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Cu2ZnSnS4 (CZTS) solar cells typically include a CdS buffer layer in between the CZTS and ZnO

front contact. For sulfide CZTS, with a bandgap around 1.5 eV, the band alignment between CZTS

and CdS is not ideal (“cliff-like”), which enhances interface recombination. In this work, we show

how a Zn1�xSnxOy (ZTO) buffer layer can replace CdS, resulting in improved open circuit

voltages (Voc) for CZTS devices. The ZTO is deposited by atomic layer deposition (ALD), with a

process previously developed for Cu(In,Ga)Se2 solar cells. By varying the ALD process

temperature, the position of the conduction band minimum of the ZTO is varied in relation to that

of CZTS. A ZTO process at 95 �C is found to give higher Voc and efficiency as compared with the

CdS reference devices. For a ZTO process at 120 �C, where the conduction band alignment is

expected to be the same as for CdS, the Voc and efficiency is similar to the CdS reference. Further

increase in conduction band minimum by lowering the deposition temperature to 80 �C shows

blocking of forward current and reduced fill factor, consistent with barrier formation at the

junction. Temperature-dependent current voltage analysis gives an activation energy for recombi-

nation of 1.36 eV for the best ZTO device compared with 0.98 eV for CdS. We argue that the Voc

of the best ZTO devices is limited by bulk recombination, in agreement with a room temperature

photoluminescence peak at around 1.3 eV for both devices, while the CdS device is limited by

interface recombination. VC 2015 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4937998]

Thin film solar cells based on Cu2ZnSnS4 (CZTS) are

attractive alternatives to CdTe and CIGS solar cells since

only highly abundant elements are used. The material has

been intensively studied following initial investigations by

Ito and Nakazawa1 and Katagiri2 where gradual efficiency

improvements have led to efficiencies of up to 12.6% for se-

lenium containing CZTS.3 The main efficiency limitation for

record CZTS devices is the open circuit voltage, Voc.

Several reasons for the large Voc deficit (of around 840 mV

for sulfide CZTS4) in relation to the band gap have been sug-

gested. One is an unfavorable alignment of the conduction

band minima (CBM) at the CZTS/CdS interface, where CdS

has a lower CBM as compared with CZTS.5 This type of

interface (a so-called “cliff”) will lead to increased interface

recombination and losses in Voc.

The most frequently used method for determining the

dominating recombination path is temperature dependent

current voltage analysis, JVT. Provided that the ideality fac-

tor shows no significant temperature dependence, this

method allows for the determination of the activation energy

of the dark saturation current, which in turn depends on the

dominating recombination path.6,7 The standard interpreta-

tion is that an activation energy equal to the band gap is com-

patible with bulk recombination being dominant, while an

activation energy lower than the band gap indicates that

interface recombination is limiting Voc. For most CZTS

devices, including record devices, JVT analysis yields acti-

vation energies below the band gap energy. Only in some

cases of pure selenide CZTSe, activation energies of 1 eV,

i.e., the bulk band gap, have been obtained.8 The reason for

the better performance of selenium rich, low band gap,

CZTSe as compared with sulfur rich CZTS could be either a

more beneficial energy band alignment at the CdS/CZTSe

interface, or higher electronic quality of the bulk material.

In this work, we investigate an alternative buffer layer

for pure sulfide CZTS solar cells, replacing CdS with a

Zn1�xSnxOy (ZTO) buffer layer grown by atomic layer depo-

sition (ALD). For CIGS solar cells, the conduction band off-

set (CBO) of a Zn0.8Sn0.2Oy buffer layer deposited at 120 �C
has been estimated to be þ0.1 eV towards CIGS with a sur-

face band gap of 1.15 eV by using synchrotron x-ray techni-

ques.9 This CBO is similar to reported values for the CdS/

CIGS interface.10 In a previous study, it was shown that the

band gap of ZTO increases as a function of decreasing depo-

sition temperature, due to quantum confinement effects.11

The detected change in band gap energy mainly affects the

position of the conduction band edge in ZTO, where an ALD

deposition temperature of 90 �C displayed a widening of the

ZTO band gap by 0.25 eV, leading to a blocking behavior in

CIGS solar cells.12 From the ZTO/CIGS data, an optimal

CBO for ZTO/CZTS is estimated to be obtained at a deposi-

tion temperature of 95 �C. We now apply this buffer layer to

CZTS and study the influence of deposition temperature on

device performance, Voc deficit, and JVT behavior, and

show strong improvements in Voc with the alternative buffer

layer.

0003-6951/2015/107(24)/243904/4 VC Author(s) 2015.107, 243904-1
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CZTS absorbers are grown on soda lime glass with

300 nm Mo deposited by DC sputtering. CZTS precursor films

are deposited by reactive sputtering from CuS, Zn, and Sn tar-

gets in mixed Ar:H2S at a substrate temperature of 180 �C as

described in Ref. 13. Two series of devices with different

buffer layer processes are made as shown in Table I. In

batch A, precursor films with Cu/Sn ratio of 1.86 and Zn/

(Cuþ Sn)¼ 0.45 are used and in batch B the composition is

Cu/Sn¼ 1.95 and Zn/Cuþ Sn¼ 0.35. Annealing is performed

in a tube furnace with background pressure of 350 mbar of

argon, where the samples are loaded into a graphite box

with around 30 mg of sulfur. In each annealing run, four

2.5� 2.5 cm2 sized samples are loaded. The box is inserted

into a hot zone giving rapid heating of the sample up to

560 �C, followed by a 10 min dwell after which the box is

removed from the hot zone to cool down. After unloading,

reference devices are fabricated from one of the four samples

by etching in 5% KCN solution for 2 min followed by chemi-

cal bath deposition of CdS, RF sputtering of ZnO/ZnO:Al

bilayer, Ni/Al/Ni grid by e-beam evaporation, and mechanical

scribing of six to eight 0.5 cm2 cells according to the

Ångstr€om Solar Center baseline procedure.14 Devices with

ALD buffer layers are etched with 5 wt. % KCN, except for

A2 and A3 in Table I, where a comparison with pure water

dipping and unetched (as deposited) CZTS was made. These

tests showed the highest performance for KCN etching and

therefore alternative interface treatments were not studied fur-

ther. After etching, rinsing, and drying, CZTS absorbers are

loaded into a Microchemistry F-120 reactor and heated to

the reaction temperatures of 80, 95, or 120 �C for 30 min. The

ZTO buffer layers are grown by using N2 as a carrier gas,

and diethyl zinc [Zn(C2H5)2], tetrakisdimethylaminotin(IV)

[Sn(N(CH3)2)4], and deionized water as precursors.15 A Sn/

(SnþZn) precursor pulse ratio of 0.5 is used, where the

length of the Sn/Zn precursor:N2:H2O:N2 pulses are 400/400:

800:400:800 ms, respectively. Cycling is always terminated

by the water pulse, and started by a zinc precursor pulse. The

ZTO is confirmed to be conformally covering the CZTS, as

expected, by transmission electron microscopy. Device finish-

ing is done with the same ZnO/ZnO:Al, grid, and scribing as

for CdS reference devices. Dark and illuminated JV measure-

ments are performed in a class A solar simulator from

Newport. External quantum efficiency (QE) is measured in

a homebuilt setup calibrated with external Si calibration

cells from Hamamatsu. JVT measurements are performed in

a cryostat connected to a liquid nitrogen source and a

Lakeshore 220 autotuning temperature controller. JVT is done

using a Keithley 2041 SourceMeter under white light LED,

adjusting the current to the lamp to match the Jsc. PL measure-

ments are performed in a Renishaw inVia confocal Raman

microscope equipped with a silicon CCD detector. All meas-

urements are performed at room temperature, using a 532 nm

laser and an excitation intensity of about 1300 W/cm2. The

measurements are corrected for the system spectral response

using an Avantes calibrated light source. The composition and

thickness of the ALD films are measured on glass samples

from the same deposition runs by profilometry and x-ray

fluorescence calibrated by Rutherford backscattering. The

absorption coefficient was determined by optical analysis

based on ellipsometry measurements using a Woolam variable

angle ellipsometer in the wavelength range 260–1700 nm at

65�, 70�, and 75� angle of incidence. The conductivity of the

ALD ZTO films is too low to be measured with standard

setups.

The device results for the different buffer layer proc-

esses are shown in Table I. For batch A, the KCN etched

device A1 with ALD growth at 95 �C gives the highest effi-

ciency, even higher than that for the CdS reference from the

same anneal (Fig. 1). The spread among 6–8 devices on the

same sample is small in Jsc and Voc and slightly larger in FF.

For batch B the spread in device performance is larger,

mainly related to small areas of delamination in particular

for some samples (Bref and B1). These areas are excluded in

further analysis as seen by the smaller number of cells

(Table I). The device with ALD deposition at 120 �C shows

almost equal performance as compared with the CdS

TABLE I. IV parameters for average or (best) device with different buffer layers or CZTS surface treatments. The number of ALD cycles is 800 for A1-3, 730

for B1, and 1100 for B2.

Sample Process (total # of cells) Sn/SnþZn Thickness (nm) Voc (mV) Jsc (mA/cm2) FF (%) Eff. (%)

A1 KCNþALD 95 �C (8) 0.17 40 690 (687) 17.5 (17.7) 49.6 (58.3) 6.0 (7.1)

A1 2 min light-soaking (1) 0.17 40 682 17.9 60.2 7.4

A2 WaterþALD 95 �C (6) 0.17 40 658 (661) 17.8 (18.2) 55.1 (56.6) 6.4 (6.8)

A3 ALD 95 �C (6) 0.17 40 635 (647) 13.6 (13.9) 38.6 (40.4) 3.4 (3.6)

Aref CdS (8) … 584 (607) 17.1 (17.1) 52.6 (55.9) 5.3 (5.8)

B1 KCN ALD 120 �C (4) 0.24 74 677 (676) 18.7 (18.8) 51.2 (53.2) 6.5 (6.8)

B2 KCN ALD 80 �C (7) 0.26 98 706 (713) 17.9 (18.1) 40.6 (42.1) 5.1 (5.4)

Bref CdS (3) … 641 (666) 20.9 (19.4) 46.9 (55.6) 6.2 (7.2)

FIG. 1. IV curves of devices Aref and A1; ZTO deposited at 95 �C.
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reference while the 80 �C sample gives high Voc and Jsc, but

with a clear loss in FF. Light-soaking under the class A solar

simulator lamp was tested for the samples in batch A. An

increase in FF is observed for some devices after 2 min, but

then the effect saturates. The efficiency of the best device af-

ter 2 min is shown in Table I, but all other values are

obtained without intentional light-soaking. One general dif-

ference between batches A and B is the overall higher short

circuit current for batch B as seen both for CdS reference

devices and ALD devices. From QE measurements (Fig. 2),

the gain in Jsc is seen to originate from an increase over all

wavelengths. The CdS reference device Bref has both slightly

higher Voc and Jsc as compared with the first batch, giving

efficiencies of up to 7.2%. This spread of CdS devices from

our baseline process around 6%–7% in absolute efficiency is

similar to previous results.16

From previous studies on CIGS it is shown that a ZTO

buffer layer grown at 120 �C with a Sn/SnþZn composi-

tion of 0.2 leads to the same CBO as for CBD-CdS buffer

layers.9 This may explain the observation of similar Voc

values for samples B1 and Bref assuming that the interface

quality of the buffer layer systems is equal. The loss in FF

for the 80 �C sample, with blocking of the forward current

(Fig. 3), indicates barrier formation at the interface. This is

compatible with the expected increase in conduction band

level for this low deposition temperature film. Since optical

characterization of ZTO deposited at 80 �C was not

included in our previous work, ellipsometry measurements

were performed on a glass sample, loaded together with B2

in the ALD reactor. The absorption edge clearly shifts to

higher energy as compared with the higher deposition tem-

peratures, but the edge is non-sharp. A band gap around

3.8–4.0 eV can be estimated from a Tauc plot for this 80 �C
ZTO film. The energy band alignment with CIGS for ZTO

films deposited at 90–180 �C is studied in Ref. 12 for 50 nm

thick films. An increase in band gap from 3.49 eV to

3.74 eV is seen as temperature is decreased from 120 to

90 �C. This band gap increase is mainly expected to come

from an increase in CBM, which implies that a gradual

increase in CBM is expected from B1 (120 �C) to A1

(95 �C) to B2 (80 �C). On CZTS, B1 is expected to give a

similar CBO to CdS, i.e., a cliff of around 0.3 eV.5

Therefore, the CBO for A1 should be close to zero, while

for B2 the CBM should be positive, with a spike around

0.1–0.3 eV. Measurements of the real band alignments of

these interfaces are needed for further understanding. In

addition, the influence of composition, doping, and buffer

layer thickness needs to be clarified before an optimum

ZTO buffer layer can be defined for CZTS.

Sample A1 yields higher performance compared with

the CdS reference and thus, for further understanding of the

recombination limitations, JVT measurements were per-

formed as shown in Figure 4. A remarkable difference in the

temperature dependence of Voc can be seen. While the CdS

reference device gives an activation energy of around 1 eV,

similar to several of our previously reported CdS devi-

ces,16,17 the Voc of the ZTO device extrapolates to 1.36 eV at

0 K. The ideality factor was confirmed to be temperature-

independent within the interval used for extrapolation.

Since an activation energy of 1.36 eV is still lower than

the expected fundamental band gap of kesterite CZTS of

around 1.5 eV, it might be concluded that the devices are still

limited by interface recombination, but with a larger energy

barrier for recombination. However, this activation energy is

also compatible with dominant bulk recombination since the

bulk radiative recombination energy in CZTS is in fact lower

than 1.5 eV. This can be seen by room temperature PL meas-

urements, which generally give a peak at 1.3–1.35 eV.

FIG. 2. EQE of all cells in Figs. 1 and 2 with normalized PL of devices Aref

and A1.

FIG. 3. IV curves of devices Bref, B1, and B2; ZTO deposited at 120 �C and

80 �C.

FIG. 4. Voc(T) of Aref (CdS) versus A1 (ZTO 95 �C). Within the linear

region used for extrapolation, the ideality factor is confirmed to be tempera-

ture independent.
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In our case, room temperature PL measurements (Fig. 2)

of samples Aref and A1 also give a PL peak at around

1.3–1.34 eV. Interpretation of PL data from CZTS must be

done with caution since interference effects can distort the

spectrum.18 In this case, we have minimized the interference

effect by using relatively thin CZTS absorber layers of

around 800 nm. Larger thicknesses are often used for CZTS

solar cells, but as we showed in a study of varying thickness,

collection of minority carriers is limited in these materials,

and no substantial gain could be seen by increasing thickness

above around 750–1000 nm.19

The fact that bulk recombination in CZTS films occurs

over an energy gap smaller than the fundamental kesterite

band gap is another important (although separate) question.

Recent work suggested that the reason for this is the exis-

tence of large spatial band gap fluctuations coming from

high concentrations of Cu-Zn antisite disorder, which is

thought to be prevalent in synthetic CZTS.20 This results in

localized band gap narrowing, seen as tailing that dominates

radiative recombination and limits the voltage. Another pos-

sibility is segregation of secondary phases with lower band

gaps.

Based on the aforementioned considerations and the

coincidence of the activation energy from JVT with the

energy of the PL peak, we interpret the increase in activation

energy when using the ZTO buffer as a shift of the dominant

recombination pathway away from the interface and into the

CZTS bulk. This is an effect of the improved band alignment

in the CZTS/ZTO cells.

This is different from our previous results using ALD

Zn(O,S) buffer layers,16 where lower activation energies are

obtained, and where room temperature Voc and device effi-

ciency are always substantially lower than the CdS reference

devices. In this case, increased Voc, of up to 713 mV, as well

as higher Ea are seen, clearly showing that a high quality

interface both in terms of band alignment and interface for-

mation is obtained using ALD ZTO buffer layers.

In conclusion, we have shown that the standard CdS

buffer layer in CZTS solar cells can be replaced with a ZTO

film deposited by atomic layer deposition. The open circuit

voltage is higher for the ZTO buffer devices as compared

with their CdS reference cells with a top efficiency after

2 min light-soaking of 7.4% without antireflective coating.

JVT analysis shows an activation energy for recombination

of 1.36 eV, which is close to the room temperature PL peak

of these CZTS absorbers. This means that Voc is either lim-

ited by bulk recombination, or that the barrier for interface

recombination is increased. In any case, part of the interface

recombination has been suppressed by changing buffer layer

material, and ZTO is shown to be a superior junction mate-

rial for CZTS as compared with CdS.
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