
FU
LL P

A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 6733wileyonlinelibrary.com

  1.     Introduction 

 As the leading thin-fi lm solar cell tech-
nology, CdTe and Cu(In,Ga)Se 2  (CIGS) 
solar cells have advanced to reach light-
to-electricity conversion effi ciencies over 
20%, with annual production now in the 
gigawatt range. [ 1 ]  However, as this volume 
increases, the cost and scarcity of In and 
Te, as well as the toxicity of Cd, could 
become major issues that may limit the 
widespread utilization of CdTe and CIGS 
photovoltaics. Therefore, the search and 
optimization of alternative thin-fi lm solar 
cell materials is urgently needed. Quater-
nary I 2 –II–IV–VI 4  (I = Cu, Ag, II = Zn, Cd, 
IV = Si, Ge, Sn, VI = S, Se, Te) [ 2 ]  chalcoge-
nides form a large group of semiconduc-
tors with variable structural, optical, and 
electrical properties. [ 3–7 ]  Among them, 
the kesterite semiconductors Cu 2 ZnSnS 4  
and Cu 2 ZnSnSe 4  have recently emerged 
as promising light-absorber materials for 

thin-fi lm solar cells because of their close-to-optimal material 
properties. [ 8–13 ]  Furthermore, all their component elements are 
earth-abundant and nontoxic, so they are expected to be ideal 
substitute for the currently commercialized CdTe and CIGS 
absorbers. 

 Despite their good material properties such as suitable band 
gap and high optical absorption, the increased number of ele-
ments in the quaternary compounds also results in a large 
amount of native lattice defects. [ 14–20 ]  In Cu 2 ZnSnS 4  (similarly 
Cu 2 ZnSnSe 4 ), it was found that the Cu Zn  antisite defects have 
a low formation energy and high concentration due to the 
small size and chemical difference between Cu and Zn, [ 15,19 ]  
making the synthesized samples always show p-type conduc-
tivity. [ 21–25 ]  When forming a p–n junction with the n-type CdS 
(buffer layer), the p-type Cu 2 ZnSnS 4  (absorber layer) cannot 
have an effective p-to-n type inversion near the p–n junc-
tion interface because high concentration of Cu Zn  will form 
at the interface and pin the Fermi level at the middle of the 
band gap. [ 15 ]  Experimentally it was found that the surface of 
Cu 2 ZnSnS 4  is indeed p-type (without type inversion), [ 26 ]  in 
agreement with the theoretical analysis. As a result, only a 
small band bending can be induced in the absorber layer, as 
shown in  Figure    1  a. Since the maximum  V  oc  of the solar cell 
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under illumination (under the fl at band condition, as shown in 
Figure  1 b) is equal to the band bending of the absorber layer 
in dark, [ 27–29 ]  the Fermi level pinning by Cu Zn  defects (thus 
no type inversion) causes a large defi cit of  V  oc . This intrinsic 
defect problem has hindered the further progress of Cu-based 
kesterite solar cells, the record effi ciency is only 12.7%, [ 30 ]  still 
much lower than those of the CdTe and CIGS cells despite 
they have similar band gaps. In contrast, the type inversion 
(through forming n-type Cu-poor ordered vacancy compounds 
or Cd Cu  doping near the CdS/CIGS interface) and thus a large 
band bending have been observed in CIGS solar cells, [ 28,31–35 ]  
which makes their maximum  V  oc  much higher than that of the 
Cu 2 ZnSn(S,Se) 4  solar cells, as shown in Figure  1 c,d. It is thus 
critical to suppress the formation of Cu Zn  and make the type 
inversion possible at the p–n junction interface if one intends 
to overcome the  V  oc  defi cit of Cu 2 ZnSn(S,Se) 4  solar cells.  

 The detrimental effect of the acceptor defect Cu Zn  is fur-
ther amplifi ed because it can bind with donor defects such as 
Zn Cu  and Sn Zn , forming high concentration of Cu Zn +Zn Cu , 

Cu Zn +Sn Zn , and 2Cu Zn +Sn Zn  defect com-
plexes, which can cause band gap and elec-
trostatic potential fl uctuations [ 36–43 ]  and/or 
the trapping and recombination of the car-
riers, thus further limiting the  V  oc . [ 30,37,44–47 ]  
To suppress the Cu Zn  related defects, Cu-
poor/Zn-rich growth conditions are required 
to fabricate high-effi ciency Cu 2 ZnSnS 4 -based 
solar cells. [ 48–52 ]  Unfortunately, this approach 
can cause the formation of secondary phases 
such as ZnS, too high concentrations of 
Cu vacancies, and serious nonstoichiom-
etry, which can also limit device perfor-
mance. [ 51,53–60 ]  Therefore, how to suppress 
the formation of Cu Zn  and related defects 
imposes a great challenge to the further opti-
mization of kesterite solar cells. 

 One of the possible approaches to sup-
press the formation of Cu Zn  is to substitute 
Cu or Zn in Cu 2 ZnSnS 4  or Cu 2 ZnSnSe 4  by 
atoms with different sizes, e.g., replacing 
Zn by Cd to form Cu 2 CdSnS 4  or replacing 
Cu by Ag to form Ag 2 ZnSnS 4 . Considering 
the large size mismatch between Cu and 
Cd (Ag and Zn), we expect that Cu Cd  in 
Cu 2 CdSnS 4  (Ag Zn  in Ag 2 ZnSnS 4 ) may have 
high formation energy, then these two sem-
iconductors may have signifi cantly different 
defect properties from that in Cu 2 ZnSnS 4  
and thus the potential to overcome the  V  oc  
bottleneck. Although this approach is in 
principle simple, whether it is effi cient is 
still a question. Previous experiments have 
shown that undoped Ag 2 ZnSnS 4  exhibits 
intrinsic n-type conductivity, [ 61,62 ]  however, 
Cu 2 CdSnS 4  retains p-type conductivity, [ 63–65 ]  
similar to that of Cu 2 ZnSnS 4 . This is not 
fully in accordance with our expectation. 
Why the Cu 2 CdSnS 4  samples are p-type 
while Ag 2 ZnSnS 4  samples are n-type, and 

what defects are dominant in determining their electrical 
conductivity? These questions are still open. A systematical 
study on the defects in these semiconductors is necessary 
for answering these questions and will also reveal whether 
the  V  oc  limit can be overcome by the element-substitution 
approach. One recent study showed that the effi ciency of 
Cu 2 ZnSnS 4  solar cell can be enhanced signifi cantly from 
5.30% to 9.24% through forming Cu 2 Zn 1– x  Cd  x  SnS 4  alloys 
as the absorber layer, [ 66 ]  showing that the replacement of 
Zn by Cd may have great potential for improving the device 
performance. 

 In this article, we have systematically investigated the 
intrinsic defects of Cu 2 CdSnS 4  and Ag 2 ZnSnS 4  based on the 
density functional theory calculations and compared them with 
those of Cu 2 ZnSnS 4 . Interestingly, we fi nd that the Cu Cd  antisite 
related defects still have high concentration in Cu 2 CdSnS 4  (sim-
ilar to the case in Cu 2 ZnSnS 4 ), making the samples intrinsically 
p-type. In contrast, the formation of Ag Zn  antisite defects is sup-
pressed in Ag 2 ZnSnS 4  with a lower equilibrium concentration 
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 Figure 1.    The band diagram of solar cells in the dark (left) and under illumination (right): 
a) the CdS/Cu 2 ZnSn(S,Se) 4  solar cell with no type inversion (the Fermi level near the inter-
face is pinned at the middle of the band gap) and small band bending in the absorber layer, 
b) the CdS/Cu 2 ZnSn(S,Se) 4  solar cell with a small  V  oc  under the fl at band condition, c) an ideal 
absorber layer with type inversion (the Fermi level near the interface is close to the conduction 
band) and a large band bending, and d) an ideal absorber layer with a large  V  oc  under the fl at 
band condition. The band bending in the n-type CdS layer is not changed much under illumi-
nation because its absorption of visible light is weak and the concentration of the majority of 
electron carriers is not changed signifi cantly by the photogenerated carriers. As we can see, 
the maximum  V  oc  under illumination is derived mostly from the band bending of the absorber 
layer in the dark. [ 27–29 ] 
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than three donor defects (Zn Ag , Sn Zn  antisites and S vacancies). 
All the intrinsic point defects in Ag 2 ZnSnS 4  have relatively high 
formation energy, so the samples show either poor or weak 
n-type conductivity. Based on the calculated valence band align-
ment, we explain the puzzling disparity in the defect proper-
ties of Cu- and Ag-based I 2 –II–IV–VI 4  semiconductors, i.e., 
antisite defect formation is not solely determined by the size 
difference of the elements; the easy formation of Cu Zn  and 
Cu Cd  antisites in Cu-based compounds also results from the 
high valence band energy, determined by the Cu 3d level, while 
the suppressed formation of Ag Zn  in the Ag-based compounds 
results from the lower valence band edge determined by Ag 4d. 
Our results reveal a fundamental distinction between the defect 
physics of the Cu- and Ag-based I 2 –II–IV–VI 4  semiconductors, 
based on which and calculated band alignment between Cu- 
and Ag-based kesterites, we propose that forming composition- 
and band-graded (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  alloy absorber should 
have great potential to overcome the  V  oc  defi cit and improve the 
solar cell effi ciency.  

  2.     Results and Discussion 

  2.1.     Defect Similarity between Cu-Based Cu 2 CdSnS 4  
and Cu 2 ZnSnS 4  

 Since the size difference between Cu and Cd is large (the cal-
culated Cu S and Cd S bond lengths in Cu 2 CdSnS 4  are 2.32 
and 2.56 Å, as shown in Table  1 ), we expected that the forma-
tion energy of the Cu Cd  antisite may be high and the dominant 
defect will be the shallow Cu vacancy V Cu , similar to that in the 
ternary CuInSe 2  and CuGaSe 2 . [ 67,68 ]  Surprisingly, our fi rst-prin-
ciples formation energies show a different picture. The Cu Cd  
antisite defect still has a low formation energy, slightly higher 
than Cu Zn  in Cu 2 ZnSnS 4  by about 0.2 eV, indicating that the for-
mation energies of Cu Cd  and Cu Zn  antisite (more generally I II  in 
I 2 -II-IV-VI 4 ) may not be determined just by the size difference, 
in contrast to intuition. Cu Cd  is still the lowest-energy acceptor 
defect in Cu 2 CdSnS 4 , no matter what chemical potential con-
ditions are considered, as shown in  Figure    2  . V Cu  has much 
higher formation energy (0.8–1.3 eV) than Cu Cd  (0.3–0.6 eV), 
and all other acceptor and donor defects have higher formation 

energies in their neutral charge state, so the dominance of the 
acceptor Cu Cd  makes Cu 2 CdSnS 4  show intrinsic p-type conduc-
tivity, similar to that in Cu 2 ZnSnS 4  where Cu Zn  is the dominant 
defect. [ 15 ]    

 If we compare the formation energy when μ μ= = 0Cu Cd , 
the value of Cu Cd  (1.28 eV) is actually equal to that of V Cu . How-
ever, μCd  is rather low, always lower than −0.9 eV because of 
the easy formation of the binary CdS (as shown in Figure S1 
of the Supporting Information), which decreases the forma-
tion energy of Cu Cd  according to Equation  ( 1)   and changes the 
energy order of Cu Cd  and V Cu . Therefore, the constraint on the 
Cd chemical potential by CdS plays an important role in the 
dominance of Cu Cd  antisite. 

 The low formation energy of Cu Cd  makes n-type doping of 
Cu 2 CdSnS 4  diffi cult because when the Fermi level increases, 
the ionized Cu Cd  acceptor defect can reduce its formation 
energy to zero (see Figure  2 a), thus forming spontaneously and 
limiting the further increase of the Fermi level. In the kesterite 
solar cells, there is a p–n heterojunction between the p-type 
absorber layer (Cu 2 ZnSnS 4  or Cu 2 CdSnS 4 ) and the n-type 
buffer layer (CdS). As shown in Figure  1 , a p-to-n type inver-
sion of the absorber layer is required near the junction inter-
face so that a large band bending (as large as the band gap) can 
be formed from the interior of the absorber layer to the junc-
tion interface. This band bending determines the open-circuit 
voltage ( V  oc ) of the solar cell. Because of the n-type doping dif-
fi culty (the Fermi level is pinned at the middle of the band gap), 
the type inversion cannot be effectively achieved under equi-
librium in Cu 2 ZnSnS 4  or Cu 2 CdSnS 4 , so the band bending is 
small and the  V  oc  is severely limited to a small value, as shown 
in Figure  1 b. 

 Furthermore, as a result of the low formation energy of 
Cu Cd , defect complexes based on Cu Cd , such as the self-com-
pensated antisite pair Cu Cd +Cd Cu , also have very low formation 
energies. The value for Cu Cd +Cd Cu  is only 0.21 eV/pair (see 
Figure  2 b), very close to the Cu Zn +Zn Cu  pair in Cu 2 ZnSnS 4  
(0.20 eV/pair), [ 15,19 ]  indicating that the Cu/Cd cation disorder 
is also common in Cu 2 CdSnS 4 . The formation of Cu Cd +Cd Cu  
antisite pairs induces a small band gap shrinking (as shown in 
 Figure    3  b), which can cause band gap fl uctuations in different 
area of the samples. Besides the Cu Cd +Cd Cu  pair, the formation 
energy of 2Cu Cd +Sn Cd  is also low, about 0.43–0.65 eV, compa-
rable with that of 2Cu Zn +Sn Zn  clusters in Cu 2 ZnSnS 4 . [ 15 ]  The 
2Cu Cd +Sn Cd  complexes induce more signifi cant downshift of 
the conduction band and also the upshift of the valence band, 
so its high population causes more signifi cant band gap fl uctu-
ation and also the trapping of the electron carriers, which also 
leads to  V  oc  defi cit in devices.  

 Except for Cu Cd  and V Cu  related defects, other donor and 
acceptor defects have high formation energies when they are 
not ionized. The high concentration of Cu Cd  defects makes the 
samples p-type and shifts the Fermi level to close to the VBM, 
so the donor defects such as CdCu

+ , SnCd
2+ , and SnCu

3+  become ion-
ized and decrease their formation energy to lower than 1.0 eV 
(according to Equation  ( 1)  , and even to only 0.62, 0.55, and 
0.88 eV at the Sn-rich, Cu-poor, and Cd-poor condition (point P 
in Figure S1, Supporting Information). This suggests that these 
ionized donor defects exist in p-type Cu 2 CdSnS 4  samples. From 
the calculated transition energy levels as shown in Figure  3 a, 
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  Table 1.    Calculated bond length and defect formation energy of neutral 
V I  and I II  defects in Cu 2 ZnSnS 4 , Cu 2 CdSnS 4 , and Ag 2 ZnSnS 4 . Both the 
value when μ μ μ μ= = = = 0Cu Cd Zn Ag  and the largest value in the achiev-
able chemical potential region are shown for comparison.  

 Bond length 
[Å]

Formation energy 
[eV]

   μ μ μ μ= = = = 0Cu Cd Zn Ag
Maximum

Cu 2 ZnSnS 4 Cu S 2.31 V Cu 1.14 [15] V Cu 1.14 [15] 

 Zn S 2.36 Cu Zn 1.41 Cu Zn 0.38 [15] 

Cu 2 CdSnS 4 Cu S 2.32 V Cu 1.28 V Cu 1.28

 Cd S 2.56 Cu Cd 1.28 Cu Cd 0.59

Ag 2 ZnSnS 4 Ag S 2.57 V Ag 2.14 V Ag 2.14

 Zn S 2.36 Ag Zn 3.10 Ag Zn 1.80



FU
LL

 P
A
P
ER

6736 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the donor level of Cd Cu  is shallow, while those of Sn Cu  and Sn Cd  
are deep in the gap and thus may act as electron-hole recom-
bination centers. This is also similar to the deep-level donors 
Sn Cu  and Sn Zn  in Cu 2 ZnSnS 4 . [ 15 ]  The calculated acceptor level 
of Cu Cd  is 0.13 eV above the valence band, relatively deeper 
than that of V Cu  (0.01 eV). 

 Given the relatively deep level of the dominant acceptor 
defect Cu Cd  as well as the existence of detrimental deep-level 
donor defects and defect complexes, the Cu 2 CdSnS 4  solar cell 
performance should be limited. In order to suppress the forma-
tion of Cu Cd  and the detrimental donor defects and defect com-
plexes, and also to increase the shallow acceptor V Cu , Cu-poor, 
Sn-poor, but Cd-rich growth conditions are necessary. How-
ever, too Cd-rich condition also causes the existence of CdS, 
which should be avoided. Similar bottleneck effect exists also 
in Cu 2 ZnSnS 4 , where Zn-rich condition is required to suppress 

detrimental defects but it also causes the formation of ZnS sec-
ondary phase. [ 51,53–60 ]  

 Based on the above discussion, the main features of the 
defect properties of Cu 2 CdSnS 4  and Cu 2 ZnSnS 4  are very 
similar. Since the formation energies of deep-level donors are 
even lower in Cu 2 CdSnS 4 , we predict that the development 
of high-effi ciency Cu 2 CdSnS 4  solar cells is more challenging. 
Indeed, the achieved effi ciency of Cu 2 CdSnS 4 -based solar cells 
is currently much lower than that of Cu 2 ZnSnS 4 -based solar 
cells. [ 64,69 ]  After we fi nished the current work, we noticed a 
more recent study which shows that the solar cells based on 
Cu 2 Zn 1– x  Cd  x  SnS 4  alloys with appropriate Zn/Cd ratio have an 
effi ciency up to 9.24%, while the effi ciency is decreased when 
the Cd content is high, [ 66 ]  which can be understood according 
to our fi nding that high concentration of deep-level defects 
(recombination centers) exist in pure Cu 2 CdSnS 4 .  
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 Figure 2.    The calculated formation energy change of defects in Cu 2 CdSnS 4  a) as a function of the Fermi level at the chemical potential point P and 
b) as a function of the elemental chemical potentials. The chemical potential points P–Q–M–N–G are shown in Figure S1 (Supporting Information), 
and μ = 0Cu , μ = −0.69Cd  eV, and μ = −0.29Sn  eV at the point A. The Fermi level is assumed to be at the VBM (p-type conditions), and therefore, all 
donor defects are ionized in panel (b).

 Figure 3.    a) The transition energy levels of intrinsic point defects in the band gap of Cu 2 CdSnS 4 , and b) the band edge shift caused by the low-energy 
defect complexes. The GGA/DFT band gap is corrected to the experimental value of 1.38 eV. The band edge shift is calculated assuming one defect 
complex in a 64-atom supercell.
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  2.2.     Defect Disparity between Ag-Based Ag 2 ZnSnS 4  
and Cu-Based Cu 2 ZnSnS 4  

 Unlike Cu 2 CdSnS 4 , we fi nd the defect behavior of Ag 2 ZnSnS 4  
is remarkably different from that of Cu 2 ZnSnS 4 . As shown in 
 Figure    4  , the formation energy of Ag Zn  antisite increases to 
above 1.5 eV, much higher than that of Cu Zn  in Cu 2 ZnSnS 4  and 
Cu Cd  in Cu 2 CdSnS 4 , in accordance with our expectation that the 
large difference between Ag and Zn may increase the forma-
tion energy of their antisite. When the chemical potentials of 
the elements are zero (μ μ= = 0Ag Zn ), the formation energy of 
Ag Zn  is even larger, 3.10 eV, as shown in Table  1 . Due to the 
competition from ZnS, the Zn chemical potential is limited 
to lower than −1.3 eV (shown in Figure S1 of the Supporting 
Information), which decreases the Ag Zn  formation energy by 
1.3 eV. Comparing the formation energy of Ag Zn  in Ag 2 ZnSnS 4 , 
Cu Zn  in Cu 2 ZnSnS 4 , and Cu Cd  in Cu 2 CdSnS 4  when the chem-
ical potentials are zero (see Table  1 ), the value of Ag Zn  is 
much larger than that of Cu Zn  (1.41 eV) and Cu Cd  (1.28 eV). 
This cannot be fully explained by the size mismatch because 
the bond length difference between Ag S and Zn S is even 
smaller than that between Cu S and Cd S, but the formation 
energy of Ag Zn  is much larger than that of Cu Cd . One possible 
reason is that it costs larger strain energy to replace one small 
cation (Zn) by one large cation (Ag) than replace one large 
cation (Cd) by one small cation (Cu), but this is not enough to 
explain the large energy difference around 1.2 eV between Ag Zn  
and Cu Cd . Therefore, other factors should play an important 
role in the high formation energy of Ag Zn  antisite, which will 
be discussed in Section 3.3.  

 Since the Ag Zn  antisite has a high formation energy, the 
formation of related defect complexes such as Ag Zn +Zn Ag  and 
2Ag Zn +Sn Zn  is also suppressed. Compared to the low formation 

energy (0.20 eV/pair) of Cu Zn +Zn Cu  in 
Cu 2 ZnSnS 4 , [ 15,19 ]  the formation energy of 
Ag Zn +Zn Ag  is high (0.52 eV/pair), and that 
of 2Ag Zn +Sn Zn  is even higher (above 3 eV, 
so it is not shown in  Figure    5  ). Other defect 
complexes including V Ag +Zn Ag , Zn Sn +Sn Zn , 
Ag Zn +Ag i , V Zn +Sn Zn , and 2V Ag +Sn Zn  have 
formation energies in the range 0.6–1.4 eV, 
showing that the existence of defect com-
plexes is also possible in Ag 2 ZnSnS 4 , but 
their concentration and the infl uence (trap-
ping of carriers) are much smaller than those 
in Cu 2 ZnSnS 4 .  

 The increase of Ag Zn  formation energy 
also changes the dominant defect in 
Ag 2 ZnSnS 4 . As shown in Figure  5 , the 
acceptor Ag Zn  has the lowest formation 
energy among all the acceptor and donor 
defects only near the chemical potential 
point M, while the donor defects V S , Sn Zn , 
and Zn Ag  become the dominant defects at 
other chemical potential points. This can 
be seen more clearly in Figure  4 , where the 
formation energy change of the neutral and 
ionized defects as a function of the Fermi 
level is plotted. At the chemical potential 

point M (Zn-poor, S-rich), the acceptor Ag Zn  has a formation 
energy slightly lower than those of the donors Sn Zn , V S , and 
Zn Ag  when they are charged neutral. When they are ionized, 
their competition will determine the Fermi level of the samples 
at around 1.0 eV, just in the middle of the band gap. Due to 
the compensation of the acceptor and donor defects, the carrier 
concentration of the samples will be low and thus the electrical 
conductivity will be very poor. At the chemical potential point P 
(Zn-rich, Sn-rich, and S-poor), the donor defects have lower for-
mation energy than the acceptor ones, so the sample will show 
n-type conductivity. However, the formation of the acceptor 
Ag Zn  becomes spontaneous and compensates the electron car-
riers as the Fermi level approaches the conduction band (highly 
n-type), which limits the concentration of electron carriers. 
According to Figure  4 b, we estimate that the Fermi level of the 
undoped Ag 2 ZnSnS 4  samples is located at 0.8 eV below the 
CBM (the cross point of Zn Ag  and Ag Zn  lines) under equilib-
rium growth condition, so the conductivity is still poor despite 
the n-type character. At other chemical potential points such as 
A, the n-type conductivity increases slightly because the energy 
difference between the neutral Zn Ag  and Ag Zn  increases, but 
the increase is not large. 

 Considering all of the representative chemical poten-
tial points, we can predict that the electrical conductivity of 
undoped Ag 2 ZnSnS 4  is always poor, i.e., either intrinsic or 
weakly n-type with low electron carrier concentration. This is 
dramatically different from the situation in Cu 2 ZnSnS 4  and 
Cu 2 CdSnS 4  where only p-type conductivity is possible and the 
n-type doping is impossible because of the spontaneous com-
pensation of the acceptor defects (Cu Zn  and Cu Cd  antisites). 
Our prediction is in agreement with available experimental 
observations that i) only n-type Ag 2 ZnSnS 4  samples have been 
synthesized and no p-type samples have been reported as far as 
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 Figure 4.    The calculated formation energy change as a function of the Fermi level for possible 
acceptor and donor defects in Ag 2 ZnSnS 4 . Two chemical potential points in Figure S1 (Sup-
porting Information) a) M and b) P are considered. The slope shows the charge state of ionized 
defects (following Equation  ( 1)  ), e.g., positive slope means ionized donor while negative slope 
means ionized acceptor defects. The GGA/DFT band gap is corrected to the experimental 
value of 2.01 eV.
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we know, [ 61,70 ]  and ii) the highest electron concentration meas-
ured so far is lower than 10 14  cm −3  in Ag 2 ZnSnS 4  samples. [ 61 ]  
This situation may be changed if suitable extrinsic dopants can 
be introduced. According to Figure  4 , the formation energy of 
Ag Zn  decreases to zero only when the Fermi level is close to 
the CBM (the Fermi level is almost not pinned by Ag Zn ), so 
the Fermi level can be shifted up to close to the CBM if high 
concentration of extrinsic n-type dopants such as Cd Ag  can be 
introduced to the Ag 2 ZnSnS 4  samples, then a high concentra-
tion of electron carriers and good n-type conductivity could be 
achieved. 

 In  Figure    6  , the calculated transition energy levels of defects 
are plotted. Ag Zn  has an acceptor level at 0.2 eV above the VBM, 
which is deeper than Cu Zn  and Cu Cd . Among the low-energy 
donor defects, Zn Ag  has a relatively shallow level, so it plays an 
important role in determining the n-type conductivity. In con-
trast, both V S  and Sn Zn  have deep donor levels. Their ε (0/2+) 
transition levels are calculated at 0.88 and 0.51 eV below the 

conduction band, respectively. Therefore, 
their contribution to the n-type conductivity 
is small. Instead, their high concentration 
facilitates the recombination of electron and 
hole, which imposes a serious limitation on 
the application of Ag 2 ZnSnS 4  as the photovol-
taic and photocatalytic semiconductors. [ 71–73 ]    

  2.3.     Infl uence of Band Edge Position on 
Defect Formation 

 As discussed above, the most important fea-
ture in the defect properties of Cu- and Ag-
based I 2 –II–IV–VI 4  semiconductors is that 
the Cu Cd  antisite related defects have low 
formation energy thus high concentration in 
Cu 2 CdSnS 4 , while the Ag Zn  antisite related 
defects have high formation energy thus low 
concentration in Ag 2 ZnSnS 4 . This is in con-
trast to our earlier expectation that the large 
size difference will suppress the formation of 
both Cu Cd  and Ag Zn , indicating that there are 
other factors infl uencing the formation of the 
antisite defects. 

 One possible factor is the energy of the valence and con-
duction bands.  Figure    7  a shows the calculated band alignment 
of the Cu 2 CdSnS 4 , Cu 2 ZnSnS 4 , and Ag 2 ZnSnS 4 . The valence 
band edge of Ag 2 ZnSnS 4  is lower (by 0.74 eV) than those of 
Cu 2 CdSnS 4  and Cu 2 ZnSnS 4 . The low valence band edge posi-
tion indicates that the binding energy of the valence electrons 
is high, and thus it will cost more energy to create a hole in 
(take an electron away from) the system. Because the forma-
tion of acceptor defects such as Cu Cd , Cu Zn , and Ag Zn  creates 
a hole near the valence band edge, the low valence band edge 
of Ag 2 ZnSnS 4  increases the formation energy of Ag Zn . The 
valence band edge positions of Cu 2 CdSnS 4  and Cu 2 ZnSnS 4  are 
comparably high, so the formation energies of Cu Cd  and Cu Zn  
are both low, despite the fact that the size difference between 
Cu and Cd is much larger than between Cu and Zn. The infl u-
ence of the band edge position exists not only for the antisite 
defects but also for other defects. For example, the Ag vacancy 
(V Ag ) in Ag 2 ZnSnS 4  has a much higher formation energy than 
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 Figure 6.    a) The transition energy levels of intrinsic point defects in the band gap of Ag 2 ZnSnS 4  and b) the band edge shift caused by the low-energy 
defect complexes. The GGA/DFT gap is corrected to the experimental value of 2.01 eV. The band edge shift is calculated assuming one defect complex 
in a 64-atom supercell.

 Figure 5.    The calculated formation energy change as a function of the elemental chemical 
potentials (growth conditions) for low-energy defects and defect complexes in Ag 2 ZnSnS 4 . The 
chemical potential points P–Q–M–N–G are shown in Figure S1 (Supporting Information), and 
μ = 0Ag , μ = −1.30Zn  eV, and μ = −0.59Sn  eV at the point A.
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Cu vacancy (V Cu ) in Cu 2 CdSnS 4  and Cu 2 ZnSnS 4 , as shown in 
Figures  2  and  5 .  

 It should be noted that the large formation energy of Ag Zn  
is determined not only by the low valence band edge position. 
This can be seen clearly in the large formation energy differ-
ence (around 1.4 eV, see Figure  5  and Figure  7  of Chen et al. [ 15 ] ) 
between Ag Zn  in Ag 2 ZnSnS 4  and Cu Zn  in Cu 2 ZnSnS 4 , which is 
much larger than the difference of valence band edge positions 
(0.74 eV shown in Figure  7 ). Therefore, the larger formation 
energy of Ag Zn  is contributed not only by the lower valence 
band but also by the larger strain energy cost (estimated to be 
about 0.66 eV) caused by the larger size difference between 
Ag and Zn than that between Cu and Zn. Since the forma-
tion energy of Cu Cd  is just slightly (by about 0.2 eV) higher 
than Cu Zn , and the difference is almost equal to the valence 
band offset between Cu 2 CdSnS 4  and Cu 2 ZnSnS 4  (0.15 eV), the 
strain energy cost in the formation of Cu Cd  should be small 
despite the large size difference between Cu and Cd. This can 
be understood considering that it costs smaller strain energy 
to replace one large cation (Cd) by one small cation (Cu) than 
replace one small cation (Zn) by one large cation (Ag). With the 
same argument, we can understand why the formation energy 
of the donor antisite defect Cd Cu  (large replaces small) is 0.6 eV 
larger than that of Zn Ag  (small replaces large) although their 
conduction band edge positions are comparable. 

 All the acceptor defects have high formation energies in 
Ag 2 ZnSnS 4  due to the low valence band edge position, so the 
intrinsic defects cannot give rise to p-type conductivity. Fur-
thermore, even if we intentionally introduce extrinsic dopants, 
the doping sites that produce acceptor levels will also have 
higher formation energies than the sites producing donor 
levels. Therefore, a p-type doping diffi culty always exists for 
semiconductors such as Ag 2 ZnSnS 4 . This is known as the 
“doping limit rule.” [ 67,75 ]  A p-type doping limit level Epin

(p)  (shown 
by the green dashed line in Figure  7 ) was proposed in the 
previous studies about the ternary chalcogenides CuGaSe 2  
and CuInSe 2 , [ 75–77 ]  which have similar crystal and electronic 

structure to Cu 2 CdSnS 4 , Cu 2 ZnSnS 4 , and Ag 2 ZnSnS 4 . When 
the valence band edge is lower than this limit level, it is dif-
fi cult to produce a high concentration of hole carriers and shift 
the Fermi level to below this level, no matter through the for-
mation of intrinsic acceptor defects or doping of extrinsic ele-
ments. [ 34 ]  The valence band edge of Ag 2 ZnSnS 4  is about 0.7 eV 
lower than this level, so the high formation energy and low 
concentration of intrinsic acceptor defects (including Ag Zn ) 
in Ag 2 ZnSnS 4  are consistent with this doping limit rule. The 
valence band edges of Cu 2 CdSnS 4 , Cu 2 ZnSnS 4 , CuGaSe 2 , and 
CuInSe 2  are above or close to this level, so their Fermi level 
can be shifted to close to the valence band edge, i.e., high con-
centration of hole carriers (from ionized Cu Zn , Cu Cd , or V Cu ) 
and good p-type conductivity can be achieved in these semi-
conductors, in good agreement with the previous experimental 
observation. [ 21–25,63–65 ]  

 Since the band energy has direct infl uence on the defect 
formation, its control becomes important for tuning the 
defect and electrical properties of the semiconductors. To con-
trol the band edge positions, we need to know the component 
of the band edge states, which can be seen in the calculated 
partial and total density of states as shown in Figure  7 . The 
top part of the valence bands of Cu 2 CdSnS 4  (Ag 2 ZnSnS 4 ) 
are composed of the hybridized states of the Cu 3d (Ag 4d) 
and S 3p orbitals, while the contribution from Zn and Sn 
orbitals is small, similar to the situation in Cu 2 ZnSnS 4 . [ 78,79 ]  
One obvious difference is that the high Ag 4d peaks are 4 eV 
below VBM, while the Cu 3d peaks are much higher, around 
2 eV below the VBM. This results from the atomic energy 
level difference of Ag 4d and Cu 3d orbitals (the Ag 4d atomic 
levels are 2.3 eV lower than Cu 3d levels [ 5,85 ] , so the hybridized 
states of the Ag 4d orbitals are lower in the valence band. The 
VBM consists of hybridized states of the Cu 3d (Ag 4d) and 
S 3p orbitals, so the lower Ag 4d atomic level also explains 
the lower valence band edge position of Ag 2 ZnSnS 4 . Further-
more, the Ag S bond is longer than Cu S bond, so the p–d 
hybridization is weaker between Ag and S than between Cu 
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 Figure 7.    a) Calculated band alignment between Cu 2 CdSnS 4 , Cu 2 ZnSnS 4 , Ag 2 ZnSnS 4 , CuInSe 2 , CuGaSe 2  , and CdS; b,c) total and partial electronic 
density of states (DOS) of Cu 2 CdSnS 4  and Ag 2 ZnSnS 4 . The calculation methods are described in ref.  [ 74 ] . The dashed line shows the Fermi energy 
pinning level Epin

(p)  for p-type doping.
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and S, which also contributes to the lower valence band edge 
position of Ag 2 ZnSnS 4 . 

 According to this mechanism, the formation energies of the 
acceptor defects should also be high and thus the p-type doping 
should be diffi cult in other Ag S or Ag Se compounds with 
similar valence band component (Ag 4d and S 3p or Se 4p 
hybridized states). Interestingly, experiments showed that most 
of the synthesized Ag 2 S, Ag 2 Se, AgInS 2 , AgInSe 2 , and Ag 2 Zn-
SnSe 4  samples show intrinsic n-type conductivity and their 
p-type doping is diffi cult, [ 81–90 ]  in agreement with our predic-
tion based on the atomic levels.  

  2.4.     Strategy to Increase  V  oc  of Kesterite Solar Cells 

 Due to the signifi cantly increased formation energy of Ag Zn  
antisite, the  V  oc  bottleneck of Cu 2 ZnSnS 4  solar cells caused 
by the spontaneous formation of Cu Zn  antisite defects at the 
interface (as mentioned in Section 1 and also shown sche-
matically in  Figure    8  ) can be largely avoided if it is replaced 
by Ag 2 ZnSnS 4 . However, since Ag 2 ZnSnS 4  has poor electrical 
conductivity and defect levels are relatively deep, the solar cell 
performance should be limited if pure Ag 2 ZnSnS 4  is used as 
the absorber layer.  

 Thus, one possible strategy to increase  V  oc  of Cu 2 ZnSnS 4  
solar cells is to form (Cu 1– x  Ag  x  ) 2 ZnSnS 4  alloys, in which the 
antisite acceptor defects are expected to have higher forma-
tion energy, so a large band bending can be achieved near 
the (Cu 1– x  Ag  x  ) 2 ZnSnS 4 /CdS junction interface, and thus the 
 V  oc  can be increased. There exists an optimal value for the Ag 

composition parameter  x  because too high Ag composition can 
i) reduce the good p-type conductivity in the absorber region too 
much and even change it to n-type, ii) create more recombina-
tion center defects, and because iii) the band gap increases 
from the optimal value 1.5 eV to a larger one (2.01 eV when 
 x  = 1), causing the effi ciency drop. 

 Since high effi ciency of the kesterite solar cells was usually 
based on the Cu 2 ZnSnSe 4  [ 8,91 ]  or Cu 2 ZnSn(S,Se) 4  [ 9 ]  alloys with 
high Se composition, we may apply the similar strategy to them, 
forming (Cu 1– x  Ag  x  ) 2 ZnSnSe 4  and (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  
alloys. According to the discussion in Section 3.3, the antisite 
acceptor defects also have high formation energies in the sele-
nides, so the  V  oc  can be increased too. Furthermore, Cu 2 Zn-
SnSe 4  has a small band gap of 1.0 eV while Ag 2 ZnSnSe 4  has a 
larger gap, so the alloying will increase the band gap to closer 
to the optimal value, which makes the effi ciency improvement 
more obvious in the alloys of the selenides than in the alloys of 
the sulfi des. 

 Besides forming composition-uniform alloys, an even better 
choice to improve the  V  oc  and effi ciency would be forming com-
position-graded (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  alloys as the absorber 
layer with low Ag concentration in the back and higher Ag con-
centration in the region close to the (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4 /
CdS junction interface, as shown in Figure  8 . This is because 
in the interior of the absorber layer good p-type conductivity 
and less recombination-center defects are needed, which can 
be achieved by pure Cu 2 ZnSn(S,Se) 4  or (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  
alloy with low Ag concentration; however, close to absorber/
buffer layer interface, suppressing the formation of Cu Zn  
antisites is needed to make a p-to-n type inversion possible near 
the interface and thus to improve  V  oc , which can be achieved by 
adding more and more Ag to the region when it is more and 
more close to the junction. In this way the negative effect of 
the Ag alloying is avoided, and meanwhile the type inversion 
becomes possible near the interface, which should improve the 
 V  oc  and the effi ciency signifi cantly, as shown in Figure  1 . More-
over, there are two extra advantages: i) the higher band gap near 
the front can improve the light absorption and ii) the type-II 
band alignment between Cu 2 ZnSn(S,Se) 4  and Ag 2 ZnSn(S,Se) 4  
(shown in Figure  7 a for sulfi des, where the CBM of Ag 2 ZnSnS 4  
is slightly lower than that of Cu 2 ZnSnS 4 , and the VBM of 
Ag 2 ZnSnS 4  is signifi cantly lower than that of Cu 2 ZnSnS 4 ) 
makes both the valence and conduction bands have a down-
ward slope from the back contact to the p–n junction inter-
face, which can facilitate the electron-hole separation and thus 
reduce carrier recombination in this system. Therefore, a solar 
cell with composition-graded (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  alloy as 
the absorber layer should have great potential to improve the 
 V  oc  and effi ciency. 

 With this composition-graded (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  alloy 
as the absorber layer, it is not necessary to dope the near-
interface region with high Ag composition to highly n-type 
or form a buried p–n junction inside the absorber layer 
between the regions with high Cu composition (p-type) and 
high Ag composition (n-type). If the near-interface region is 
intrinsic or weakly n-type (with the Fermi level near the middle 
of band gap), a p–n junction will be formed between the 
(Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  absorber layer and n-type CdS, and a 
large band bending will be produced inside the absorber layer 
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 Figure 8.    Schematic plot of the p–n junction interface between the n-type 
CdS buffer layer and p-type absorber layer: Cu 2 ZnSn(S,Se) 4  with high con-
centration of Cu Zn  antisite defects limiting  V  oc  (top) and composition-
graded (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  free of  V  oc -limiting defects (bottom). Note 
that Cu Zn  is everywhere inside the Cu 2 ZnSn(S,Se) 4  absorber layer, how-
ever, its concentration is extremely high near the p–n junction interface 
because the Fermi level shifts up to a higher level (as shown in Figure  1 a) 
and thus the formation energy of Cu Zn  decreases to a small value. When 
a high composition of Ag is alloyed into (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  near the 
interface, the formation of Cu Zn  is suppressed.
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(with the Fermi level shifted up to close to CBM in the near-
interface region, as shown in Figure  1 c), so a large  V  oc  can still 
be achieved. 

 Since Ag is an expensive element, we should point out 
that there may be other elements that can also be alloyed into 
Cu 2 ZnSn(S,Se) 4  and have similar function to the composition-
graded (Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  alloy, then the cost can be 
reduced. Our current study may inspire the further theoretical 
and experimental study to fi nd alternative cheap elements to 
replace Ag.   

  3.     Conclusions 

 We show that the valence band edge energy has important 
infl uence on the formation of the acceptor defects including the 
I II  antisites in the Cu- and Ag-based I 2 –II–IV–VI 4  quaternary 
semiconductors. Since the valence band edges of Cu 2 ZnSnS 4  
and Cu 2 CdSnS 4  are high, the Cu Zn  and Cu Cd  antisites and the 
related defect complexes have high equilibrium concentrations, 
contributing to the high intrinsic p-type conductivity but also to 
the limited  V  oc  of the solar cells based on these systems, as have 
been experimentally observed. Since the valence band edge as 
well as the conduction band edge of Ag 2 ZnSnS 4  are much lower 
than those of Cu 2 ZnSnS 4 , the formation energy of the acceptor 
defect Ag Zn  becomes higher than those of three donor defects 
(Zn Ag , Sn Zn , and V S ), which makes Ag 2 ZnSnS 4  n-type although 
with low electron carrier concentration. Similar disparity in the 
defect properties and electrical conductivity are expected to exist 
also in other Cu- and Ag-based quaternary, ternary, and binary 
chalcogenide semiconductors, which are supported by the avail-
able experiments. Our study reveals an important disparity 
between the defect properties of Cu- and Ag-based I 2 –II–IV–VI 4  
semiconductors. Based on this disparity, we propose a strategy 
to overcome the  V  oc  bottleneck and increase the effi ciency of 
the kesterite solar cells through forming a composition-graded 
(Cu 1– x  Ag  x  ) 2 ZnSn(S,Se) 4  alloy absorber.  

  4.     Experimental Section 
 To predict what kinds of defects are dominant in Cu 2 CdSnS 4  and 
Ag 2 ZnSnS 4 , we calculated the formation energy ΔHf  of a series of 
possible point defects 

    

∑α α μ
ε

( )Δ = − + +
+ +

H q E q E n E
q E

i i i( , ) , (host) ( )
[ (host) ]

f

VBM F   
(1)

 
 where  α  represents the defect and  q  is its charge state. As Equation  ( 1)   
shows, ΔHf  is a function of the element chemical potential μ+Ei i  
(describing the richness or partial pressure of elements in the synthesis 
atmosphere), and also a function of the Fermi level ε + E(host)VBM F  
when it is charged ( q  is not zero). In the element chemical potential 

μ+Ei i , Ei  is the reference and set to the total energy of the pure phase 
of the element  i , e.g., face-centered-cubic Cu and Ag, hexagonal-close-
packed Cd crystals, α-Sn, and α-S (S 8 ). μ =i 0  represents the limit 
where the element is so rich that the pure elemental phase will start to 
form. Since the quaternary semiconductor can be synthesized only in a 
certain atmosphere, μ i  of the component elements is limited in a range, 
which are given in Figure S1 (Supporting Information). The Fermi level 
is referenced to the energy level of valence band maximum (VBM) of the 
host ε (host)VBM , so EF  = 0 means that the Fermi level is at the VBM 

level, and EF  =  E  g  means that the Fermi level is at the conduction band 
minimum (CBM). 

 The formation energy of point defects can be calculated using a 
supercell model in which one defect  α  is placed at the center of the 
supercell. [ 92 ] E(host)  is the total energy of the host supercell free of 
defects, and αE q( , )  is that of the defect-containing supercell. ni  is the 
number of atoms removed from the supercell to the external reservoir 
when the defect is formed, e.g., ni  = +1 (−1) if one atom is removed 
from (added to) the supercell. For a defect α , when its formation 
energy for two different charge states  q 1 and  q 2 are equal at a certain 
Fermi level, we defi ne that Fermi level as its transition energy level ε  
(α q q, 1/ 2 ). Therefore the transition energy levels can be derived when 
the formation energies of defects with different charge states are 
calculated. More details about the defect calculation models are given 
in refs.  [ 14,15 ] . 

 The total energy and electronic eigenvalues in Equation  ( 1)   are 
calculated using density function theory methods as implemented in 
the Vienna Ab-initio Simulation Package (VASP). [ 93 ]  The generalized 
gradient approximation (GGA) to the exchange correlation functional 
is used as formulated by Perdew–Burke–Ernzerhof (PBE). [ 94 ]  The GGA 
calculations usually overestimate the VBM level and underestimate 
the CBM level (thus underestimate the band gap), which causes the 
calculated formation energies of the acceptor and donor defect also 
underestimated, so a band edge correction is needed, as discussed 
in detail by Lany and Zunger. [ 95 ]  In the current study, both the VBM 
overestimation and the CBM underestimation (Δ VBM  = 0.50 eV, 
Δ CBM  = 0.88 eV for Cu 2 CdSnS 4 , and Δ VBM  = 1.17 eV, Δ CBM  = 0.40 eV for 
Ag 2 ZnSnS 4 , determined according to the PBE+U and G0W0 calculations) 
are corrected through adding Δ VBM  (Δ CBM ) to the calculated formation 
energy of acceptor (donor) defects, following the same procedure as 
that used in the study of CuGaSe 2  and CuInSe 2 . [ 34 ]  After the correction, 
the calculated formation energies [ 15 ]  are consistent with those from 
the hybrid functional calculations [ 16 ]  for the Cu 2 ZnSnS 4  defects. The 
formation energies of the dominant acceptor and donor defects (Cu Cd  
and Cd Cu  in Cu 2 CdSnS 4 , and Ag Zn  and Zn Ag  in Ag 2 ZnSnS 4 ) which 
determine the p-type or n-type conductivity are also calculated using the 
hybrid functional (HSE06). As shown in the supporting information, the 
results are close to those from the PBE calculation (after the band edge 
correction), so the conclusion of our current study is not infl uenced by 
the specifi c functionals that we used. For defects with deep levels (V Sn , 
Cu Sn , Sn Cd , Sn Cu , V S , Cd i , Ag Sn , Sn Ag , Sn Zn ), the GGA calculation tends 
to predict shallower transition energy levels, so we adapted a simple 
correction scheme through adding the dispersion difference between 
valence (conduction) band and acceptor (donor) defect band, which 
was found to give results more consistent with those from the hybrid 
functional calculations for deep level defects in Cu 2 ZnSnS 4 . [ 15,16 ]  

 The projector augmented-wave pseudopotentials [ 96 ]  and an energy 
cutoff of 300 eV were used in all cases. A × ×2 2 2  k -point mesh is 
used for the Brillouin zone integration of the 64-atom supercell. Test 
calculations showed that the results are well converged, i.e., the error 
is less than 0.03 eV with respect to the energy cutoff and the  k -point 
mesh (test results with energy cutoff up to 500 eV and  k -point mesh 
up to × ×4 4 4  are shown in the Supporting Information) and the 
error is 0.1 eV with respect to the supercell size according to both test 
calculations by us with supercells as large as 512 atoms and by Han 
 et al  with supercells as large as 1728 atoms. [ 16 ]  It should be noted that 
no correction is performed for the Coulomb interaction error of charged 
defects, so a larger error (0.1–0.2 eV) is possible for multivalent point 
defects, which is tolerable for the qualitative analysis in the present 
study.  
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