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The Role of Sulfur in Solution-Processed Cu 2 ZnSn(S,Se) 4  
and its Effect on Defect Properties
 Understanding the electrically active defects in kesterite Cu 2 ZnSn-
(S,Se) 4 (CZTSSe) is critical for the continued development of solar cells based 
on this material, but challenging due to the complex nature of this polycrys-
talline multinary material. A comparative study of CZTSSe alloys with three 
different bandgaps, made by introducing different fractions of sulfur during 
the annealing process, is presented. Using admittance spectroscopy, drive 
level capacitance profi ling, and capacitance-voltage profi ling, the dominant 
defect energy level present in the low sulfur content device is determined to 
be 0.134 eV above the valence band maximum, with a bulk defect density of 
8  ×  10 14  cm  − 3 , while the high sulfur content device shows a deeper defect 
energy level of 0.183 eV and a higher bulk defect density, 8.2  ×  10 15  cm  − 3 . 
These fi ndings are consistent with the current density–voltage characteristics 
of the resulting solar cells and their external quantum effi ciency. It suggests 
that as the sulfur content increases, the bandgap of the absorber is enlarged, 
leading to an increasing open-circuit voltage ( V  oc ), that is accompanied by 
stronger recombination due to the higher defect density of the sulfur-rich 
absorber. This is refl ected in large  V  oc  defi cit and poor carrier collection of the 
high sulfur content device. 
  1. Introduction 

 Kesterite, Cu 2 ZnSn(S,Se) 4  (CZTSSe), photovoltaics are consid-
ered a potential alternative to traditional chalcogenide-based 
thin fi lm solar cells (e.g., Cu(In,Ga)(S,Se) 2  and CdTe) because 
of its earth-abundant and non-toxic constituents. Since 2010, 
high effi ciency ( > 8%) Cu 2 ZnSn(S,Se) 4  photovoltaics have been 
demonstrated successfully via various approaches. Several 
reports include an 11.1% device made by spin-coating particle-
containing hydrazine precursor slurries and annealing on a 
hot plate, [  1–3  ]  an 8.1% device made by using molecular level 
homogeneous hydrazine precursor solution, [  4  ]  an 8.4% device 
made by annealing colloidal nanocrystals in selenium vapor, [  5  ]  
and with the use of the coevaporation technique a 9.15% [  6  ]  
and an 8.4% [  7  ]  device were reported. While these early-stage 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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developments show a promising future 
for kesterite photovoltaics, it is also impor-
tant to understand its defect physics and 
recombination mechanisms. [  8  ]  This under-
standing is urgently needed for further 
improvement of the cell characteristics 
to a level comparable with Cu(In,Ga)
(S,Se) 2 (CIGS) and CdTe. 

 The majority of previous reports [  1–7  ,  9–11  ]  
have shown that the highest-effi ciency 
kesterite solar cells are made of CZTSSe 
alloys with high selenium (Se) content 
rather than high sulfur (S) content, despite 
the fact that the sulfur-rich compound has 
a more optimal bandgap, 1.4 eV, according 
to theoretical calculations. [  12  ]  In the case of 
Cu(In x Ga 1−x )Se 2 , high gallium (Ga) con-
centration is not benefi cial for the device 
performance since CuGaSe2 is diffi cult 
to be doped as n-type, [  13  ,  14  ]  resulting in 
the absence of an n-type inverted layer in 
CuGaSe2 absorbers which facilitates car-
rier extraction. With the use of the fi rst-
principle calculations and Density Func-
tional Theory, Chen et al. [  15  ]  reported that 
CZTSSe alloys with high Se content are more easily converted 
to n-type semiconductor and thus CZTSSe solar cells with high 
Se content are expected to have better carrier collection effi -
ciency than CZTS. Besides, it was reported that the self p-type 
doping in kesterite are mainly related to Cu Zn  antisite defects 
and V Cu  (Cu vacancies). [  16  ]  The energy level of Cu Zn  antisites 
becomes shallower (closer to the valence band) as sulfur con-
centration decreases in CZTSSe alloys because in CZTS, the 
stronger hybridization between the sulfur 3p and copper 3d 
orbitals brings the valence band lower. Based on these simulated 
results, high effi ciency CZTSe (low S content) devices should be 
achievable because of more facile n-type and p-type doping than 
CZTS (high S content). However, attempts to experimentally 
investigate defect properties in the kesterite family [  17  ,  18  ]  have 
not yet reached the level of maturity of the well-established fi eld 
of defects physics in chalcopyrite-based devices. [  19–22  ]  

 In this paper, we report a comparative study of solution-
processed kesterite CZTSSe cells with three different band-
gaps (resulting from three different Se and S concentrations 
in alloys). We aim at correlating the electrical defect levels of 
CZTSSe, observed through admittance spectroscopy and charge 
density profi ling, with the cells’ characteristics deduced from 
current density-voltage and quantum effi ciency measurements. 
Based on the experiment results, we have found that changes in 
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     Figure  1 .     Light  J – V  data of CZTSSe devices with various sulfur content. 
Low sulfur content device (A) shows the highest effi ciency  ≈ 7.4%. Inset: 
corresponding external quantum effi ciency.  
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   Table  1.     Device parameters for CZTSSe cells at room temperature with 
various [S]/([S] + [Se]) ratio. 

Device Eff 
[%]

 V  oc  
[V]

 E  g  
[eV]

 E  g - qV  oc  
[eV]

 J  sc  
[mA/cm 2 ]

FF 
[%]

Sample A 7.4 0.406 1.15 0.74 30.5 59.55

Sample B 5.3 0.541 1.35 0.81 18.5 53.57

Sample C 3.5 0.599 1.5 0.90 10.7 54.28
the S and Se ratio signifi cantly alters both the energy level and 
concentration of the dominant defects, and ultimately produces 
the poor carrier collection effi ciency and larger losses of open 
circuit voltage as a result of the increasing numbers of observed 
recombination centers. 

   2. Results and Discussion 

  2.1. Current–Voltage Characteristics 

   Figure 1   shows the illuminated current density–voltage 
( J – V ) characteristic curves for devices with different amounts of 
selenium and sulfur, with the corresponding external quantum 
effi ciency (EQE) curves shown in the inset. The cell parameters 
deduced from  J – V  measurements, as well as the bandgap 
deduced from the long-wavelength cutoff of the EQE [  23  ]  are 
summarized in  Table 1 . The devices A, B, and C correspond 
to three different S contents of [S]/([S]  + [Se])  ≈  0.35, 0.8 and 1, 
respectively. CZTSSe fi lms were deposited through hydrazine 
solution processing. X-ray diffraction and Raman data indicate 
the presence of only the kesterite phase in the fi lms and are 
discussed in detail in a separate publication. [  4  ]   
© 2013 WILEY-VCH Verlag G

     Figure  2 .     Admittance spectra of devices with various sulfur content, measu
of the three plots have been scaled to be the same.  
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 The device with high sulfur content has a higher open-circuit 
voltage ( ≈ 0.6 V), consistent with its large bandgap ( ≈ 1.5 eV). 
The device with low sulfur content has relatively small open-
circuit voltage (0.406 V) but has much larger short-circuit cur-
rent density ( J  sc ), mainly due to improved carrier collection 
at longer wavelengths. Among the three devices, low sulfur 
content device (sample A) gives the highest power conversion 
effi ciency of 7.4%. In EQE data measured at 0 V (Figure  1 b), 
the high sulfur content device (sample C) has a lower peak 
value than the others. This reveals that the S concentration in 
the alloy not only changes the bandgap but also gives rise to 
stronger recombination losses. [  24  ,  25  ]  

   2.2. Admittance Spectroscopy 

 Admittance spectroscopy (AS) measurements, which are com-
monly used to estimate the energy level of defects inside the 
band gap, were taken on each of the three types of samples. 
Capacitance-frequency (CF) scans taken in the temperature 
range 160 K to 300 K are shown in  Figure    2  . CF scans were 
measured in the dark from 10 2  to 10 6  Hz. An AC voltage of 
30 mV was used and DC bias was kept at zero during the 
measurement.  

 Using the model implied by the work of Kimerling, [  26  ]  the 
capacitance at high frequency represents the response of the 
free carrier density, while the capacitance at low frequency rep-
resents the response of the sum of free carriers and deep traps. 
In Figure  2 c, the capacitance of the device with high sulfur con-
tent shows a larger variation as a function of frequency, while 
the capacitance of the devices with low sulfur content show 
small changes between high and low frequencies (Figure  2 a).
The signifi cant frequency dependence of the capacitance in 
the high sulfur content device indicates larger trap densities 
in the absorber. A similar trend of has been reported recently 
1467wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     Arrhenius plot of the infl ection frequencies determined from 
the derivative of the admittance spectra.  
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for devices with bandgaps falling in the range of 1.0 to 
1.5 eV. [  18  ]  In Figure  2 b,c, it is visible that the capacitance data 
converges at high frequency and low temperature, where it is 
likely determined by the geometric capacitance of the devices 
due to carrier freeze-out. [  27  ]  

   Figure 3   shows the Arrhenius plot for the infl ection points in 
the three admittance spectra in Figure  2 . The step frequency   ω   0  
(or infl ection point frequency) for each AS curve is determined 
by using the angular frequency point at the maximum of the 
  ω  d C /d  ω   plot. The fi tting of the Arrhenius plot is according to 
the equation: [  20  ] 

 ω0 = 2πν0T 2 exp(−Ea
kT)  (1)     

 where   ω   0  is the step frequency,  E  a  is the energetic depth of the 
defect relative to the corresponding band edge, and   ν   0  is the 
pre-exponential factor comprising all temperature-independent 
terms, such as defect capture cross section for holes   σ   p , effective 
density of states in the valence band  N  V , and thermal velocity   υ   th . 

 In this case, the activation energy  E  a  determined by the 
Arrhenius plot is approximately the energy difference between 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  4 .     Defect spectra derived from admittance spectra. The  y -axis of thr
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defect level and valence band edge. Assuming that their energy 
levels are within a small range, the  E  a  value deduced from the 
Arrhenius plot can also represent the average value of activa-
tion energies of a band of defects in the bandgap. The activation 
energy  E  a  is around 0.134 eV, 0.163 eV and 0.183 eV for devices 
A, B and C (from low to high sulfur content), respectively. In 
addition, we calculated the pre-exponential factors, which is 
around the order of 10 3  for all devices. 

 A general increase of activation energy with increasing sulfur 
fraction in the absorber is clearly visible in the admittance spec-
troscopy data. The change of defect activation energy in three 
samples is possibly related to the shifts of the valence band max-
imum resulting from the differing sulfur concentrations in the 
CZTSSe absorber. As the sulfur content increases in CZTSSe 
alloys, the valence band moves down, potentially yielding defects 
with higher ionization energies. [  15  ]  A larger value of  E  a  is generally 
an indicator of a slower hole emission rate, corresponding to the 
lower transition frequency in the AS curves, and thus it is more 
likely that defects with larger activation energies tend to act as 
more effective recombination centers. The defect response in the 
high sulfur content device occurred at a higher energy (0.183 eV) 
than in the low sulfur content device (0.134 eV). Thus, the low 
sulfur content device can be expected to experience relatively 
lower recombination rates than the high sulfur content one. 
This observation can also be correlated with external quantum 
effi ciency (Figure  1 b). The high sulfur content device exhibited 
much lower quantum effi ciency, likely as a result of signifi cant 
recombination losses due to increased defect activity. 

 Defect density spectra resulting from CF scans at each tem-
perature (Figure  2 ) are superimposed in  Figure    4  . For each 
sample, the calculation of the rescaling factor of the y-axis, 
including the band-bending and built-in voltage, uses typical 
values reported in literature, [  28  ]  and the conversion of the  x -axis 
from frequency to energy is achieved following Equation (1). 
The dashed line is the Gaussian fi t to the respective defect 
energy level, as described in the work of Walter et al. [  20  ]  The 
integrated defect density of the low sulfur content device is 
4.96  ×  10 15  cm  − 3 , which is relatively smaller than the value of 
the high sulfur content device, 1.14  ×  10 16  cm  − 3 . We also noticed 
that these integrated defect densities are roughly proportional 
to the difference between the largest capacitance value and 
smallest capacitance value in CF scans.  

 In each of the three cases, the calculated activation energies 
are between 0.1 and 0.2 eV, so this defect level could potentially 
mbH & Co. KGaA, Weinheim
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     Figure  5 .     Deep-level response of various sulfur content devices at dif-
ferent temperatures. The measurement frequency was 11 kHz, the dc bias 
range was 0 V to –0.5 V, and the temperature range was 160 K to 300 K.  
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be ascribed to a structure similar to the N1 trap level commonly 
observed in CIGS. [  29  ]  Similar defect levels in kesterite were also 
found by other groups. [  17  ,  18  ]  Note that the defect state at 0.3 eV 
above the valence band, known as the N2 defect in CIGS, [  29  ]  
was not found in our measurement. The origin of the N1 defect 
level remains unclear, but in chalcogenide photovoltaics it has 
been assigned to several possible sources, such as (In,Ga) Cu  
defects at the CIGS surface, [  30  ]  defects at the CIGS/CdS inter-
face, [  29  ]  bulk defects inside the CIGS absorber, [  31  ]  defects at the 
CIGS/Mo back contact, [  32  ]  or surface anion vacancies  V  Se  that 
involve interfacial donors. [  33  ,  34  ]  In this work, a possible source 
of the observed acceptor level is the Cu Zn  antisite, which has 
the lowest formation energy and is located at 0.12 eV above the 
valence band, according to fi rst principle calculations. 

 Copper vacancies, commonly assigned as the primary p-type 
dopants in CIGS, [  35  ]  are predicted to be a relatively shallow 
defect at 0.02 eV above the valence band in kesterite, but with 
higher formation energies than Cu Zn  antisite. [  16  ]  However, this 
defect energy level was not observed in AS measurements. It is 
controversial whether or not copper-on-zinc antisites or copper 
vacancies are the dominant acceptors in kesterite. [  8  ,  36  ]  Several 
photoluminescence (PL) studies of defects in kesterite alloys 
showed donor-acceptor (DA) pair transitions at low tempera-
tures, indicative of a shallow acceptor level around 30 meV or 
less, in Cu-rich samples. [  37  ,  38  ]  A recent study fi lms with metallic 
ratios of [Cu] / ([Zn]  +  [Sn])  =  0.9 and [Zn] / [Sn]  =  1.3, observed 
an acceptor level in the range of 29–40 meV above the valence 
band via the fi tting of PL intensity at various temperatures. [  39  ]  
Meanwhile, broad emission spectra were detected in both 
photo luminescence and cathodoluminescence in Cu-poor and 
Zn-rich fi lms, suggesting localized potential fl uctuations in the 
conduction band minimum and valence band maximum. [  36  ,  39  ]  
The fl uctuation of energy levels was estimated to a value of 
172  ±  2 meV. With regard to the huge conduction and valence 
band fl uctuation, it is possible that the ionization energy of 
acceptors deduced from the PL intensity-temperature plot is 
underestimated, and thus, the exact defect energy level seen in 
luminescence is comparable with the AS results. 

   2.3. Drive-Level Capacitance Profi ling 

 Though traditional capacitance profi ling data can provide the 
spatial defect density as deduced from capacitance-voltage 
(CV) scans, it is unable to distinguish between the bulk and 
interface defects, since both types of defects respond to this 
type of measurement. In order to identify different types of 
defects in the fi lm (bulk defects, interface defects, and free 
carriers), drive-level capacitance profi ling (DLCP) meas-
urements were employed by using the technique of Heath 
et al., [  21  ]  supplemented with CV profi ling measurement (not 
shown here). Compared to CV measurements, DLCP gives a 
more accurate assessment of the free carrier density in the 
fi lm, while CV measurements are more sensitive to interface 
states which commonly exist in chalcopyrite-based cells. In 
the method that Heath et al. developed, the contribution of 
the interface states can be extracted by a subtraction of DLCP 
defect density from CV defect density. [  31  ]  These will be dis-
cussed in detail later. 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1466–1471
 DLCP measurements were performed with DC bias from 
–0.5 to 0 V with the AC amplitude varying from 0.01 V to 0.1 V, 
and temperature range from 160 K to 300 K. The measure-
ment frequency of 11 kHz was selected. We estimated that, 
in the low sulfur device (sample A), DLCP response at 160 K 
corresponds to  E  a  (activation energy)  =  0.12 eV while DLCP 
response at 300 K corresponds to  E  a   =  0.25 eV, with the other 
devices exhibiting comparable activation energy measurement 
ranges. AS for all three devices indicate defects with character-
istics energy between 0.1–0.2 eV; thus our range of profi ling 
spans the energy response of these defects at all three absorber 
compositions. The charge density was determined by the 
relevant relation described in literature. [  21  ]  The resulting 
charge density,  N  DL , is shown in  Figure    5   (the horizontal axis is 
 <  x  >   =    ε A / C  0 , the average location of charges response to AC 
signal, where  C  0  is from a quadratic fi t of measured capacitance 
d Q /d V ,   ε   is the permittivity of the CZTSSe absorber layer, [  40  ]  
and  A  is the device area).  

 Here, we assumed that the entire depletion region is mainly 
in the CZTSSe absorber layer because of the high n-type doping 
concentration of the CdS layer. Therefore  N  DL,  measured by 
DLCP, represents the charge density of the CZTSSe layer. At 
high temperatures, DLCP is capable of observing the response 
from free carrier and deep defects, but at suffi ciently low tem-
peratures only free carriers contribute to the DLCP signal. Thus, 
the subtraction of the low temperature  N  DL  value from the high 
temperature  N  DL  value is closely correlated to the defect density 
in the absorber. [  21  ]  The  N  DL  points at  V  dc   =  0 were chosen to 
estimate the defect density (the defect density is labeled as  N  T  
in Figure  5 ). The estimated values for each condition are listed 
in  Table 2 . The high sulfur content device possesses a larger 
bulk defect density than the low sulfur content one. This trend 
is consistent with the AS data, where the high sulfur content 
device exhibited a larger capacitance variation, as a function of 
frequency.  

 Secondly, by applying the subtraction of the low temperature 
 N  DL  from the high temperature  N  DL , the high sulfur content 
1469wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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   Table  2.     Summary of the results derived from DLCP measurements. 

Device Free carriers 
density [cm  − 3 ]

Trap density 
[cm  − 3 ]

Interface state response 
[relative values]

Sample A 3.22  ×  10 14 8  ×  10 14 1.17  ×  10 16 

Sample B 1.33  ×  10 15 9  ×  10 14 1.07  ×  10 16 

Sample C 3.15  ×  10 15 8.22  ×  10 15 1.81  ×  10 16 
device has approximately an order of magnitude larger free car-
rier concentration than the low sulfur content device. The free 
carrier density derived from DLCP generally corresponds to the 
density of fully ionized dopants, [  21  ]  indicating the dependence 
of doping concentration on sulfur content as seen in Table 2. It 
is known that the semiconductors with high doping concentra-
tion have greater recombination, resulting in shorter minority 
carrier lifetimes as well as shorter diffusion lengths. Thus, the 
dependence of doping concentration on sulfur content is con-
sistent with previous reports showing that CZTSe (almost no 
sulfur content in the device) has longer carrier lifetime (10 ns) 
than CZTSSe (low sulfur content, 3 ns). [  2  ]  This fi nding also 
explains the high recombination losses in the high sulfur con-
tent device as a result of its high doping concentration. While 
the structural origin of the high doping concentration on sulfur 
content is inconclusive at this point, the changes in carrier con-
centration observed here are possibly related to varying levels 
of compensation from donor defects, such as anion vacancies 
( V  S  or  V  Se ) that may be dependent on the sulfur and selenium 
content of the absorber material. [  41  ,  42  ]  A more detailed under-
standing of this behavior is currently under investigation. 

 Thirdly, the defect concentration is expected to be a major 
determinant of open circuit voltage ( V  oc ), and the voltage 
shortfall,  E  g – qV  oc , and defect density can be correlated in the 
relation: [  43  ] 

 Eg − q Voc ∝ A ln N   (2)   

where  E  g  is the bandgap energy,  q  denotes the elementary 
charge,  A  is the diode ideal factor and  N  is the concentration 
of rembination centers in the bulk of the CZTSSe fi lm. [  43  ]  The 
defect density measured from AS (Figure  2 ) and from DLCP 
(Figure  5 ) both correlate with the voltage shortfall shown in 
Table 1. As the voltage defi cit increases, so does defect density 
detected by AS and DLCP. This correlation shows that the open 
cuicuit voltage losses result from high bulk defect concenta-
tions in absorber materials that have higher sulfur content. 

 As mentioned earlier, the effect of interface defects can be 
relatively quantifi ed based on the subtraction of DLCP-eval-
uated charge density at room temperature from CV-evaluated 
charge density at room temperature, [  31  ]  where the points at zero 
DC bias were used in the calculation. While the resulting inter-
face state response in all three samples is on the same order of 
magnitude, the high sulfur content device exhibits a relatively 
higher interface defect density, suggesting that the interfacial 
defects are related the open circuit voltage losses seen in the 
device performance section of this study. Furthermore, as seen 
in the plot of  V  oc  versus temperature in the recent reports, [  1  ,  25  ]  
the deduced value of activation energy of recombination 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
suggested that the defi ciency in  V  oc  is strongly infl uenced by 
interface recombination, possibly at the absorber/buffer inter-
face. [  44  ]  By contrast, it has been demonstrated that in CIGS 
space charge recombination (SCR) is dominant. Thus, it should 
be expected that the interface state response of CZTSSe is much 
stronger than the response of CIGS. However, enhanced inter-
face defect response is not evident in CZTSSe cells, compared 
to CIGS data in the literature. [  45  ]  

    3. Conclusions 

 By employing admittance spectroscopy and carrier density 
profi ling measurements at various temperatures, we have 
observed the infl uence of sulfur content in CZTSSe alloys on 
defect activation energy, defect density, and photovoltaic per-
formance. The high sulfur content device showed higher defect 
energy level (0.183 eV) as well as high bulk defect density 
(8.2  ×  10 15  cm  − 3 ), and this behavior of defects leads to the strong 
recombination losses as indicated by low external quantum 
effi ciency values and a large  V  oc  defi cit. In contrast, the low 
sulfur content absorber showed the best performance (7.4%) 
and highest external quantum effi ciency as a result of the rela-
tively low activation energy (0.134 eV) and the low bulk defect 
density (8  ×  10 14  cm  − 3 ). Overall, when enlarging the bandgap of 
the absorber by increasing its sulfur content, the open-circuit 
voltage increases, but overall device effi ciency is reduced. These 
fi ndings provide a better understanding of defect properties in 
kesterite alloys, which are critical for the control of recombina-
tion processes, doping, and junction formation in solar cells 
fabricated from this material. 

   4. Experimental Section 
  Device Fabrication : CZTSSe hydrazine-based precursor solutions 

were prepared in a nitrogen fi lled glove box. Cu-constituent and 
Sn-constituent solutions were prepared following the procedures describe 
elsewhere. [  46  ,  47  ]  For Zn-constituent solution, the hydrazinocarboxylic acid 
(NH 2 NHCOOH) was used to fully dissolve zinc powder in hydrazine. 
Final CZTS precursor solutions were prepared by mixing all constituent 
solutions with a fi nal ratio of Zn/Sn  =  1.2,   Cu/(Zn + Sn)  =  0.8. Detailed 
procedures of CZTSSe precursor solution and fi lm preparation can be 
found in a separation publication. [  4  ]  

 CZTSSe fi lms were then deposited by spin-coating the precursor 
solution on molybdenum coated soda lime glass substrates. To prepare 
the absorber layers with different bandgaps, various amount of chalcogen 
vapor, including pure selenium vapor, pure sulfur vapor and mixed 
selenium and sulfur vapor, were supplied during the annealing at 500  ° C 
on a ceramic hot plate. A CdS buffer layer was completed via a standard 
chemical bath deposition, [  22  ]  and ZnO and ITO were deposited on top 
with the RF sputtering system, giving a standard device structure: glass/
Mo/CZTSSe/CdS/ZnO/ITO with nominal area 0.1 cm 2 , determined 
by mechanically scribing all layers aside from the molybdenum back 
contact. 

  Device Characterization : The  J – V  characteristics of the photovoltaic 
devices were measured using a Keithley 2400 source meter. Illumination 
was provided by a Newport Oriel solar simulator (Model 91191-1000) 
with an AM 1.5G fi lter (Model 81088). The light intensity was stabilized 
at 100 mW/cm 2  using a Newport Oriel 68945 light intensity controller. 
The EQE was measured using a system designed by EnliTech. The 
capacitance of the photovoltaic device was measured using a Hewlett-
Packard 4284A LCR Meter. Temperature-dependent measurements were 
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