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The effect of Cu off-stoichiometry and Zn alloying on the fundamental absorption region of Cu2CdSnS4

(CCTS) absorbers in complete solar cells has been investigated using electroreflectance (ER) spectroscopy
at room temperature. It is found that ER spectra consist of contributions from two different sources, one of
which corresponds to band gap transition in the absorber layer and the other to the interference effect in the
window layer. ER measurements on CCTS samples reveal a near-constant band gap energy of 1.37–1.38 eV
and a relatively small broadening of 60–90 meV in the probed 0.8 < Cu/(Cd + Sn) < 0.89 compositional
range, in contrast to related kesterites Cu2ZnSn(S, Se)4. The analysis of the band gap in Cu2(Cd1−x, Znx )SnS4

alloys yields a quadratic dependence on Zn content with a bowing parameter of 0.4 eV. Finally, the broadening
parameters of the band gap transitions as well as their compositional dependence are evaluated and discussed.
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I. INTRODUCTION

In recent years stannite Cu2CdSnS4 (CCTS) semiconduc-
tor has gained a renewed interest in thin film photovoltaic
devices [1–3]. It has been known since the late 1970s, when
the first single-crystal p-CCTS/n-CdS heterodiode with power
conversion efficiency of 1.6% was demonstrated [4]. Nowa-
days, the solar cells made out of polycrystalline CCTS thin
films reach efficiencies of about 8%, which is the highest
result among fully cation-substituted absorbers derived from
kesterite Cu2ZnSnS4 (CZTS) [5]. It has been also found that
Cd alloying effectively suppresses the structural disorder of
the kesterite CZTS as evidenced from the smaller band tailing
and Urbach energy [2,6] and causes a phase transition to the
stannite lattice in related Cu2(Cd1−x, Znx )SnS4 (CCZTS) al-
loys [1,3]. Furthermore, the efficiency of CCZTS-based solar
cells has approached or exceeded 12% in recent years [2,7].
However, not very much is known about the electronic band
structure of CCZTS alloys in comparison to an extensively
studied kesterite Cu2ZnSn(S, Se)4 family of materials [8,9].
For example, the experimentally obtained band gap of CCTS
spans from ∼1.1 eV [10,11] to ∼1.4 eV [1,4] and there is
some discrepancy between the reported band gap dependency
on alloy composition in CCZTS [1,3,11]. The absorption mea-
surements on CCZTS deduced a linear band gap variation
from 1.09 to 1.55 eV in the entire range of composition [11],
whereas the external quantum efficiency (EQE) measurements
implied a minimum gap of 1.36 eV for intermediate x compo-
sitions and near-linear dependence towards compositional end
points [1,3].
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In this work, we employ the electroreflectance (ER) spec-
troscopy at room temperature for characterizing CCZTS thin
film solar cell devices with different composition of the ab-
sorber layer. Because of its derivative nature and enhanced
sensitivity, the ER technique allows accessing and resolving
the lowest band gap and high-energy interband electronic
transitions in semiconductor materials more precisely than
the conventional transmission and reflection methods [12–14].
The effects of Cu off-stoichiometry and Zn alloying of the
CCTS absorber layer on the band gap transitions are investi-
gated in detail. Assessing such effects are very important for
improving solar cell devices using earth-abundant semicon-
ducting materials [15].

II. EXPERIMENT DETAILS

The Cu2(Cd1−x, Znx )SnS4 absorbers (x = 0, 0.4, 0.6, 0.7,
0.8, 1.0) with a thickness of 1 μm were deposited by the
spin-coating process on the Mo-coated glass, following the
methods described in Ref. [6]. In brief, the spin-coating solu-
tion was prepared by dissolving copper acetate monohydrate,
zinc acetate dihydrate, cadmium acetate dihydrate, tin chlo-
ride dihydrate, and thiourea in the solvent 2-methoxyethanol
for 2 h at 50 °C. The clear solution obtained was then spin
coated on Mo-glass substrate at 4000 rpm followed by an-
nealing in air at ∼280 ◦C for 2 min. This spin-coating and
annealing step was repeated 13 times. The films were then
sulfurized for 40 min in a two-zone furnace in an Ar atmo-
sphere (400-mbar pressure), with temperature of the sample
zone maintained at 580–600 °C and that of the sulfur zone
maintained at 200 °C. The samples were allowed to cool
naturally in the furnace. The solar cell devices were finished
by adding a CdS buffer layer using chemical bath deposi-
tion (9 min at 80 °C in a solution of 140 ml water, 20 ml
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FIG. 1. Room-temperature electroreflectance (green circles) and
reflectance (dashed red line) spectra on CCTS sample with
Cu/(Cd + Sn) = 0.8 composition. The solid line is fit to Eq. (4). The
region highlighted with light blue background shows spectral region
where the minimum of the reflectance occurs.

0.015 M CdSO4, 20 ml 0.015 M thiourea, and 20 ml of
28–30% ammonia solution) and indium tin oxide (ITO) layer
using DC magnetron sputtering (50-W power for 55 min).
Note that the ITO layer thickness in this sample series was
in the range of 400–500 nm due to batch-to-batch variation.
Devices of area 0.16 cm2 were delineated using mechanical
scribing, and Ag was printed on the devices as a top con-
tact. ER experiment on CCZTS devices was conducted on a
setup similar to one already described elsewhere [16]. Light
from a 150-W halogen lamp passed through a 1/4-m grating
monochromator served as the probe beam. A 160-Hz, 1-V
peak-to-peak, square wave was used to modulate the electric
field across the samples. A dual-phase lock-in was used to
extract the modulating part of the reflective signal with a Si
photodiode.

III. RESULTS AND DISCUSSION

Figure 1 presents the ER spectrum (shown by the open
circles) of CCTS sample with Cu/(Cd + Sn) = 0.8 measured
in the region of the lowest band gap transitions. A pronounced
spectral feature at about 1.35 eV and a weak spectral feature
at 1.45 eV are clearly identified. The low-energy feature arises
from the band gap transition [5,17]. However, the interpreta-
tion of the high-energy feature is more complex and it can
be associated with Franz-Keldysh oscillations (FKO) induced
by the internal p-n junction field [12,13] or with distortion
of the ER signal due to interference effect of the window
overlayer [14,18] or even to contribution from the high-energy
unknown transition. In the case of the interference effect, it
has been experimentally demonstrated that different thick-
nesses of the ZnO:Al window of epitaxial Cu2ZnSnSe4 thin
film solar samples resulted in different shape ER signal in the
band-edge region of the absorber layer [19]. To obtain relevant
information on the possible origin of the spectral ER signal of
CCTS sample, we perform a quantitative analysis based on
the ER theory [12,13].

In the ER experiment the relative change of the reflectance
is defined as [20]

�R

R
= Re[(α − iβ )(�ε1 + i�ε2)], (1)

where α and β are the Seraphin coefficients, and �ε = �ε1 +
i�ε2 is the change of the complex dielectric function induced
by the modulating of the electric field. For a given electro-
modulation the analytical form of �ε can be calculated if the
dielectric function and the type of critical point are known.
Here, we assume a three-dimensional (3D) M0 critical point
(CP) for the lowest band gap transitions in CCTZS and the
quantity �ε can be then obtained as [21]

�ε = Bθ0.5H (z)(E − i�)−2, (2)

with z = (Eg − E + i�)/h̄θ , where Eg is the band gap tran-
sition energy, E is the photon energy, � is the Lorentzian
broadening parameter, B is the amplitude related to the transi-
tion strength, h̄θ = 3

√
(h̄qeF )2/2μ is the electro-optic energy,

where F is the amplitude of the electric field strength, qe is the
elementary charge, and μ is the reduced effective mass in the
direction of F. H(z) is the electro-optic function expressed for
a 3D M0 CP as [22,23]

H (z) = 2π (e−i(π/3)A′
i(z)A′

i(w) + wAi(z)Ai(w)) + i
√

z, (3)

with w = ze−i(2π/3), where A′
i(z) and A′

i(w) denote the first
derivatives of the Airy functions of the first kind Ai(z) and
Ai(w) of complex argument, respectively.

For the bulk materials and optically thick films in the
near band gap region the term (α−iβ ) with the Seraphin
coefficients in Eq. (1) can be well approximated by an energy-
independent Ce−iϕ term, and the overall functional form for
the relative change of the reflectance can be simply reduced to
[12,24]

�R

R
= Re[CeiϕH (z)(E − i�)−2], (4)

where the C and ϕ parameters are redefined to include con-
stant coefficients in Eq. (2). Note that in this approximation
one requires no additional information on the dielectric func-
tion itself for the material under study. The �R

R quantity
thus derived depends on the amplitude C, the phase ϕ, the
electro-optic energy h̄θ , the broadening �, and the band gap
Eg parameters. It is worth noting that with increasing ra-
tio of h̄θ /� the FKO signal intensity increases and appears
more clear in ER spectrum above the band gap [12,13]. The
numerical evaluation of the unknown parameters from the
experimental ER data is performed with simulating annealing
(SA) algorithm designed for computing the global minimum
of the function with multiple local extrema [25]. The ap-
plication of the SA algorithm to evaluate model parameters
for different values of h̄θ /� ratio is exemplified the synthetic
ER data with additional random noise to mimic experimental
measurement error (Fig. S1 and Table S1 of the Supplemental
Material [26]).

The solid line in Fig. 1 shows a SA fit result to Eq. (4) for
CCTS sample with Cu/(Cd + Sn) = 0.8. We see the devia-
tion of the theoretical curve from the ER data in the whole
spectral range. Moreover, the high-energy feature (at 1.45 eV)
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FIG. 2. (a) Room-temperature electroreflectance (green circles) and reflectance (dashed red line) spectra on CCTS sample with varied
Cu/(Cd+Sn) composition. For clarity, these optical spectra are vertically shifted. The region highlighted with light blue background shows
spectral region where the minimum of the reflectance occurs. The dark orange solid lines are fits to Eq. (4) over the limited range. The evaluated
(b) energy and (c) broadening of the band gap transitions as a function of Cu composition.

cannot be modeled with the line shape of FKO structure. How-
ever, a closer inspection of reflection (R) spectra measured
with a white standard shows a minimum of reflectance in this
spectral region, which is additionally highlighted in Fig. 1.
This minimum of R is attributed to an interference minimum
originating from the top ITO window layer of the CCTS
device as the interference effects are best seen in the optical
response of the solar cell but not in the as-deposited absorber
layer (Fig. S1). The computed R spectra with a matrix method
for multilayer structures [27–29] and reasonable assumptions
for the optical constants of the individual layers [27,30,31]
show also better agreement with the experimental data for
the incoherent behavior for the absorber layer and partially
coherent behavior [28,29] of the ITO layer (Fig. S2 of the
Supplemental Material [26]). Note that the difference in the
absolute values between the measured and calculated R spec-
tra is mostly due to light scattering from the rough surfaces of
the individual layers that reduce the specular reflection.

It is well known that a distortion of the ER signal for
a multilayer system is induced by large fluctuation of the
Seraphin coefficients near the interference minimum [18]. In
other words, the ER signal in the general equation [Eq. (1)]
is mainly determined by the contribution from the Seraphin
coefficients and not by the �ε term. In fact, it can be properly
accounted for by using the dielectric function and thickness of
each individual layer of the multilayer system and by calcu-

lating the dependence of the Seraphin coefficients on photon
energy as it was demonstrated on chalcopyrite Cu(In, Ga)Se2

solar cells devices [14] or InGaAs/GaAs/AlAs vertical-cavity
surface emitting lasers [32]. Compared to ternary chalcopy-
rite or III–V compounds, the optical properties of Cd-based
kesterites are not understood and in order to calculate the
ER signal in a general way based on Eqs. (1)–(3) one first
requires the dielectric function study on this semiconductor
family. A further complication is the realistic assumption on
the interfaces of the considered multilayer system that are
not perfectly smooth in the actual polycrystalline solar cells
devices. This presents an additional difficulty for the modeling
of the reflection spectra on a quantitative level [14]. In what
follows, we evaluate the ER model parameters with Eq. (4)
using a limited experimental range, excluding the region of re-
flectance minima where the influence of Seraphin coefficients
on ER signal cannot be neglected.

Figure 2(a) illustrates the ER and R spectra on the CCTS
samples with different Cu/(Cd+Sn) composition varying from
0.8 to 0.89. The ER spectra produced by additional samples
resemble the key characteristics of those found in Fig. 1: the
main ER feature at 1.35 eV and the high-energy ER feature
at 1.45–1.47 eV. Comparison of ER and R spectra suggests a
strong correlation between the high-energy ER feature and the
minimum in the reflectance [as highlighted in Fig. 2(a)]. This
supports our hypothesis that the high-energy spectral feature
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FIG. 3. (a) Room-temperature electroreflectance (green circles) and reflectance (dashed red line) spectra on CCZTS sample with varied
Zn/(Cd+Zn) composition. For clarity, these optical spectra are vertically shifted. The region highlighted with light blue color shows region
where the minimum of the reflectance occurs. The dark orange solid lines are fits to Eq. (4) over the limited range. The evaluated (b) energy and
(c) broadening of the band gap transitions as a function of Zn composition for the CCZTS alloys undoped (closed circles) and 5% Ag-doped
(open rhombs).

is due to an interference effect of the ITO window layer and
that it is less likely to originate from the unknown high-energy
transition. The solid lines in Fig. 2(a) are SA fits to Eq. (4).

The evaluated values of the electro-optic energy are in
the range of 10–12 meV. The obtained values of the band
gap and broadening parameters are plotted in Figs. 2(b) and
2(c), respectively. It is seen that � increases with Cu content
by about 30 meV, while Eg is nearly constant. The observed
compositional variation of the broadening parameter can be
explained by an increase of the formation energy for the
2CuCd + SnCd defect cluster, which gives rise to band gap
fluctuations in the Cu2CdSnS4 material [5,33]. Our results
are in agreement with a previous report on external quantum
efficiency from CCTS solar cells [5]. However, a more precise
comparison is rather difficult to make as no inclusion of re-
flectance spectra in the extraction of the absorption coefficient
from EQE data was done [34]. Note that our determined
value of Eg = 1.38 eV is consistent with absorption results on
CCTS single crystals [35], EQE on monograin powders [3],
and photoluminescence on polycrystalline powders [17]. In
contrast to kesterite CZTSSe [36], the CCTS samples display
a near-constant Eg over the probed Cu compositional range
[Fig. 2(b)], showing evidence of more structural order [37]
and possibly a less-pronounced effect of the Cu vacancy on
the CCTS valence band [38] compared with kesterite com-

pounds. Note that the broadening parameter of CCTS is also
lower by 30–50 meV than the broadening of Eg transitions
determined from the ER on CZTSSe polycrystalline thin films
[39,40] and hence additionally points to a better crystal quality
of CCTS compounds.

Figure 3(a) presents ER and R spectra on the group
of CCZTS samples with varied Zn content and nearly
constant Cu-poor composition (Cu/(Zn + Cd + Sn) = 0.86).
The main ER feature related to band gap transitions and the
accompanied ER feature at higher energy attributed to the
interference effect in the ITO window layer are well resolved
in these optical spectra. It can be also observed that the
main ER feature exhibits a u-shape behavior with increase
of Zn content. The solid lines represent fits of Eq. (4) to the
experimental data. The extracted values of the electro-optic
energy are about 10-20 meV for these samples. The minimum
of the calculated transition energy occurs at Zn ≈ 0.4–0.6, as
shown by the band gap plot in Fig. 3(b), close to the compo-
sitional point where the CCZTS structure can be considered a
50:50 solid solution of kesterite-type and stannite-type struc-
tures [37]. It has been shown that a continuous structural
change from kesterite to stannite occurs as Cd/(Zn + Cd) ratio
increases [37]. The determined Eg dependency on Zn com-
position agrees with the previous reports on thin films [17]
and monograins [3], but it is in conflict with the earlier results
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on thin films with low Zn composition [11]. In analogy to
ternary and multinary compounds, the band gap dependence
on the composition x can be expressed with a simple quadratic
dependence [41] as

Eg(x) = (1 − x)Eg(x = 0) + xEg(x = 1) − x(1 − x)b, (5)

where Eg(x = 0) and Eg(x = 1) correspond to the band gap
values in the end points of the multinary alloy and b is the
bowing parameter. The least-square fit of our experimental
data [Fig. 3(b)] with Eq. (5) yields the value b = 0.4 eV.
A similar value of the bowing coefficient has been theo-
retically obtained for Cu2Zn(Sn, Si)Se4 alloys [42], while
bowing coefficients ranging from 0.1 to 0.2 eV in mixed-
cation Cu2Zn(Sn, Ge)Se4 and mixed-anion Cu2ZnSn(Se, S)4

alloys have been reported [15,43].
The effect of Zn on the broadening parameter is given

in Fig. 3(c). Although an appreciable increase of � with Zn
content is clearly observed, for a wide compositional range
(0.4 < Zn < 0.8) the value of � parameter is found to be
nearly constant: 0.11–0.13 eV. The obtained � = 0.27 eV for
the CZTS (Zn/(Cd + Zn) = 1) sample is of comparable order
to the reported value of 0.2 eV on single crystals [44], mean-
ing a higher disorder effect created by the presence of different
cation defects in the crystal lattice of Cd-free sample.

Because the carrier concentration might also influence the
broadening parameter [12], we have additionally investigated
a second group of CCZTS samples alloyed with 5% Ag. The
Hall data indicated a decrease in carrier concentration for
this group of samples to values of 2–3 × 1014 cm–3 [6]. The
representative ER and R spectra on 5% Ag CCZTS samples
(Fig. S3 of the Supplemental Material [26]) are similar to the
first group of CCZTS samples and the evaluated Eg and �

parameters are additionally included in Figs. 3(a) and 3(b).
Only a slight decrease of the � parameter by about 10 meV

is found for Ag-alloyed samples. Thus, we conclude that the
structural disorder mechanism mainly affects the broadening
of the band gap transitions in CCZTS alloys.

IV. CONCLUSIONS

To summarize, room-temperature ER is performed
to study the band gap transitions of Cu2CdSnS4 and
Cu2(Cd1−x, Znx )SnS4-based solar cells. We propose that ad-
ditional reflectance measurements are important and have to
be carefully considered in the analysis of distinct ER features
from these types of multilayer samples. A detailed line-shape
analysis of the ER spectra yields important absorber parame-
ters such as energy and broadening of the band gap transitions
as well as reveals the effects of Cu composition and Zn
alloying on them. The band gap of Cu2CdSnS4 is nearly
independent of Cu content, while the broadening parameter
apparently varies by about 30 meV. The compositional depen-
dence of the band gap in Cu2(Cd1−x, Znx )SnS4 alloys follows
the Eg(x) = 1.38(1−x) + 1.44x−0.4x(1−x) analytical form.
Based on the weak effect of the doping on the ER feature
linewidth we suggest that structural disorder is responsible
for the broadening of the band gap transitions. The results
of our work demonstrate the considerable potential of the ER
method in studying and characterizing absorbers in the device
architecture.
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