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We use atom probe tomography (APT) for resolving nanometer scale compositional fluctuations in

Cu2ZnSnSe4 (CZTSe) thin-films prepared by co-evaporation and post-deposition annealing. We

detect a complex, nanometer–sized network of CZTSe and ZnSe domains in these films. Some of the

ZnSe domains contain precipitates having a Cu- and Sn-rich composition, where the composition

cannot be assigned to any of the known equilibrium phases. Furthermore, Na impurities are found to

be segregated at the CZTSe/ZnSe interface. The insights given by APT are essential for understanding

the growth of CZTSe absorber layers for thin-film solar cells and for optimizing their optoelectronic

properties. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4788815]

Thin-film solar cells based on the kesterite structured

compound semiconductors Cu2ZnSn(S,Se)4 (CZTSSe) are

an emerging class of solar cells which have undergone rapid

development in the past few years.1–3 Compared to the more

established absorber materials CdTe and Cu(In,Ga)Se2

(CIGS), CZTSSe compounds essentially comprise inexpen-

sive, earth-abundant, and non-toxic elements while maintain-

ing favorable, optical, and electrical properties (such as high

absorption coefficients, a direct band gap ranging from

�1 eV to �1.5 eV and suitable doping levels).1–5

Although the maximum energy conversion efficiency of

CZTSSe solar cells has already reached 11.1 %,6 further

research is required to compete with the record efficiency of

CdTe (17.3 %)7 and CIGS solar cells (20.3 %).8 Currently, a

major factor impeding the fabrication of high-performance

CZTSSe solar cells is the control of the absorber composi-

tion and chemical homogeneity. Both theoretical9–11 and ex-

perimental12,13 studies show that CZTSSe compounds have a

very narrow homogeneity range. In addition to the small ex-

istence region of CZTSSe, growth of homogeneous CZTSSe

layers is reported to be exacerbated by the high vapor pres-

sures of S(e) and SnS(e) compounds at high growth tempera-

tures.14–17 The latter effect can lead to Sn loss and to the

formation of Cu2(S,Se), Zn(S,Se), and volatile Sn(S,Se).18

Therefore, it is difficult to grow homogeneous CZTSSe

absorber layers by conventional co-evaporation processes, as

is well established for CIGS solar cells, without the forma-

tion of secondary phases.

In order to improve the efficiency of CZTSSe solar cells,

it is essential to characterize their absorber layers in detail, in

particular, with respect to compositional fluctuations at the

nanometer scale and possibly existing secondary phases.

Understanding the formation of detrimental secondary phases

in CZTSSe will help develop improved growth processes for

CZTSSe absorber layers which allow very tight composition

control. However, the detection and quantification of second-

ary phases in CZTSSe layers is extremely challenging. Due to

the structural similarity of the thermodynamically predicted

phases (Cu2ZnSn(S,Se)4, Cu2Sn(S,Se)3, and Zn(S,Se))12,13

and the iso-electronic nature of Cuþ and Zn2þ ions,19 conven-

tional X-ray diffractometry (XRD) is not reliable for the anal-

ysis of CZTSSe, and therefore more sophisticated methods are

needed. Just et al.20 reported that X-ray absorption near edge

structure (XANES) analyses using synchrotron radiation ena-

ble phase identification and determination of phase volume

fractions of CZTS absorbers with good accuracy. Using scan-

ning transmission electron microscopy (STEM) in combina-

tion with energy dispersive X-ray spectroscopy, Wang et al.21

detected decomposition of a CZTS layer into ZnS and a Cu-

Sn-S compound upon annealing.

Here, we present atom probe tomography (APT) data on

the elemental distribution in a CZTSe absorber layer, prepared

by low temperature co-evaporation followed by high tempera-

ture annealing. APT, a combination of time of flight mass

spectrometry and ion projection microscopy, allows for map-

ping out the three-dimensional elemental distribution in solids

with near-atomic resolution.22,23 Due to its high resolution and

detection sensitivity (equal for both matrix and dopant ele-

ments), APT shows great potential for studying photovoltaic

materials and has already been applied to the analysis of Si-,24

GaAs-,24 CdTe-,25 and CIGS-based solar cells.25–32

The CZTSe absorber, which has been analyzed in this

study, achieved a solar cell efficiency of 6.2 %.33 Despite

the narrow homogeneity range reported for CZTSe the

final composition of this absorber (and almost all other

reported solar cell absorbers in literature) is Cu-poor [Cu]/

([Zn] þ [Sn]) < 1 and Zn-rich [Zn]/[Sn] > 1. Cu-poor and

Zn-rich CZTSSe absorbers are reported to yield the highest

cell efficiencies.16,34 Hence, the question arises whether

CZTSSe absorbers have a much wider homogeneity range

than reported or the best performing absorbers are not single

phase. We demonstrate the unique capabilities of APT in

spatially resolving nanometer scale compositional fluctua-

tions and give direct evidence for the formation of a complex

network of nanometer-sized CZTSe and ZnSe domains in

our samples. The formation of ZnSe is explained by taking

into account the growth conditions and thermodynamic data.

a)Electronic mail: schwarz@mpie.de.
b)Electronic mail: choi@mpie.de.
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Furthermore, we discuss the possible effects of the observed

nanoscale compositional fluctuations on the solar cell

properties.

The CZTSe absorber layer presented in this work was

fabricated by a sequential process. In a first step a precursor

layer is grown in a molecular beam epitaxy system, where

Cu, Zn, Sn, and Se are co-evaporated onto Mo coated soda

lime glass at a substrate temperature of 320 �C. The precur-

sor layers are Cu-rich [Cu]/([Zn] þ [Sn]) > 1 and Zn-rich

[Zn]/[Sn] > 1. The excess Cu forms a CuxSe secondary

phase on top of the CZTSe, which is removed by etching in

a 10 wt. % KCN solution prior to the final high temperature

treatment. In the last step the absorber layer is annealed in a

tube furnace at 500 �C for 30 min at a H2/N2 background

pressure of 1 mbar together with 20 mg Se powder and

15 mg SnSe pellets. The overall composition of the final

absorber is Cu-poor and Zn-rich ([Cu]/([Zn] þ [Sn])¼ 0.82

and [Zn]/[Sn]¼ 1.33), as detected by energy dispersive X-

ray spectroscopy (EDX) performed at 20 keV acceleration

voltage. A detailed description of each step in the prepara-

tion of the absorber layer and of the resulting solar cell can

be found elsewhere.33

The preparation of APT samples was carried out using a

dual-beam focused-ion-beam (FIB) (FEI Helios Nanolab 600)

according to the lift-out technique described in Ref. 35. To

minimize beam damage due to Ga implantation a low energy

(5 keV) Ga beam was used for final shaping of the APT tips.

APT analyses were performed using a local electrode

(LEAP
TM

3000X HR, Cameca Instruments). Laser pulses

of 532 nm wavelength, 12 ps pulse length, and an energy of

0.1 nJ were applied at a temperature of 60 K.

A typical mass spectrum obtained from an APT analysis

is shown in Fig. 1. The matrix elements Cu, Zn, Sn, and Se are

detected as single and double charged ions. Furthermore, com-

plex ions are detected, namely, CuSeþ, ZnSeþ, SnSeþ,

CuSe2
þ, ZnSe2

þ, SnSe2
þ, Se2

þ, Se3
þ, Cu2Seþ, where some of

them occur as double charged ions as well. Small peaks can be

seen at 16 and 23 a.m.u., which can be assigned to Oþ/O2
2þ/

S2þ and Naþ impurities, respectively. Due to the overlap of

several peaks, especially of complex ions composed of either

Cu or Zn, a peak deconvolution algorithm (included in the

commercial software IVAS 3.6.2, Cameca Instruments) was

used to calculate the composition of the analyzed volume.

This algorithm takes into account isotope abundances.

Fig. 2(a) shows a three-dimensional elemental map of

the CZTSe absorber layer having a volume size of 62� 66

� 219 nm3. The analyzed volume points towards the CdS/

CZTSe interface and is located less than 300 nm away from

the interface region as observed after FIB milling. From

Fig. 2(a) one can see a homogeneous distribution of Se,

whereas the other elements are heterogeneously distributed.

A complex, interconnected network of Zn- and Cu-rich

domains can be seen, which are identified as ZnSe and

CZTSe, respectively (for more details see below).

For clarity, only the distribution of Cu (blue) and Sn

(green) as well as iso-concentration surfaces of 32.5 at. % Zn

(grey) and 7.0 at. % Cu (blue) is shown in Fig. 2(b). The Zn

iso-concentration surface marks the interface between ZnSe

(Cu and Sn depleted) and CZTSe domains and envelops the

CZTSe phase. Interestingly, the CZTSe regions show some

compositional variations. The compositions as determined

from peak deconvolution of the CZTSe regions I and II,

highlighted in Fig. 2(b), show slight variations in the Sn

(D[Sn]¼ 1.5 at. %) and Se (D[Se]¼ 1.4 at. %) concentra-

tions. These variations are statistically significant, whereas

the Cu and Zn concentrations remain almost constant (com-

pare Table I). Both regions are Cu-poor ([Cu]/([Zn] þ [Sn])

¼ 0.77 and 0.82, respectively) and Zn-poor ([Zn]/[Sn]¼ 0.82

and 0.90, respectively). Furthermore, from the composition

taken from region III in Fig. 2(b) one can identify the

Zn-rich domain as ZnSe with a small amount of Cu

(2.0 6 0.04 at. %) and Sn (0.7 6 0.02 at. %). Some of the

ZnSe domains contain precipitates (highlighted by blue Cu

iso-concentration surfaces in Fig. 2(b)), which are up to 9 nm

in diameter. The compositions of the precipitates PI and PII

are given in Table I. They do not correspond to any known

phases in the Cu-Zn-Sn-Se system.12

The above-presented results show that complex phase

decomposition/formation processes must have occurred dur-

ing co-evaporation and/or post-deposition annealing. Due to

the usage of a Cu-rich and Zn-rich precursor (non-stoichio-

metric growth conditions) and according to the phase diagram

of the Cu2SnSe3-ZnSe-SnSe2 system in Ref. 12, ZnSe can be

already formed during the co-evaporation of the precursor

(320 �C substrate temperature). Post-annealing at an elevated

temperature (500 �C) could lead to SnSe losses, although

FIG. 1. Typical mass spectrum of a CZTSe film.

FIG. 2. (a) Three-dimensional elemental map of Cu (blue), Zn (grey), Sn

(dark green), and Se (red); (b) only Cu and Sn displayed as well as

iso-concentration surface of 32.5 at. % Zn (grey) and 7.0 at. % Cu (blue).

Volume size for (a) and (b) is 62� 66� 219 nm3.
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SnSe and Se powders were added to suppress this process,

and could enhance the formation of a ZnSe network.

We demonstrate here the unique capabilities of APT in

revealing nanoscale compositional fluctuations. A complex

network of interconnected ZnSe domains can be found over

the entire volume that was probed. The existence of such a net-

work was found in other APT datasets of the same sample as

well (not shown here), whereas some datasets also exhibited

homogeneous regions of the absorber layer consisting of pure

CZTSe and no ZnSe network. Overall, we performed ten

measurements on this absorber layer to ensure that our results

are statistically significant. We observed that the absorber layer

exhibits compositional fluctuations not only at the nanometer

but also at the micrometer scale. The compilation of other

datasets (not shown here) gives a range of concentrations

for CZTSe: 21.4–22.5 at. % for Cu, 12.8–14.1 at. % for Zn,

13.3–15.7 at. % for Sn, and 49.4–51.4 at. % for Se. In particu-

lar the CZTSe compositions are Cu-poor ([Cu]/([Zn] þ [Sn])

< 1) and Sn-rich ([Zn]/[Sn] < 1), although the overall compo-

sition of the film is Zn rich ([Zn]/[Sn]> 1). The excess Zn par-

titions into the ZnSe phase. We note here that these values

were obtained only from datasets with comparable measure-

ment parameters (such as temperature, laser pulse energy, and

rate).

The formation of other secondary phases such as

CuxSnySez, due to the small existence region of CZTSe, has

not been observed in this study. We detect CZTSe with vary-

ing compositions, a ZnSe network, and precipitates inside

the ZnSe. This complex structure builds up a network of bar-

riers for both holes and electrons depending on the phase, in

which they are generated. Pure ZnSe has a wide band gap of

2.82 eV36 and will act as an insulator. Recently, this effect

has also been shown for thick (few hundred nanometers)

ZnSe on top of CZTSe.37 However, further studies on the

properties of the nanometer-sized ZnSe domains observed in

this work are required. Our APT data reveal that the ZnSe

phase is heavily doped with Cu and Sn (compare Table I).

This result agrees with photoluminescence measurements of

similar samples,33 where we find strong luminescence related

to deep defects in ZnSe. Both ZnSe and the precipitates can

exhibit n- or p-type electrical conductivity. Moreover, the

size of the network is on a nanometer scale, and conse-

quently tunneling effects and thermally assisted tunneling

will play a role for the transport. In any case, the presence of

the secondary phase cannot be beneficial for high quality,

high efficiency solar cells. Currently, all CZTSe solar cells

have a very high saturation current density,38 which points

towards a high recombination activity in these devices and

which limits the open-circuit voltage. The ZnSe/CZTSe net-

work is probably one reason for this observation. Further-

more, the different CZTSe compositions can play an

important role for the solar cell operation, since they may

lead to band gap variations and thus to an increased satura-

tion current.39 Moreover, the ZnSe is probably responsible

for the high series resistance in CZTS(e) solar cells.3,15 In a

recent study40 we observed that the occurrence of a high se-

ries resistance at low temperature correlates with the Zn con-

centration at the CdS/CZTSe heterojunction interface. The

APT measurements presented in this paper unambiguously

prove that a large amount of ZnSe is present in the CZTSe

devices. Therefore, it is plausible to assume that this second-

ary phase acts as a barrier for the carrier transport.

Fig. 3(a) shows a clipped part of the bottom of the ana-

lyzed volume (excluding Cu and Sn-rich precipitates) with a

32.5 at. % Zn iso-concentration surface, while Fig. 3(b)

shows the corresponding proximity histogram (proxigram)

TABLE I. Chemical composition measured by APT of different regions, which are shown in Fig. 2(c).

Region Cu (at. %) Zn (at. %) Sn (at. %) Se (at. %) [Cu]/([Zn] þ [Sn]) [Zn]/[Sn]

I 22.0 6 0.2 12.8 6 0.2 15.7 6 0.2 49.6 6 0.3 0.77 0.82

II 22.1 6 0.2 12.8 6 0.1 14.2 6 0.1 51.0 6 0.2 0.82 0.90

III 2.0 6 0.04 47.8 6 0.1 0.7 6 0.02 49.6 6 0.1 0.04 68.29

IV 1.6 6 0.1 47.7 6 0.5 0.6 6 0.08 49.8 6 0.5 0.03 79.50

PI 16.3 6 1.5 20.4 6 1.6 13.3 6 1.4 50.0 6 2.0 0.48 1.53

PII 15.7 6 1.0 20.6 6 1.2 12.1 6 0.9 51.7 6 1.4 0.48 1.71

FIG. 3. (a) Clipped part of the bottom of the analyzed volume (excluding Cu

and Sn-rich precipitates): 32.5 at. % Zn iso-concentration surface (grey), Na

(green); (b) corresponding proxigram across the CZTSe/ZnSe interface.

042101-3 Schwarz et al. Appl. Phys. Lett. 102, 042101 (2013)



(for more details see Ref. 41) across the CZTSe/ZnSe

interface with a 32.5 at. % Zn iso-concentration surface

defined as the interface. Besides the decrease of Se in ZnSe

(�49 at. %), which may be due to different evaporation

fields of CZTSe and ZnSe (less evaporation of Se2
þ mole-

cules in ZnSe domains), we detect segregation of Na (up to

�0.03 at. %) at the CZTSe/ZnSe interface.

Interestingly, Na atoms decorate only certain parts of

the CZTSe/ZnSe interface (marked by arrows in Fig. 3(a))

and are enriched at the CZTSe side of the interface. They

could affect the formation and growth of ZnSe domains. O/S

impurities do not show clear segregation at CZTSe/ZnSe

interfaces (not shown here). It is well known that Na is

beneficial for CIGS solar cells. Recently, it was shown by

Prabhakar et al.42 that Na also enhances the hole concentra-

tion and conductivity in CZTS. However, the conclusion

made by Prabhakar et al. cannot be generally applied to all

CZTSSe solar cells, since there may be substantial differen-

ces in absorber properties due to different growth processes.

Therefore, the benefits and drawbacks of Na for CZTSSe so-

lar cells have to be further elucidated in future studies. Here

we show that although the high temperature treatment of the

CZTSe layer does not exceed 500 �C the diffusion of Na

from the soda lime glass is already active and might already

change the electrical properties of the CZTSe devices. Since

Na is segregated at CZTSe/ZnSe interfaces, it could affect

the formation and growth of the ZnSe domains and thus the

microstructure. Systematic comparative studies of Na-

containing and Na-free samples are planned for the future.

In the present work we performed APT measurements

of CZTSe thin-films prepared by co-evaporation under Cu-

rich conditions and post-deposition annealing after etching

in a KCN solution. APT clearly reveals the presence of a

complex network of nanometer-sized CZTSe and ZnSe

domains. Some of the ZnSe domains contain Cu and Sn-rich

precipitates, which cannot be assigned to any equilibrium

phase. Fluctuations of the CZTSe composition on the nano-

meter scale are indicated by the differences in the composi-

tions for different CZTSe domains. The CZTSe domains are

found to be Cu-poor and Sn-rich, although the over-all film

composition is Zn-rich. The excess Zn partitions into ZnSe.

Na impurities are found to be segregated at certain parts of

the CZTSe/ZnSe interfaces and could have an effect on the

formation and growth of ZnSe domains.

For a further optimization of CZTSSe solar cells it is

necessary to understand the formation mechanism of the

above described network depending on the growth process

conditions. Furthermore, segregation of impurities to internal

interfaces needs to be studied in more detail in order to

understand its influence on the solar cell properties.

This work was funded by the German Research Founda-
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