a) FIB cross section image of a CZTSe absorber layer with 0.43 ZnSe mole fraction estimated from the precursors plating conditions. FIB/EDS analysis reveals the dark
phase to contain Cu, Zn, Sn and Se, while the bright phase contains only Zn and Se, as also observed by Vora et al. [19]. SEM top views (b,c) and Raman maps acquired on
different regions (excitation wavelength 442 nm) (d,e) of absorber films respectively with 0.43 (b,d) and 0.25 (c,e) ZnSe mole fractions. (f) Raman spectra obtained from the
bright (ZnSe) and dark (CZTSe) areas of the maps with the reference shift positions of CZTSe (black) [20] and ZnSe (grey) [19].
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free CZTSe, large ZnSe aggregates, generally associated with voids in
the underlying film (type A in Fig. 2a), and smaller surface ZnSe
aggregates in direct contact with CZTSe (type B in Fig. 2a). Assignment
of the phases in Fig. 2a is based also on FIB/EDS analysis.

In order to elucidate the dependence of the JSC with the absorber
composition and morphology, the external quantum efficiency (EQE)
of four solar cells obtained from absorbers with increasing ZnSe
content were acquired. The EQEs are shown in Fig. 3.

Fig. 3a shows that an increasing ZnSe fraction in the absorber
films results in an overall reduction of the spectral response, as
expected. This reduction is approximately independent of wave-
length, as highlighted by the similar shapes of the normalized EQEs
plotted in Fig. 3b. Normalization suggests that the cause for the
variation of JSC is not related to different charge carrier collection
lengths, because there is no significant difference between the EQE
of the devices in the range 0.9–1.8 eV [23]. Fig. 3b also highlights
that in the 2.7–3.2 eV photon energy range the spectra do show a
non-generalized spectral variation, indicative of an absorption phe-
nomenon seemingly dependent upon the ZnSe content in the
absorber films. Since CdS and Al:ZnO depositions for the series of

samples were run in the same batches, absorption variations due to
different CdS, ZnO and/or Al:ZnO layers can likely be excluded. On
the other hand the location of this spectral feature is consistent with
absorption by ZnSe, which has an optical band gap of approximately
2.7 eV [15]. This behavior suggests that some charge carriers gener-
ated by photons passing through the ZnSe do get collected.

An explanation for these phenomena must then account for the
generalized loss of spectral response and for the limited optical
filtering by ZnSe. In order to test these hypotheses, a simplified
physical model was created and is outlined in Section 3.2.

3.2. Modeling of spectral response

The physical model that follows was devised to verify the
following hypotheses.

1). ZnSe surface segregation is the cause for the overall wave-
length independent reduction of spectral response in the
CZTSe devices with increasing ZnSe content.

Fig. 3. (a) EQE spectra of devices obtained from absorbers with ZnSe mole fractions of 0.25, 0.34, 0.43 and 0.53. The same spectra are shown in (b) after normalization to the
maximum EQE. The band gap values of CdS [21], ZnSe [15], and Al:ZnO [22] are also indicated by the vertical dashed lines.

Fig. 4. Top view (a) and cross section (b) 2D schematic models of a Mo/CZTSe/CdS junction with a collection length Leff of 0.2 mm in the presence of a 0.2 mm thick ZnSe
surface cluster of radius r 1 mm located at the CZTSe/CdS interface. The volume fractions of absorber layer f1, f2 and f3 are indicated (see text). (c) Attenuation of light intensity
as a function of ZnSe thickness for three photon energies: below (i), at (ii) and above (iii) the ZnSe optical bandgap. The dashed line shows the thickness of ZnSe employed in
the model.
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2). The feature between 2.7 and 3.3 eV in the EQE of the CZTSe
devices is a consequence of the optical filtering of the incident
photons through the ZnSe clusters.

It is known that the low energy side of the quantum efficiency
spectra, near the absorption onset, can be fitted by Eq. (1), derived
by Klenk and Schock [24].

EQEλ � 1�expð�αλLef f Þ ð1Þ
where α is the absorption coefficient of the absorber material and
Leff¼wþLd is the effective diffusion length of the minority carriers
(aka collection length [25]); with w being the space charge region
width and Ld being the minority carrier diffusion length.

Eq. (1) implies that all the radiation absorbed within the
collection length generates carriers which are collected. In this
work Eq. (1) is assumed to be valid also in the high energy region
of the EQE, and is reduced to a step function of value 1 down to the
distance within the absorber defined by Leff and zero for distances
beyond Leff.

Fig. 4b shows the simplified geometrical model designed to
illustrate the physical phenomena involved. It depicts a cross
section of the Mo/CZTSe/CdS interfaces, where the CZTSe absorber
is partially covered by a circular aggregate of ZnSe crystals. The
size of the ZnSe island is defined by its radius r, while space charge
region width and minority carrier diffusion length are incorpo-
rated into the single parameter Leff for simplicity [24]. This
approximation is acceptable if the space charge region width is
smaller than the minority carrier diffusion length. Similarly to
record efficiency CZTS(Se)-based devices [2], reversed bias EQE
measurements of the cells in this work showed negligible
improvements in the photocurrent collection. This behavior may
be consistent with one of the following possibilities:

(a). High doping density, leading to a small space charge region
width

(b). Strong gradient of doping density from the CdS/absorber
interface and the edge of the space charge region

(c). Fermi level pinning

Although option (a) seems likely, in any of these cases nothing
can be concluded about the relative magnitude of minority carrier
diffusion length and space charge region width. The assumption is
made that woLd.

The spectral response of the CZTSe-based devices is modeled
by taking into account the following assumptions.

(i). The measured EQE spectrum can be described by a sum of
contributions.

(ii). woLd
(iii). Eq. (1) is valid in the high energy region of the EQE, and is

approximated as 1 up to the distance defined by Leff within
the absorber and 0 for distances beyond Leff.

(iv). ZnSe blocks any electrical current flow through itself, as
inferred by Wätjen et al. [7].

(v). As exemplified in Fig. 4b the volume of potentially active
absorber layer is defined only by Leff. This volume of absorber
can be divided into three volume fractions, representing
different contributions: f1, f2 and f3. f1 is the volume fraction
which surface is free from ZnSe. f2 is the volume fraction
situated underneath ZnSe where photogenerated carriers
diffuse and can be collected. f3 is the volume fraction situated
underneath ZnSe where carriers, although generated, cannot
be collected. A consequence of this geometrical description is
that the sum of f2 and f3 (a 3D concept) is numerically equal
to the fraction of absorber surface covered by ZnSe, named χ
(a 2D concept).

(vi). At high photon energies the internal quantum efficiency (IQE)
of the CZTSe is 1 (i.e. the charge carrier generation efficiency
is 100%) and the shape of the spectral response is thus limited
by buffer and window layers absorption and reflection.

Therefore the starting point of the model is an EQE spectrum of
a device without any ZnSe. As a reference ZnSe-free spectral
response the model employs the EQE of an 8% efficient CIGSe
device [26] with the same buffer and window layers as the CZTSe
devices, deposited in consecutive batches. The reference spectrum
is obtained by multiplying the original CIGSe EQE by 1.1 to correct
for its non-ideal charge carrier generation and is named EQER. This
choice has the advantage of simplifying the simulation, since
absorption and reflection by Al:ZnO, ZnO and CdS are assumed
to be equal in the two kinds of devices. Starting from the reference
EQE spectrum, the geometrical model considers (Fig. 4a,b) the
volume fraction f1 not covered by ZnSe, and the volume fraction f2
situated underneath ZnSe that additionally contributes to the
spectral response of the devices due to the electron diffusion
across to the space charge region located near the CZTSe/CdS
interface. Since optical filtering of the incoming light by ZnSe
occurs prior to photogeneration of the charge carriers underneath
ZnSe, this additional contribution is calculated by taking into
account the transmission spectrum of bulk ZnSe, as obtained from
the literature [27]. The Beer-Lambert law is employed to compute
the optical transmission (TZnSe) of ZnSe with a certain thickness
(Fig. 4c) (light reflections due to the additional ZnSe interfaces are
neglected).

As a result, the EQE spectrum of the CZTSe device can be
expressed by the following:

EQEλ ¼ EQER;λðf 1þ f 2TZnSe;λÞ ð2Þ

In Eq. (2) the term f1 contributes to the spectral response
arising from ZnSe free absorber, while the term f2 takes into
account the additional contribution arising from underneath ZnSe.

The interested reader is directed to the Supporting information
for details of the 3D mathematical implementation of the geome-
trical model in Fig. 4a,b, as well as for the dependence of the EQE
on the ZnSe surface coverage χ.

Deviations from the reference spectrum EQER are implemented
by contributions of f1 and f2 above, and thus simulated EQE of
devices with absorbers containing surface ZnSe were generated
(Fig. 5). In order to match the observed film microstructure
(Fig. 2a), the modeled ZnSe clusters were chosen to have a
thickness of 0.2 mm and a radius r of 1 mm, while Leff was assumed
to be 0.2 mm. In Fig. 5(a) the simulated EQE of a CZTSe device with
ZnSe surface coverage – χ – varying between 0% and 30% are
reproduced in the photon energy range of interest (2.2–4.0 eV).

As expected, addition of ZnSe brings about a generalized
reduction of spectral response across the energy range considered
in the simulated spectra. Fig. 5(b) shows the simulated EQE spectra
normalized to the maximum EQE; this plot highlights the filtering
effect due to the collected fraction of charge carriers generated
under the ZnSe. Comparison of Figs. 3 and 5 suggests that this
simple model allows a satisfactory reproduction of the two main
features observed in the measured EQEs.

Given the morphology of the CZTSe absorbers shown in Fig. 2a,
one may rightly argue that the model neglects the fact that most of
the CZTSe underneath type A ZnSe is actually missing. However,
an attentive observation of Fig. 2a reveals that some CZTSe
absorber is still present underneath type A ZnSe near the edges.
Therefore, the model approximation may be questionable only if
Leff was much higher than assumed here (0.2 mm).

With the intent to extract information about the ZnSe surface
coverage of the measured devices, the experimental EQE spectra
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shown in Fig. 3 were fitted by means of the thus described model,
as to lower the discrepancy between experimental and fitted
curves below 2.5% absolute in the photon energy region above
the ZnSe optical band gap (2.7 eV). The fitting was performed
assuming the same shape of ZnSe clusters for the four samples,
changing solely the number of clusters per unit area of absorber,
i.e. the ZnSe surface coverage χ. Fig. 6a shows the measured EQE of
the samples with ZnSe mole fraction ranging from 0.25 to 0.53 (as
shown in Fig. 3a). On the same plot are shown the EQE curves
obtained by fitting the measured spectra with the model, by
keeping constant r (1 mm), Leff (0.2 mm) and the thickness of the
ZnSe clusters (0.2 mm), and varying χ.

The ΔEQE plot in Fig. 6a shows the difference between the
fitted EQE curves and the measured EQEs. The features of the
experimental EQE spectra are reasonably simulated by the fitting
in the photon energy range 2.7–3.8 eV. The fitted EQEs over-
estimate the spectral response of the samples between the ZnSe
and the CdS absorption edges (2.4–2.7 eV). It is possible that this
discrepancy arises from ZnSe sub-band gap absorption due to Cu
doping [28–32], which is not correctly simulated by the model
based on the pure ZnSe absorption spectrum [27]. Another
cause could be a slightly different Al:ZnO layer thickness in the
ZnSe-free reference sample (displaying different interference

fringes), as well as a CdS with slightly different properties, being
grown on CZTSe rather than CIGSe.

Besides the ZnSe sub-band gap discrepancy, Fig. 6a clearly
shows that the model fails to correctly fit the plateau region of the
EQE (Er2.4 eV) for the device with lowest ZnSe mole fraction.
More precisely, the fitting overestimates the current blocking
effect of the ZnSe. Analysis of Eq. (2) and Fig. 4a,b shows that
the size of the segregated ZnSe clusters plays a major role in
defining the relative volume fractions contributing to the overall
spectral response. In this sense, a critical parameter is given by the
r/Leff ratio:

If r = Lef f 4
� 15.3 the charge carriers photogenerated under the

ZnSe are mostly (490%) lost, i.e. the ZnSe acts de facto as a current
blockage.

If r = Lef f o
� 0.35 collection of the carriers photogenerated

under the ZnSe is almost full (490%), i.e. the ZnSe acts de facto
as an optical filter (See the supporting information for the
analytical derivation of these two cases).

To clearly highlight the effect of the surface ZnSe morphology
on the EQE, simulated EQEs of two samples containing the same
total ZnSe surface coverage (χ¼0.5) and different r/Leff ratios (15.3
and 0.35) were computed; the plot is shown in Fig. 6b. It is clear
from Fig. 6b that ZnSe clusters with finer microstructure allow a

Fig. 5. (a) Simulated EQE spectra with increasing χ from 0 to 0.3. The same simulated spectra are shown in (b) after normalization to the highest value of spectral response.
The ZnSe clusters are assumed to be 0.2 mm thick and have a radius r of 1 mm, cf. Fig. 2a; Leff is assumed to be 0.2 mm.

Fig. 6. (a) Overlay of measured EQE spectra of the samples with ZnSe mole fraction of 0.25, 0.34, 0.43, and 0.53 (solid lines) and fitting EQE curves with modeled ZnSe surface
coverage χ of 0.15, 0.27, 0.42, and 0.54 (assuming r¼1 mm, Leff¼0.2 mm and ZnSe thickness¼0.2 mm) (dashed lines), and corresponding difference plot (ΔEQE) between fitted
and measured EQE for the devices with lowest (black) and highest (light grey) ZnSe mole fraction. (b) Reference spectrum EQER and simulated EQEs of CZTSe devices with
χ¼0.5 (0.2 mm thick ZnSe) with r/Leff of �0.35 and �15.3, corresponding to 90% of optical filtering and 90% of current blocking underneath ZnSe, respectively.
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better collection of charge carriers generated under ZnSe, leading
to an increase of spectral response in the plateau region.

3.3. Further semiquantitative implications of the spectral response
modeling

The purpose of this section is to illustrate that the surface
coverage of ZnSe can also be calculated semiquantitatively consider-
ing only a constant ZnSe thickness. The advantage of doing this is
that no fitting of the EQE spectrum is required. Finally, ZnSe surface
coverages calculated in this section and in Section 3.2 are compared
to those obtained independently by Raman spectroscopy.

Further insights can be gained by removing the geometrical
constraint imposed by assuming ZnSe clusters of fixed geometrical
proportion. This can help understanding the reason for the diver-
gence between the measured EQE spectra and the simulated EQEs
for the ZnSe poorest samples in the plateau region (Er2.4 eV).
Fig. 7a shows the theoretical volume fractions f2,t and f3,t of
absorber layer subject respectively to charge carrier collection
underneath ZnSe and current blocking, as a function of the ZnSe
surface coverage χ for the r and Leff pair chosen in Section 3.2
(1 mm and 0.2 mm, respectively). f2,t and f3,t were derived analyti-
cally, and in both cases a linear dependence on χ is obtained
(cf. supporting information). The graph is only plotted up to χ¼0.8,
because for χ4π/4 the model implies that the ZnSe islands start to
touch, leading to deviation from linearity. The sum of f2,t and f3,t is
indicated by the dashed line in Fig. 7a and corresponds numerically to
the fraction of absorber0s surface area covered by ZnSe, χ.

In addition to the lines f2,t and f3,t, the fractions f2 and f3 can
also be computed from the experimental EQEs, assuming only a
fixed thickness of ZnSe. These are also shown as scattered points.
Taking into account Eq. (2), f3 and f2 were computed from the
measured EQEs by looking respectively at the loss of response in
the plateau region and at the relative loss in the region of ZnSe
optical absorption. Only a ZnSe thickness of 0.2 mm is assumed,
while no geometrical relation between f2 and f3 is imposed. The
reader is referred to the Supporting information for the detailed
procedure required to extract f2 and f3 from the measured EQEs.

Fig. 7a shows that if the volume fractions of absorber layer
subject to current blocking (f3) and optically-filtered diffusional
collection (f2) are calculated as discussed above, the ZnSe poorest
sample displays f24 f3. Vice versa, samples with higher ZnSe
content have f34 f2. The theoretical lines f2,t and f3,t in Fig. 7a
were obtained assuming no size variation of the ZnSe clusters
as the ZnSe content (i.e. ZnSe surface coverage) in the samples

increases. The EQEs fitted with fixed r and Leff values lead to an
overestimation of the blocking behavior and to an underestima-
tion of the “optical filtering” effect for the ZnSe-poorest sample.
The mismatch between the volume fraction lines and the scattered
dots in Fig. 7a signifies that the single pair of r and Leff values
employed for the fitting is not suitable to simulate satisfactorily
the ZnSe surface coverage for all ZnSe contents. The morphology
of the surface ZnSe phase changes considerably with the increase
of its mole fraction within the films (Fig. SI6). Therefore, using
constant r and Leff for the EQE fitting is a too coarse assumption.
As simulated in Fig. 6b, small ZnSe aggregates contribute more
to the “optical filtering” effect, while bigger aggregates have a
stronger impact on the current blocking behavior.

Fig. 7b shows the ZnSe surface coverage χ extracted with three
methods for samples with increasing ZnSe mole fraction. For the
black dots χ is estimated from the fitted EQE spectra obtained
assuming constant ZnSe clusters size and Leff (Fig. 6a). The solid
grey dots are obtained by summing f2 and f3 extracted from the
experimental EQE spectra by means of Eq. (2). The hollow grey
squares are obtained by pixel counting of the ZnSe/CZTSe Raman
maps of the corresponding films. In all three cases a linear
dependence is found, indicating that the model provides a good
qualitative description of the effects of ZnSe surface coverage
on the spectral response of CZTSe-based solar cell devices. The
disagreement in absolute values stems from the fact that Raman
mapping does not average large enough areas of the films.

4. Conclusions

This work shows that some charge carriers generated under-
neath surface ZnSe can be collected. The presence of ZnSe on the
surface of CZTSe absorber layers can be detected by spectral
response analysis of the corresponding devices. A simple physical
model was formulated to fit the EQE spectra and estimate the ZnSe
surface coverage in samples containing variable ZnSe mole frac-
tion. A good qualitative agreement was found between the ZnSe
surface coverage estimated from the model and assessed inde-
pendently by Raman maps analysis. The model can be further
implemented if the space-charge region width and the minority
carrier diffusion length are known. Likewise, insights into the
transport properties of the absorber layer may be gained should
the ZnSe morphology be engineered or well known. Indeed, the
morphology of the surface ZnSe plays a major role in defining
the shape of the device spectral response. For absorber films with

Fig. 7. (a) plot of the volume fractions f2 (grey) and f3 (black) of absorber layer subject respectively to charge carrier collection underneath ZnSe and current blocking, as a
function of the ZnSe surface coverage χ, according to the geometrically constrained model of Section 3.2 (lines) (assuming r¼1 mm, Leff¼0.2 mm and ZnSe thickness¼0.2 mm)
and computed from the measured EQE spectra (circles) for the devices with ZnSe mole fractions of 0.25, 0.34, 0.43, and 0.53. (b) Plot of χ for the same devices in (a) obtained
either by fitting of the EQE spectra from Fig. 6a (solid grey), by computation from the EQE spectra using Eq. (2) (solid black) and by pixel counting from the corresponding
ZnSe/CZTSe Raman maps (hollow squares).
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the same extent of ZnSe surface coverage and same collection
length it is predicted that devices containing reasonably small
ZnSe clusters display higher JSC compared to analogous devices
where the clusters have larger size.

The methodology described in this work allows to analyze
macroscopically the surface ZnSe content of Cu2ZnSnSe4-based
devices without the specialist need of photoluminescence or blue
laser line Raman equipment. Due to the presence of voids in the
absorber films underneath large ZnSe clusters, the present work
cannot prove that the short circuit current losses are due to surface
ZnSe acting as a current blocking phase, although EBIC measure-
ments strongly suggest it is the case [7]. The synthesis and subse-
quent characterization of a compact CZTSe film with deliberate
dispersion of ZnSe islands may provide the ultimate confirmation
of the ZnSe current blocking behavior.

Zn-rich and Cu-poor conditions are generally employed to
grow good quality CZTSe absorber layers. The future synthetic
challenge for the two-stage route will be to minimize the extent of
ZnSe segregation, ensuring that the films are free from Cu2SnSe3.
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