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a b s t r a c t   

In the present work, Cd-doped Cu2ZnSn(S,Se)4 (CZTSSe) films (CZCTSSe) were prepared by selenizing 
precursor films, which consist of thin Cd-doped Cu2ZnSnS4 (CZTS) at top layer and a thick CZTS layer at 
bottom. Using the CZTSSe and CZCTSSe as absorbers, solar cells with conventional structure were fabricated. 
It is found that Cd diffusion doping can improve the crystal quality of CZTSSe film, decrease the charge 
density of depletion layer and suppress the formation of secondary phases at surface of CZTSSe. The 
CZCTSSe solar cells have larger short-circuit current density (Jsc), open-circuit voltage (Voc) and filling factor 
(FF) than the CZTSSe solar cell, and so have superior power conversion efficiency (PCE) than CZTSSe solar 
cells. The increased Jsc is mainly due to the enhancement in photocurrent density (JL) of CZCTSS. The in-
creased Voc is dominantly attributed to the decrease in reverse saturation current density (J0), followed by 
increase in JL and lastly increase in shunt resistance. The increased FF comes mainly from the contribution 
of Rsh. By optimizing the Cd doping content, the PCE is improved from 3.04% of CZTSSe solar cell to 7.30% of 
CZCTSSe solar cell. The influence mechanism of Cd-doping on PCE was suggested by analysis of effect of Cd 
doping on JL, Rsh and J0. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Kesterite Cu2ZnSn(S,Se)4 (CZTSSe) has drawn much attention due 
to its outstanding optoelectronic properties and earth-abundant 
constituents [1], and is considered as a promising absorber material 
for substitution of CuInGaSe2 (CIGSe). So far, CZTSSe solar cell with 
world-record power conversion efficiency (PCE) of 12.6% has been 
reported by Mitzi group [2]. However, this efficiency is still far be-
hind PCE of its Shockley–Queisser limit (33%) and of CIGSe solar cell 
(23.35%) [3]. 

One of the reasons for the lower PCE is related to the poor quality 
of CZTSSe/CdS interface [4–6]. First of all, since the composition at 
surface of CZTSSe deviates from the composition range of a single 

phase of CZTSSe, many secondary phases may form at the surface of 
CZTSSe [7–10]. The secondary phases would increase the re-
combination rate of photogenerated carriers and decrease shunt 
resistance at CZTSSe/CdS interface, leading to the loss in short-cir-
cuit current density (Jsc), open-circuit voltage (Voc) and filling factor 
(FF). The second is the existence of large lattice mismatch between 
CZTSSe and CdS (ca. 2.4–6.1%) due to the lattice constant of CZTSSe 
much smaller than that of CdS [11,12]. The large mismatch will result 
in the formation of defects at CZTSSe/CdS interface, which increases 
the interface recombination rate of photogenerated carriers and so 
lowers the Jsc and Voc [11,13–15]. The third is the existence of many 
CuZn antisite defects due to the close ionic radii of Zn and Cu [16,17]. 
The CuZn defects in surface layer of CZTSSe can cause the Fermi level 
pinning, limiting band bending and thus decreasing Voc [18,19]. 
Therefore, it is necessary to improve the quality of CZTSSe/CdS in-
terface by interface engineering. 

It was reported that the formation energy of CdZn is lower than 
that of both CuZn and ZnCu in Cu2Zn1−xCdxSn(S,Se)4 (CZCTSSe) 
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compound [20]. Therefore, Cd doping would likely substitute for Zn 
to form CdZn in Cd-doped CZTSSe. The CdZn, on the one side, can 
reduce CuZn antisite defects, weakening Fermi level pinning effect 
and thus increasing band bending, and on the other side, can reduce 
the lattice mismatch between CZTSS and CdS [16,17], decreasing the 
recombination rate of photogenerated electron and hole. Both effects 
can increase Voc of CZTSSe solar cell and so PCE. It is also reported 
that Cd doping can decrease bandgap of CZTSSe by lowering con-
duction band level [21]. Some experimental works on the en-
hancement of CZTSSe solar cell efficiency by incorporation of Cd into 
bulk CZTSSe were carried out in recent years [6,22], and demonstrate 
that the Cd-doping can increase the efficiency of CZTSSe solar cell by 
significantly ameliorating the band tailing issues, improving the 
crystal quality, extending the minority lifetime and enhancing 
electrical properties of CZTSSe absorber [4,21,23,24]. However, to our 
knowledge, research on the increase in the PCE by modifying 
structure and properties of CZTSSe/CdS interface with Cd doping is 
reported little. Therefore, it is essential to modify the interface of 
CZCTSSe/CdS by Cd-doping and study influence mechanism of the 
modification on Jsc, Voc and FF for improving PCE of CZTSSe solar cell. 

In the present work, Cu2Zn1-xCdxSn(S,Se)4 (CZCTSSe) films (x is in 
the range of 0–6.51 at%) are prepared by selenizing the bilayer 
precursor film which is consisted of CZTS and Cd-doped CZTS. The 
thin Cd-doped CZTS layer is at top and the thick CZTS is at bottom. 
Through diffusion doping of Cd from the Cd-doped CZTS layer to the 
CZTS layer in selenization process, it is hoped that a gradient elec-
trical filed is formed in the CZTSSe absorber and the lattice mismatch 
between CdS and CZTSSe is reduced, weakening Fermi level pinning, 
extending carrier lifetime, decreasing carrier recombination at CdS/ 
CZTSSe interface and improving separation and collection abilities of 
photogenerated carriers. It is found in the present work that the Cd 
diffusion doping can enhance the PCE of CZTSSe solar cell sig-
nificantly. By optimizing Cd doping content, the PCE of the CZCTSSe 
solar cell was improved from 3.04% of CZTSSe device to 7.30% of the 
CZCTSSe device with Cd/(Cd+Zn) ratio of 5.14%. The mechanism of 
improved the PCE was suggested by analysis of effect of Cd doping 
on Jsc, Voc and FF. 

2. Experimental procedures 

Cu-Zn-Sn-S precursor solutions (denoted as S-0) was prepared by 
dissolving Cu(CH3COO)2·H2O (5.00 mmol), SnCl2·2H2O (3.30 mmol), 
ZnCl2·2H2O (3.96 mmol), thiourea (26.00 mmol) into N, N-dimethyl 
formamide (DMF, 10 mL) and then magnetically stirring for 3 h at 
room temperature. Three Cu-Zn-Cd-Sn-S precursor solutions with 
the nominal Cd/(Cd+Zn) atomic ratio of 0.1, 0.3 and 0.4 (denoted as 
S-1, 2 and 3,respectively) were prepared by addition of with 0.369, 
1.107, 1.476 mmol Cd(NO3)2 into the S-0, but Molar content of Cd+Zn 
remained unchanged at 3.96 mmol by tuning molar content of 
ZnCl2·2H2O. The CZTS-0 precursor film was prepared firstly by spin- 
coating the S-0 precursor solution onto the Molybdenum (Mo)- 
coated soda-lime glass substrate at a rotating rate of 3000 rpm for 
3 min followed by drying at 300 °C in a N2-filled glovebox, the 
coating and drying processes were repeated 9 times [25,26]. Then, 
with the same rotating rate and drying temperature as preparation 
of the CZTS precursor film, the S-x (x = 0, 1, 2 and 3) precursor so-
lutions were respectively spin-coated onto the four CZTS-0 precursor 

film followed by dried, to prepare CZTS precursor films and CZTS 
precursor films covered by a layer of Cd-doped CZTS (denoted as 
CZCTS-x correspondingly). Finally, the CZTS and CZCTS-x precursor 
films were sealed in a graphite box together with some selenium 
granule, followed by annealing for 15 min at 550 °C and 1 bar in a 
rapid thermal processing (RTP) furnace under N2 flow of 80 mL/min 
with a heating rate of 4 °C/s, and then cooling down to room tem-
perature naturally. The corresponding films are denoted as CZTSSe 
and CZCTSSe-x (x = 1, 2, and 3). 

Using the CZTSSe and CZCTSSe-x films as absorbers, solar cells 
were fabricated with a conventional structure of glass/Mo/absorber/ 
CdS/i-ZnO/ITO/Al. The CdS buffer layer (50 nm) was prepared by 
chemical bath deposition, using CdSO4·8/3H2O as cadmium pre-
cursor sources, and then followed by the sputtering deposition of 
~50 nm i-ZnO/~260 nm ITO layer [27,28]. An Aluminum top contact 
was then deposited through a metal mask using thermal evaporation 
method. Finally, the devices were mechanically isolated with an 
active area of 0.19 cm2. 

The crystal structures of the films were characterized by an X-ray 
diffractometer (XRD) with Cu Kα radiation (λ = 1.5406 Å). Raman 
spectra were recorded using a lab Raman System with an excitation 
wavelength of 514 nm (T64000 Horiba Jobin-Yvon spectrometer at 
backscattering configuration). The composition of CZTSSe and 
CZCTSSe-x films as well as the cross-sectional morphologies of 
CZTSSe-based solar cells were measured by scanning electron mi-
croscope (SEM, Hitachi S-4800) equipped with an energy-dispersive 
X-ray spectroscopy (EDS) system (EDAX Genesis 2000). The current 
density-voltage (J-V) curves were collected via a solar simulator 
(SAN-EI, XES-40S2-CE; AM 1.5) and a Keithley 2400 Source meter. 
The light intensity of the solar simulator illuminated was calibrated 
to 100 mW/cm2 on devices. C-V curves were measured with a 
Keithley 4200-SCS instrument under dark condition. Note that the 
frequency of 100 Hz and ac amplitude of 30 mV were applied for C-V 
measurement. C-V measurement was taken under 1 to − 1 V reverse 
bias at 300 K. The external quantum efficiency (EQE) spectra were 
measured by a Zolix SCS100 QE system. The EQE was measured at 
wavelengths from 300 to 1400 nm with an in-house setup using 
chopped monochromatic light, lock-in detection, and no white light 
bias. The temperature-dependent current density-voltage measure-
ments were performed at a temperature ranging from 10 K to 300 K 
by using an 8200 compressor and a CTI-CRYOGENICS cryostat. 

3. Results and discussion 

Table 1 shows atomic ratios of the elements of the CZTSSe and 
CZCTSSe films measured by EDS. It is found that the Cd doping 
content increases while Zn content decreases with increasing the 
nominal Cd/(Cd+Zn) ratio, which implies substitution of Cd for Zn. 

In order to study structure of CZTSSe and CZCTSSe-x thin films 
and Cd doping behavior, X-ray diffraction (XRD) measurement was 
performed for the CZTSSe and CZCTSSe-x films, as shown in Fig. 1. It 
can be seen from Fig. 1 that four films have similar XRD patterns. The 
diffraction peak around 40.53° is from diffraction of (110) plane of 
Mo and the hump around 11.88° is ascribed to the organic glass 
holder. The diffraction peaks marked by ♦ are attributed to kesterite 
CZTSSe (PDF #97-009-5117) or CZCTSSe-x. From the right pattern of  
Fig. 1, it is obtained that the diffraction angles of the (116) peaks is 

Table 1 
Atomic ratios of elements of the CZTSSe and CZCTSSe films measured by EDS.              

Samples Nominal Cd/ (Cd+Zn) Cu at% Cd at% Zn at% Sn at% S at% Se at% Se/ (S+Se) Cu/ (Zn+Sn+Cd) (Zn+Cd)/ Sn Cd/ (Cd+Zn)  

CZTSSe  0  21.8  0  12.8  11.7  3.3  50.4  0.94  0.88  1.09  0 
CZCTSSe-1  0.1  21.6  0.4  12.1  12.6  5.7  47.5  0.89  0.86  0.99  0.032 
CZCTSSe-2  0.3  21.3  0.7  12.0  11.9  5.4  48.8  0.90  0.87  1.06  0.055 
CZCTSSe-3  0.4  21.2  0.8  11.5  11.6  4.3  50.6  0.92  0.88  1.06  0.065 
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53.77, 53.74, 53.74, 53.67°, respectively, for CZTSSe, CZCTSSe-1, − 2 
and − 3, and that the full-width at half maximum (FWHM) is cor-
respondingly 0.179, 0.220, 0.225, and 0.238°, respectively. The dif-
fraction angles and FWHM increase with increasing nominal Cd 
doping content. The results of Table 1 and Fig. 1 demonstrate that the 
Cd incorporates into CZTSSe and substitutes for Zn, due to that for-
mation energy of CdZn is smaller than that of CdCu, CdSn and inter-
stitial Cd (Cdi) defects as well as ionic radius of Cd2+(0.095 nm) is 
larger than that of Zn2+(0.074 nm) [21]. Since substitution of Cd for 
Zn can increase lattice constants of CZTSSe, it can decrease lattice 
mismatch between CZTSSe and CdS, decreasing hole-electron re-
combination at CdS/CZTSSe interface and being favorable to en-
hancement of PCE. 

It is found from Fig. 1 that no XRD peak of other secondary phases 
is observed except for XRD peaks of Mo, CZTSSe or CZCTSSe-x. How-
ever, although no secondary phase diffraction peak is observed in the 
XRD patterns, the presence of Zn(S,Se) and Cu2Sn(S,Se)3 impurity 
phases still cannot be excluded since their diffraction peaks coincide 
with those of CZTSSe [29]. To further investigate the influence of Cd 
doping on the phase composition of the CZCTSSe thin films, Raman 
spectroscopy measurement were performed for the CZTSSe and 
CZCTSSe-x films. Fig. 2 shows the Raman spectra of the films measured 

with an excitation wavelength of 514 nm. Four Raman peaks are ob-
served at 173.3, 197.0, 233.6 and 328.7 cm−1 for all of the four films, 
which are corresponding to the Raman vibrational modes of CZTSSe  
[30–33], confirming the existence of kesterite phase in the films. Be-
sides the four peaks, a Raman peak located about 248 cm−1 is also 
observed. It is ascribed to ZnSe [34–37], implying the presence of the 
ZnSe secondary phase at the surface of the films. It is found that the 
intensity of the 248 cm−1 peak is strong in the CZTSSe film and de-
creases with increasing Cd content in the CZCTSSe films, indicating 
that the content of ZnSe at the surfaces of CZTSSe and CZCTSSe-x films 
decreases with increasing Cd doping content. These results demon-
strate that Cd doping can suppress the formation of ZnSe secondary 
phase at the surface of CZCTSSe films, which is also reported in lit-
eratures previously published [38]. 

In order to investigate the effect of crystal quality of the CZCTSSe- 
x on performance of CZTSSe-based solar cell, cross-section 
morphologies of the CZTSSe and CZCTSSe-x solar cells are detected 
by using SEM, as shown in Fig. 3. From Fig. 3(a), the CZTSSe contains 
some small voids (marked by red circles) near the CZTSSe/Mo in-
terface，which can hinder the carrier transportation and increase 
the recombination of photogenerated electrons and holes. When 
0.4 at% and 0.7 at% Cd is doped in CZTSSe, respectively, no void is 
observed in the CZCTSSe, as shown in Fig. 3(b) and (c). Moreover, 
both the CZTSSe-1 and -2 films consist of the large and closely 
stacked grains. In comparison with CZCTSSe-1, the grains of the 
CZCTSSe-2 are larger, and some grains even pass through lengthways 
of the film. These imply that the recombination is smaller in the 
CZCTSSe-2 than in the CZCTSSe-1 and carriers can transport more 
freely in the CZCTSSe-2 than in the CZCTSSe-1. Further increasing Cd 
doping content, it is found from Fig. 3(d) that grain size further 
enlarges, but a large fracture appears in the absorber film (marked 
by red rectangle). Obviously, the fracture is harmful to carrier 
transportation. From Fig. 3, it is found that the grain sizes of the 
CZTSSe and CZCTSSe-x in the four solar cells are in the range of 
about 0.5–1.5 µm and increase with increasing Cd doping content. 
According to cross section SEM images of the solar cells (Fig. 3), it is 
deduced that proper doping of Cd can promote growth and close 
packing of grains, and so reduce carrier recombination, enhance 
carrier transportation and such increase PCE. 

Fig. 4 shows the J−V curves of the CZTSSe and CZCTSSe-x (x = 1, 2, 
and 3) solar cells, from which the photovoltaic and electrical para-
meters of the corresponding solar cells are extracted, and listed in  
Tables 2 and 3, respectively. Table 2 demonstrates that the Voc, Jsc 

and fill factor (FF) of all CZCTSSe devices significantly enhance 
compared to the CZTSSe device, which result in that the PCE of the 
CZCTSSe devices is higher than that of CZTSSe device. The champion 
PCE of 7.30% is obtained in CZCTSSe-2 device. From the ratios of Jsc, 
Voc, FF and PCE between CZCTSSe-x and CZTSSe device, which are 
denoted by R-Jsc, R-Voc, R-FF and R-PCE in Table 2, it is concluded that 
contribution of enhanced Jsc is the largest to the increase in PCE, 
followed by enhanced Voc, and enhanced FF is the smallest. 

It is well known that FF increases with increasing Rsh but 
decreases with increasing Rs. However, it can be seen from Tables 2 
and 3 that the FF increases with increasing the Rsh and Rs. This 
means that the increase of the FF mainly comes from increased Rsh in 
the present work, which may be attributed to decrease in content of 
ZnSe at the surface of the CZCTSSe, as shown in Fig. 2. 

Based on solar cell theory, the relationship between Voc and Jsc 

with photogenerated current density (JL) and electrical parameters 
(including shunt resistance Rsh, series resistance Rs, reverse satu-
rated current density J0 and diode ideal factor (A)) are presented by 
following formulas, respectively: 

+ =R(1 R / )J J J exp
qJ R
AKT

1shS sc L 0
sc s

(1)  

Fig. 1. (left) XRD patterns of the CZTSSe (a), CZCTSSe-1 (b), CZCTSSe-2 (c), CZCTSSe-3 
(d) and (right) the enlarged view of the (116) peaks. 

Fig. 2. Raman scattering spectra of the CZTSSe, CZCTSSe-1, CZCTSSe-2 and 
CZCTSSe-3 films. 
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=V R/ J J exp
qV
AkT

1oc sh L 0
oc

(2) 

where q, k and T are electronic charge, Boltzmann constant and 
temperature, respectively. Based on change of Jsc with Rs and J0 

shown in Tables 2 and 3 as well as formula (1), it is concluded that 
the Jsc is mainly determined by JL and J0, and the effect of Rs on Jsc is 
very small. It is well known that Jsc is approximately equal to JL, 
while JL enhances with increasing incident light intensity and pho-
togenerated electron-hole separation ability of solar cells. So, the Jsc 

should be mainly related to intensity of illumination and separation 
ability. 

In order to shed light on the mechanism of influence of Cd doping 
on the Jsc, EQE measurement is conducted for two typical of CZTSSe 
and CZCTSSe-2 solar cells, as shown in Fig. 5(a). It can be seen that 
the Jsc of the CZCTSSe-2 device is much larger than that of CZTSSe 
device, in agreement with results of J-V measurement. Based on the 
structure of the CZTSSe and CZCTSSe-x solar cells, the incident light 
intensity illuminating on CZTSSe or CZCTSSe-x is determined by light 
reflecting loss at air and ITO/ZnO/CdS interfaces. Since ITO, ZnO and 
CdS in the CZTSSe and CZCTSSe-x solar cells are prepared under the 
same experimental conditions, thickness and quality of the ITO, ZnO 
and CdS should be the same. Therefore, the light intensity incident 
into the CZTSSe and CZCTSSe-2 absorbers should be similar, and the 
difference in Jsc between the two solar cells may mainly be not due 
to difference in incident light intensity between the CZTSSe and 
CZCTSSe absorbers, but electron-hole separation ability of the solar 
cells. 

In general, separation ability of solar cell is determined by its 
built-in electric field. In order to get information about built-in 
electric fields of the four solar cells, C–V measurement was per-
formed for the solar cells, as shown in Fig. 6. Based on semi-
conductor theory, the relationship between capacitance (C) of a p-n 
junction and its built-in electric potential (Vbi), depletion region 
width (Wd) and hole density (NB) can be expressed as: 

=
C S

V
K qN

V
K qN

1 2 bi

s B s B
2 2

(3)  

Fig. 3. SEM images of cross-sectional morphology of the CZTSSe (a), CZCTSSe-1 (b), CZCTSSe-2 (c), and CZCTSSe-3 (d) solar cells.  

Fig. 4. J-V curves of typical CZTSSe and CZCTSSe-x (x = 1, 2, and 3) solar cells under 
standard AM1.5 illumination. 

Table 2 
Photovoltaic parameters and their ratio of CZTSSe and CZCTSSe-x (x = 1, 2, and 3) solar 
cells as well as bandgaps of the films calculated by Eqs. (6) and (7).           

Samples Jsc 

(mA/ 
cm2) 

Voc (V) PCE % FF % R-Jsc R-Voc R-FF R-PCE  

CZTSSe  22.14  0.30  3.04  45.80  1.00  1.00  1.00  1.00 
CZCTSSe-1  27.53  0.33  4.46  49.09  1.24  1.10  1.07  1.47 
CZCTSSe-2  35.95  0.40  7.30  50.76  1.62  1.33  1.11  2.40 
CZCTSSe-3  26.74  0.32  4.04  47.21  1.25  1.07  1.03  1.33 

Table 3 
Electrical parameters of CZTSSe and CZCTSSe-x (x = 1, 2, and 3) solar cells.       

Samples Rs (Ω*cm2) Rsh (Ω*cm2) A J0 (mA/cm2)  

CZTSSe  0.84  183.82  2.72  0.383 
CZCTSSe-1  0.99  480.77  2.55  0.173 
CZCTSSe-2  1.37  512.82  2.35  0.052 
CZCTSSe-3  1.08  354.61  2.60  0.223 
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=N

qK S

2
B

s

d

dV
2 C

1
2

(4)  

=W
K V
qN

2
d

s bi

B (5) 

where q is the electronic charge, Ks is the semiconductor dielectric 
constant (Ks is fixed to be 8 in this work) [32,39], and S is the device 
area. By using results of Fig. 6 and formula (3)–(5), the Vbi, Wd and 
NB are calculated and listed in Table 4. 

It is found from Tables 4 and 1 that the NB decreases firstly as Cd 
doping content increases from 0 to 0.65 and then increases as the Cd 
doping content increases from 0.65 to 0.80. Many literatures have 
demonstrated that acceptor defects are mainly CuZn and VCu in 
CZTSSe [18,23]. Since the ionized level of VCu is smaller than that of 
CuZn, hole of CZTSSe comes mainly from contribution of VCu. Owing 
to substitution of Cd for Zn when Cd dopes in CZTSSe, Cd doping 
makes the amount of CuZn antisite decrease. While decreased CuZn 

will lead to a decrease in VCu, so decrease in hole concentration. On 
the other hand, it can be seen from Table 1 that the Cu content 
decreases with Cd doping content, which makes the amount of VCu 

increase, so hole concentration increases. Therefore, the change of 
the NB with Cd doping content may be due to the two opposite ef-
fects of Cd doping on VCu. 

Based on semiconductor theory, the change of the NB with Cd 
doping content leads to that the Wd show opposite change to the NB, 
as shown in Table 4. It is well known that Wd determines the se-
paration ability of photogenerated carriers. The wider Wd would 
facilitate more photogenerated carriers separating into free electron 
and hole, forming larger JL. From Tables 2 and 4, the Wd of CZCZTSSe- 
x solar cells are much larger than that of the CZTSS solar cell, 
moreover, the change tendency of the Wd with Cd doping content is 
consistent with that of Jsc. This demonstrates that Cd doping can 
increase separation ability of CZCTSSe-x solar cells by substituting 
for Zn and the increased Jsc results mainly from increased JL. How-
ever，It is noted from Tables 2 and 4 that the Jsc of CZCTSSe-3 solar 
cell is less than the Jsc of CZCTSSe-1solar cell, though the Wd of 
CZCTSSe-3 cell is larger than that of CZCTSSe-1. This may be at-
tributed to that J0 of the CZCTSSe-3 cell is larger than that of the 
CZCTSSe-1 cell, which may result from existence of a large fracture 
in the CZCTSSe-3 layer, as shown in Fig. 3, leading to that re-
combination rate in the CZCTSSe-3 is larger than in the CZCTSSe-1. 

Besides JL, the increased Jsc is also related to decrease in J0. The 
decreased J0 may be due to diffusion doping of Cd in the CZTSSe. In 
order to understand influence mechanism of the diffusion doping of 
Cd on J0, Horiba glow discharge spectroscopy (GDS) was used to 
measure the elemental depth profile of the CZTSSe and CZCTSSe-2 
solar cells，as shown in Fig. 7(a) and (b). Fig. 7(c) is Cd depth profiles 
of the two cells. From Fig. 7(a) and (b), it is found that the Cu, Zn, Sn, 
S and Se content in the CZTSSe and CZCTSSe located in the sputtering 
depth between 0.75 µm and 1.75 µm are almost same and do not 
change with the depth. While Cd concentration in CZCTSSe-2 is 
higher than that of CZTSSe, moreover, decreases with increasing the 
depth from surface, as shown in Fig. 7(c). Fig. 7(c) demonstrates that 
the Cd content in the CZCTSSe-2 decreases with increasing depth 
from surface. Many literatures have demonstrated that Cd doping 
can lead to reduction of band gap of CZTSSe, which is due to de-
crease of its conduction band dominantly. Therefore, it is inferred 
that the decrease in Cd content with increasing the depth will form 
gradient electrical field directed from surface to bottom in the 
CZCTSSe-x absorber [23]. This field will decrease carrier re-
combination at back interface and in CZCTSSe-x and so decrease J0. 
On the other hand, the higher Cd content at the surface can reduce 
lattice mismatch between CZCZTSSe and CdS, and so decrease carrier 
recombination at CZCTSSe-x/CdS interface, leading to decrease in J0. 

It is well known that Voc is related to bandgap of absorber, JL and 
electrical parameters. Firstly, we investigate effect of bandgap on 

Fig. 5. The normalized EQE curves and the corresponding integrated current density calculated based on the EQE curves (a), [hν × (1-EQE)]2~hν plots (b) and the temperature 
dependence of Voc (c) of CZTSSe and CZCTSSe-2 solar cells. 

Fig. 6. C−2-V curves of the CZTSSe and CZCTSSe-x(x = 1, 2 and 3) solar cells.  

Table 4 
Built-in electric field (Vbi), effective hole concentrations (NB) and depletion region 
width (Wd) of CZTSSe and CZCTSSe-x devices.      

Samples Vbi (V) NB (cm−3) Wd (nm)  

CZTSSe  0.65 6.07E+16  97.39 
CZCTSSe-1  0.59 3.42E+16  123.51 
CZCTSSe-2  0.94 1.70E+16  221.09 
CZCTSSe-3  0.59 3.02E+16  131.45 
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Voc. Taking CZTSSe and CZCTSSe-2 as samples, the bandgap of 
CZTSSe and CZCTSSe-2 were estimated by using plots of [hν×ln(1- 
EQE)]2 vs hν to be 1.10 eV and 1.04 eV, respectively, as shown in  
Fig. 5(b). It is known that Voc is directly proportional to bandgaps  
[4,6,40,41]. However, although the bandgap of the CZCTSSe-2 is 
smaller than that of CZTSSe [24,42–47], the Voc of CZCTSSe-2 solar 
cell is not smaller than that of the CZTSSe solar cell. This indicates 
that the increased Voc by Cd doping comes mainly from increase in JL 

and decrease in electrical loss. 
In order to characterize quantitatively the effect of the change of 

JL, Rsh and J0 induced by Cd doping on Voc, the formulas in left and 
right sides of Eq. (2) are defined as Y1 and Y2, respectively, that is: 

=Y V R/oc sh1 (6)  

=Y J J exp
qV
AkT

12 L 0
oc

(7)  

Both Y1 and Y2 are function of Voc. When the Y1 and Y2 are 
plotted as a function of Voc, the intersection point of the two plots at 
Voc is open circuit voltage of a solar cell. Due to that JL is approxi-
mately equal to Jsc, JL in Eq. (7) is substituted by Jsc. Using Eqs. (6) and  
(7) as well as Jsc and electrical parameters listed in Table 3, we 
calculated the differences in Voc between CZCTSSe-x and CZTSSe 
solar cells when only JL, Rsh or J0 changes, which are denoted as ΔVoc 

(JL), ΔVoc(Rsh) and ΔVoc(J0), respectively. 

For example, in order to calculate ΔVoc(JL) of CZTSSe-2 and 
CZTSSe solar cells, let the Rsh and J0 of the two solar cells have same 
values in Eqs. (6) and (7) but Jsc is different, and then plot Y1 and Y2 

of two solar cells as a function of Voc, as shown in Fig. 8(a). The inset 
is enlarged plots near intersection points. The difference in Voc at 
intersection points of Y1 and Y2 of the two solar cells is defined as 
difference in Voc induced by change of Jsc, ΔVoc(JL). Fig. 8(b) and (c) 
are plots used for calculation of ΔVoc(Rsh) and ΔVoc(J0), respectively. 
The calculation results are listed in Table 5. It can be seen that the 
ΔVoc(JL), ΔVoc(Rsh) and ΔVoc(J0) are 30, 3 and 77 mV, respectively. 
The sum of the three differences (denoted as Voc(cal)) is 110 mV, 
which is closed to difference in Voc of the two solar cells measured 
by J-V curves. This demonstrates that the Voc difference of the two 
solar cells results from change of JL, Rsh and J0, respectively, and the 
calculated ΔVoc(JL)，ΔVoc(Rsh) and ΔVoc(J0) are reasonable. 

The percentage of ΔVoc(JL), ΔVoc(Rsh) and ΔVoc(J0) to Voc(cal), 
which are denoted as RVoc(JL), RVoc(Rsh) and RVoc(J0), respectively, is 
calculated to be 27％, 3％and 70%, respectively. These results in-
dicate that the increased Voc induced by Cd doping comes dom-
inantly from decreased J0, followed by increased JL, and lastly 
increased Rsh. Similar results are obtained for CZTSSe-CZCTSSe-1 and 
CZTSSe-CZCTSSe-3 couples, as shown in Table 5. 

It can be seen from Table 3 that the diode ideal factors of the four 
solar cells are larger than 2, indicating that the J0 comes mainly from 
contribution of interfacial recombination. In order to confirm this 
point, the change of Voc with temperature was measured for the 
CZTSSe and CZCTSSe-2 devices and was plotted as a function of 

Fig. 7. Elemental depth profile of proportion of the CZTSSe solar cell (a), CZCTSSe-2 solar cell (b), and Cd element strength (c).  

Fig. 8. Plots of Y1 and Y2 of CZTSSe and CZCTSSe-2 solar cells as a function of Voc when only Jsc (a), Rsh (b) and J0 (c) changes.  
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temperature in Fig. 5(c). It is known that the temperature depen-
dence of Voc can be presented as: 

= E AkT
q

J
J

V
q

lnoc
a

L

00

(8) 

where JL, Ea, A and k are the photocurrent density, activation energy, 
diode ideal factor and Boltzmann constant, respectively. The q is the 
electrical charge of an electron and J00 is prefactor of reverse sa-
turation current density. The activation energy (Ea) can be derived by 
extrapolating the linear part of Voc vs temperature curve to 0 K. 

Many literatures indicate that dominant recombination pathway 
can be elucidated by figuring out the difference between bandgaps 
(Eg) and Ea of a device [7,27,48,49]. Ea is closed to the Eg of absorber 
in the case of diffusion recombination but smaller than Eg in the case 
of interfacial recombination. Using Eq. (8) and Fig. 5(c), we obtain 
Ea = 0.748 eV for the CZTSSe device and 0.805 eV for CZCTSSe-2 de-
vices. Both Ea are far smaller than their bandgaps, indicating inter-
facial recombination is dominant in the two devices. It is also found 
that the difference between Ea and Eg for the CZCTSSe-2 is smaller 
than that for CZTSSe, implying that the interfacial recombination 
rate of CZCTSSe-2 device is lower than that of CZTSSe device, which 
is consistent with the J0 listed in Table 3. Above results confirmed 
that the dominant recombination is interfacial recombination and 
the Cd substitution approach can reduce the interfacial recombina-
tion. This is attributed to decreased lattice mismatch between CdS 
and CZTSSe [21], formation of gradient electrical field, increased 
crystal quality of CZTSSe and decreased ZnSe second phase, due to 
Cd diffusion doping. 

4. Conclusion 

The CZCTSSe absorbers with Cd/(Cd+Zn) ratios of 0–6.51 at% were 
fabricated by selenizing precursor films consisting of a thin Cd- 
doped CZTS and thick CZTS layers. It is found that Cd doping can 
suppress formation of ZnSe and CuZn antisites. The CZCTSSe-x solar 
cells have higher PCE than CZTSSe solar cell, which comes from in-
creased Jsc dominantly, followed by increased Voc, and finally in-
creased FF. It is demonstrated that the increased FF is mainly due to 
increase in Rsh induced by decreased ZnSe secondary phase at the 
surface of CZCTSSe. The increase in Jsc is due to enhanced JL dom-
inantly. The increase in the Voc is attributed to decrease in J0 dom-
inantly, followed by increase in JL, and contribution of increased Rsh 

is the smallest. The decreased J0 of the CZCTSSe solar cells is mainly 
due to decrease in lattice mismatch between CdS and CZCTSSe, 
formation of gradient electrical field, increase in crystal quality of 
CZCTSSe-x and decrease in ZnSe second phase compared to CZTSSe 
solar cell. The increased JL is attributed to widened depletion region 
width, which result from decreased NB induced by reduced CuZn 

antisite. By optimizing the Cd doping content, the PCE is increased 
from 3.04% of CZTSSe solar cell to 7.30% of CZCTSSe solar cell at Cd 
content of 0.7 at%. 
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