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Defect levels in kesterite Cu2ZnSn(S,Se)4 (CZTSSe) solar cells have been investigated by

current-mode deep level transient spectroscopy. Experiments were carried out on two CZTSSe

cells with photoconversion efficiencies of 4.1% and 7.1% measured under AM 1.5 illumination.

The absorber layer of the 4.1% efficiency cell was prepared by annealing evaporated ZnS/Cu/Sn

stacked precursor under S/Se vapor, while the absorber of the 7.1% efficiency cell was prepared by

co-evaporation of the constituent elements. The 4.1% efficiency CZTSSe cell with a S/(Sþ Se)

ratio of 0.58 exhibited two dominant deep acceptor levels at Evþ 0.12 eV, and Evþ 0.32 eV

identified as CuZn(-/0) and CuSn(2-/-) antisite defects, respectively. The 7.1% efficiency cell with

purely Se composition S/(SþSe)¼ 0 showed only one shallow level at Evþ 0.03 eV

corresponding to Cu-vacancy (VCu). Our results revealed that VCu is the primary defect center in

the high-efficiency kesterite solar cell in contrast to the detrimental CuZn and CuSn antisites found

in the low efficiency CZTSSe cells limiting the device performance. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4876925]

Copper-based I2-II-IV-VI4 quaternary kesterites—

Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe), and mixed

chalcogen Cu2ZnSn(SxSe1�x)4 (CZTSSe) have recently

emerged as the most promising absorber material system1–8

alternative to CuInxGa1�xSe2 and CdTe absorbers in

thin-film solar cells which comprise of scarce, highly

expensive, and toxic elements. With a tunable direct

bandgap of 1.0–1.5 eV and a large absorption co-efficient

(a> 104 cm�1),1–8 the Shockley-Queisser photon balance

calculations predict the theoretical efficiency limit for a sin-

gle junction CZTSSe solar cell to be as high as 32.2%.9 One

of the major factors restricting the efficiency of polycrystal-

line thin-film solar cells is the presence of deep-lying elec-

tronic trap levels in the bulk of the absorber layer and

interfacial states localized at the heterojunction hindering

the charge transport. Kesterite solar cells are far more vul-

nerable to have large number of such defects in the absorber

film compared to the chalcopyrites as the stability of single

phase stoichiometric CZTSSe could only be found at a much

narrower region in the three-dimensional (lCu-lZn-lSn)

chemical potential space10 and the Cu2S(Se)-ZnS(Se)-

SnS(Se)2 ternary phase diagram.11–14 Theoretical studies

based on density functional theory/first principle calcula-

tions have predicted various intrinsic point defects including

vacancies (VCu, VZn, VSn, and VS), antisites (CuZn, ZnCu,

CuSn, SnCu, ZnSn, and SnZn), interstitials (Cui, Zni, and Sni),

and several defect complexes (e.g., ½Cu�Zn þ ZnþCu],

½V�
Cu þ ZnþCu], etc.) that may exist in CZTSSe depending on

its composition.15–20 However, there exists meagre informa-

tion on the experimental identification of such electrically

active defects in CZTSSe solar cells. In this Letter, we

report on the investigation of the deep levels in CZTSSe

solar cells probed by current-mode deep level transient spec-

troscopy (I-DLTS) to quantify the trap activation energies

(ET), trap concentrations (NT), and capture cross-sections of

the traps (rT).

The conventional capacitive DLTS (C-DLTS) technique

is a very sensitive tool to identify electrically active defects

in semiconductors in terms of activation energy, defect type,

and trap concentration21 and have been widely used for deep

and shallow level defect characterization of chalcopyrites

and chalcogenides.22,23 The CZTSSe cells under investiga-

tion exhibited large depletion capacitance (Cd) beyond the

detection limit of our DLTS system and therefore we have

used I-DLTS technique which uses current transient meas-

urements to identify the defect levels. Although, unlike

C-DLTS, I-DLTS cannot distinguish between a majority and

minority carrier trap, but it provides valuable information

relating to the defect activation energies, defect concentra-

tion, and the capture cross-sections of the defect centers.

We have performed I-DLTS measurements on two dif-

ferent Cu2ZnSn(SxSe1�x)4 cells in this study, namely, Cell

1 and Cell 2, with Cell 1 having a S/Se ratio of 1.4

(x¼ S/(SþSe)¼ 0.58), and Cell 2 containing purely Se

(x¼ 0). The absorber layer of Cell 1 was prepared by a

two-step process: deposition of ZnS/Cu/Sn precursor

stacked layer on Mo-coated soda lime glass (SLG) sub-

strates by sequential thermal evaporation followed by

annealing under SþSe vapor in a tube furnace. The pure

CZTSe absorber of Cell 2 was prepared by co-evaporation

of the constituent elements.3 The finished CZTSSe solar

cells had a SLG/Mo/p-CZTSSe/n-CdS/i-ZnO/Al:ZnO/Al

device structure. The J-V characteristics of the two cells

under dark and under simulated AM 1.5 illumination are

shown in Fig. 1. Cell 1 showed a higher open-circuit volt-

age (VOC) of 506mV compared to Cell 2, which exhibited a

maximum VOC¼ 350mV at 297K. Both cells were

a)Author to whom correspondence should be addressed. Electronic mail:

mandalk@cec.sc.edu
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Cu-poor in composition and had a slightly Zn-rich stoichi-

ometry. The compositional details, thickness and bandgaps

of the absorber layers for the two cells are listed in Table I.

The photovoltaic and electrical parameters of the two cells

under investigation are summarized in Table II.

A SULA DDS-12 DLTS system was operated in current

transient spectroscopy (CTS) mode to obtain the I-DLTS

spectra. Schematic of the experimental set-up is represented

in Fig. 2. The samples were mounted on a JANIS VPF800

cryostat stage controlled by a Lakeshore 335 temperature

controller. The cells were reverse biased at VR¼�0.4V and

a trap filling forward pulse of amplitude Va¼þ0.3V with

10ms pulse width was applied following which the current

transients were recorded. The transient signals were succes-

sively processed by the CTS unit and the I-DLTS spectra

were generated by choosing a suitable rate window using the

correlator units to calculate the emission rates at different

temperatures following the standard double boxcar method.

The correlator unit in DDS-12 is capable of assigning multi-

ple rate windows in a single thermal scan. From Eq. (1)

given below,24 it can be seen that the expression of the cur-

rent transient in I-DLTS also contains the steady-state diode

leakage current

i tð Þ ¼
qWA

2se;h
NT tð Þ þ IL; (1)

where q is the electronic charge, W is the width of the mea-

surement volume, A is the diode area, se;h is the decay con-

stant for the current transients corresponding to electron or

hole emissions, and NT is the concentration of trapped charge

carriers. If the diode leakage current exceeds a certain limit

it can obscure the current transients. The correlator unit also

removes the background leakage current prior to the meas-

urements to avoid any such issues. The current transient

captures were time delayed after the end of each filling pulse

by an amount called the initial delay. The rate windows s for

the transient capture are dependent on the initial delays in

the following way

s ¼
1

1:94� initial delay msð Þð Þ
: (2)

The capture cross-sections and the trap concentration were

calculated from the I-DLTS plots. The activation energies

(ET) of the deep centers were extracted from the Arrhenius

plots obtained from the emission rates calculated from the

current transients.

The I-DLTS scans of Cell 1 and Cell 2 in the tempera-

ture range of 85–325K are shown in Figs. 3(a) and 3(b),

respectively. It can be readily observed that the defect char-

acteristics in these two cells are quite different. For Cell 1,

two broad peaks were noticed, one close to 190K (peak 1)

and the other one close to 285K (peak 2) for the lowest ini-

tial delay of 0.1ms. Such broad peaks signify a slow emis-

sion rate of the defect centers. Interestingly, none of these

two peaks were observed in Cell 2, rather a new peak (peak

3) appeared close to 100K (for an initial delay of 0.02ms)

which is much narrower signifying a faster emission of

trapped carriers from the associated defect center.

The Arrhenius plots corresponding to the observed

peaks in the I-DLTS scan are shown in Fig. 4. Activation

energies of ET1¼ 0.12 eV and ET2¼ 0.32 eV were extracted

corresponding to peaks 1 and 2, respectively. Due to the

broad distribution of the emission rates, the uncertainties in

the activation energies in Cell 1 were estimated to be6 0.04

for ET1 and 60.06 eV for ET2. An activation energy of

ET3¼ 0.036 0.01 eV was calculated corresponding to the

peak 3 in Cell 2.

Recent theoretical analysis of defect models in kesterite

CZTS and CZTSe materials10,15–20 have been considered to

assign the experimentally observed defect levels in this

study. Nagoya et al.,15 Maeda et al.,16,17 and Chen and co-

workers10,18–20 have carried out systematic theoretical stud-

ies on the intrinsic point defects in CZTS/CZTSe and calcu-

lated the formation energies and corresponding transition

(activation) energies for various point defects. It is predicted

that the acceptor defects (CuZn, VCu, ZnSn, VZn, CuSn, etc.)

have much lower energy of formation compared to the donor

FIG. 1. J-V characteristics of the cells under dark and under AM 1.5 simu-

lated illumination.

TABLE I. Summary of the absorber layer composition and bandgaps for the

two cells under investigation.

Cell ID

Type of

conductivity
Cu

ðZnþ SnÞ

Zn

Sn

S

ðSþ SeÞ

Absorber

thickness (lm) Eg (eV)

Cell 1 p-type 0.77 1.13 0.58 1.3 1.3

Cell 2 p-type 0.84 1.15 0.0 1.5 1.0

TABLE II. Electrical and photovoltaic performance parameters of Cell 1 and Cell 2.

Cell ID Area (cm2) VOC (mV) JSC (mA/cm2) FF (%) Efficiency, g (%) Ideality factor, n Series resistance (X) Shunt resistance (X)

Cell 1 0.42 506 22.5 35 4.1 4.5 31.2 125

Cell 2 0.43 350 32.7 62 7.1 1.4 5.06 357

192106-2 Das et al. Appl. Phys. Lett. 104, 192106 (2014)
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defects in these material systems for Cu-poor composition.

The CuZn antisite defect has the lowest formation energy

which acts as an acceptor level located about 0.10–0.15 eV

above the valence band maxima (VBM)18–20 and is consid-

ered to be responsible for the intrinsic p-type conductivity of

these materials. The copper vacancy (VCu) has compara-

tively higher energy of formation than CuZn antisite and

contributes to a much shallower acceptor level at �0.02 eV

above the VBM.18 It is suggested that VCu is much prefera-

ble than the CuZn antisite for high performance solar cells,

since CuZn produces deeper acceptor level than VCu and is

thus detrimental to the cell performance. Existence of CuZn
deep level at Evþ 0.12 eV has also been experimentally

identified by admittance spectroscopy.25

The theoretical studies strongly suggest that the observed

trap level ET1 in Cell 1 with an activation energy of 0.12 eV

can be assigned to the CuZn(-/0) antisite defect. The second

dominant defect level identified in Cell 1 (ET2) corresponds

to a much deeper level with an activation energy of 0.32 eV

which matches closely to the transition energy theoretically

calculated for CuSn (2-/-) defect.19,20 The larger capture

cross-section of ET2 compared to that of ET1 also suggests

that ET2 has a more negatively charged state. Therefore, we

attribute the deep level at Evþ 0.32 eV to the CuSn (2-/-) anti-

site defect.

In Cell 2, the activation energy of trap level ET3¼ 0.03 eV

can be assigned to the copper vacancy (VCu), as no other shal-

low level in this range exists in these materials. The experi-

mentally identified value of Evþ 0.03 eV is in good agreement

with the theoretical predicted value of 0.02 eV. All the experi-

mentally identified defect parameters including the defect acti-

vation energy (ET), capture cross-section (rT), trap

concentration (NT), and the associated point defects are sum-

marized in Table III.

We would like to emphasize that a device having shal-

low defect levels is expected to exhibit superior performance

than a device with deeper defect levels. Our results follow

this trend with Cell 2 showing much better photovoltaic

FIG. 2. Schematic of the I-DLTS experimental setup.

FIG. 3. I-DLTS signal of (a) Cell 1 and (b) Cell 2.

FIG. 4. Arrhenius plots corresponding to the peaks obtained from I-DLTS

spectra shown in Fig. 3. The solid straight lines show the linear fit to the ex-

perimental data points.

TABLE III. Summary of the observed defect levels in the CZTSSe solar cells by I-DLTS.

Cell ID Peak ID Approx. peak temperature (K) Activation energy, ET (eV) Capture cross section, rT (cm
2) Trap conc. NT (cm

�3) Possible defect level

Cell 1 Peak 1 190 0.126 0.04 1.31� 10�20 6.17� 1014 CuZn

Peak 2 285 0.326 0.06 2.04� 10�18 6.73� 1014 CuSn

Cell 2 Peak 3 100 0.036 0.01 2.52� 10�20 6.46� 1015 VCu
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performance compared to Cell 1. However, the most interest-

ing observation in this study is the presence of shallow VCu

level in purely Se containing CZTSe sample (Cell 2) which

suggests that although CuZn has a lower formation energy, it

is possible to have VCu as the predominant lattice defect in

kesterites. Our results also indicate that the intrinsic p-type

conductivity of high-efficiency CZTSSe absorbers could be

due to the formation of copper vacancies (VCu) similar to

chalcopyrites and the formation of detrimental CuZn antisites

can be avoided.

In conclusion, we have performed current DLTS meas-

urements on two Cu-poor and Zn-rich CZTSSe solar cells

with different chalcogen ratios to probe electrically active

intrinsic point defects. The lower efficiency CZTSSe cell

(S/Se¼ 1.4) showed two dominant deep acceptor levels at

Evþ 0.12 eV and Evþ 0.32 eV corresponding to CuZn and

CuSn antisites, whereas the pure CZTSe (S/Se¼ 0) higher effi-

ciency cell showed only a shallow VCu level at Evþ 0.03 eV.

Our investigation suggests that VCu could be the predominant

lattice defect in high efficiency kesterite cells instead of the

detrimental CuZn antisites.

We would like to thank Ingrid Repins (NREL) for pro-

viding us with physical vapor deposited CZTSe sample. One

of the authors (R. N. Bhattacharya, NREL) would like to

acknowledge partial financial support from “Alliance for

Sustainable Energy, LLC,” under Contract No. DE-AC36-

08GO28308 with the U.S. Department of Energy (LDRD

program).
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