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High-efficiency kesterite-based thin film solar cells typically feature Cu-poor, Zn-rich absorbers

although secondary phases occur easily in non-stoichiometric Cu2ZnSnSe4. We therefore applied

high-resolution X-ray fluorescence analysis using a synchrotron nanobeam to study the local com-

position of a CZTSe cross section lamella cut from a sample with an integral composition of Zn/

Sn¼ 1.37 and Cu/(ZnþSn)¼ 0.55. We find submicrometer-sized ZnSe-, SnSe/SnSe2-, and even

CuSe/Cu2Se-like secondary phases, while the local compositions of the kesterite are highly Zn-rich

yet barely Cu-poor with 1.5�Zn/Sn� 2.2 and Cu/(ZnþSn)� 1.0. Consequently, great care must

be taken when relating the integral composition to other material properties including the device

performance. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974819]

Thin film solar cells based on Cu(In,Ga)(Se,S)2 absorbers

with the chalcopyrite type crystal structure have reached a

record efficiency of 22.6%, thus closing the gap to silicon-

based technology.1 However, their large-scale implementation

may be hindered by the availability of the rare element In.

The so-called kesterite materials, such as Cu2ZnSn(Se,S)4,

present an attractive and promising alternative since all ele-

ments are non-toxic, low-cost, and earth-abundant, and record

efficiencies of up to 12.6% have already been demonstrated.2

Similar to Cu(In,Ga)Se2 solar cells, kesterite-based solar

cells often feature non-stoichiometric absorber layers that

are typically Cu-poor and Zn-rich.2,3 In the following, we

will use the acronym CZTSe for any quaternary compound

consisting of Cu, Zn, Sn, and Se, independent of its composi-

tion. In contrast to Cu-poor Cu(In,Ga)Se2,4,5 however, non-

stoichiometric CZTSe is prone to the occurrence of a number

of binary and ternary secondary phases such as ZnSe, SnSe/

SnSe2, CuSe/Cu2Se, or Cu2SnSe3. These secondary phases,

especially those with a bandgap energy smaller than that of

CZTSe, have detrimental effects on the device performance

and are discussed as one of the factors currently limiting the

conversion efficiency of kesterite-based thin film solar

cells.6,7 Furthermore, the presence of secondary phases leads

to a discrepancy between the integral layer composition and

the composition of the actual CZTSe. The latter, however, is

crucial for the device performance since the type and con-

centration of point defects and defect clusters associated

with a certain non-stoichiometry significantly affect the elec-

trical properties of the CZTSe.8–10 Detailed information

about the nature, quantity, and spatial distribution of second-

ary phases and a precise determination of the CZTSe stoichi-

ometry are thus crucial in order to further improve the

conversion efficiency of kesterite-based solar cells. In this

study, we applied high-resolution X-ray fluorescence (XRF)

analysis using a synchrotron nanobeam to study the local

composition of a highly non-stoichiometric Cu-Zn-Sn-Se

layer chosen as an exemplary case. Apart from various sec-

ondary phases that all coexist within an area of only a few

micrometers, we find that the local compositions of the

actual CZTSe differ tremendously from the integral layer

composition. An estimation of the defects present in the

material based on the integral composition is thus thoroughly

misleading in such a case. Consequently, the integral compo-

sition is not a reliable measure for characterizing the CZTSe

in highly non-stoichiometric Cu-Zn-Sn-Se absorbers, and

care has to be taken when relating it to other electrical or

optical properties including the device performance.

The Cu-Zn-Sn-Se layer was grown by sequential seleni-

zation of a metallic precursor.11 To that end, a Cu/Sn/Cu/Zn

multilayer was deposited onto Mo-coated soda lime glass by

magnetron sputtering. Subsequently, the metallic precursor

was annealed in Se þ Sn atmosphere, using a graphite box,

in a two-stage process at 400 �C and 550 �C for 30 min and

15 min, respectively. The sample was then naturally cooled

down from 550 �C to 300 �C keeping the lid of the furnace

closed, which takes about one hour. Subsequently, the lid of

the furnace was opened, and the sample was quenched to

room temperature. The metallic layers of the initial glass/

Mo/Cu/Sn/Cu/Zn stack show good uniformity; however, this

type of precursor can induce the formation of non-uniform

domains due to the segregation of bronze (Cu-Sn) and brass

(Cu-Zn) alloys.12 The integral layer composition was deter-

mined by standard XRF analysis and was found to be inten-

tionally very Zn-rich and extremely Cu-poor with Zn/

Sn¼ 1.37 and Cu/(ZnþSn)¼ 0.55, in order to promote the

formation of secondary phases. Grazing incidence X-ray
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diffraction measurements (GIXRD) showed that the main

structure of the layer is the kesterite type crystal structure.

Additionally, a substantial fraction of SnSe is also present

(see supplementary material). The detection of ZnSe by

GIXRD is extremely difficult in this case and suffers from

large uncertainties with regard to quantification. It can there-

fore be assumed that the Cu-Zn-Sn-Se layer consists of

CZTSe regions (in the following called domains) that feature

the kesterite type structure (CZTSe kesterite) and of SnSe/

SnSe2 and potentially ZnSe secondary phases. A thin cross

section lamella of approximately 270 nm thickness was pre-

pared using a focused ion beam system.13 Figure 1 presents a

scanning electron micrograph of the lamella showing the

glass substrate, the Mo layer, the Cu-Zn-Sn-Se layer, and a

Pt protective layer deposited during the lamella preparation,

while the scanning transmission electron micrograph

(STEM) of the high-lighted CZTSe area reveals irregular

grains of some hundred nanometers in size.

High-resolution XRF measurements were performed

at the ID16B station of the European Synchrotron (ESRF)

in Grenoble, France.14 The beam energy was set to

29.34 keV, while the beam spot size was 47� 51 nm2. The

lamella was moved through the beam horizontally and ver-

tically in 70 nm steps. At each spot, a full XRF spectrum

was recorded using a single-element SII Nano Technology

Vortex-90EX silicon drift detector. Plotting the number of

counts associated with a certain fluorescence line as a func-

tion of the beam position yields a spatial intensity map of

the corresponding element.13 Furthermore, fitting the indi-

vidual XRF spectra using the software PyMca (Ref. 15)

provides the elemental composition of the material at dif-

ferent spots of the lamella (see supplementary material for

details). Given its thickness of approximately 270 nm,

averaging over regions with different compositions or

phases along the beam direction is strongly reduced com-

pared to plan-view XRF analysis, thereby providing reli-

able information about the local chemistry at the

submicrometer scale. In addition, the information depths

of the Cu, Zn, Sn, and Se fluorescence photons are about

tens of microns at 29.34 keV.16

Figure 1 presents the XRF intensity maps obtained for

Cu, Zn, Sn, and Se. The morphology of the Cu-Zn-Sn-Se

layer as seen in the scanning electron micrograph is readily

apparent in the XRF maps despite a slight distortion due to a

drift of the lamella during the measurement. The Se map fur-

ther displays a homogeneous XRF intensity across the entire

Cu-Zn-Sn-Se layer with only the holes and the edge of the

lamella as exceptions. In contrast, the Cu, Zn, and Sn maps

all exhibit pronounced intensity variations. Comparing the

different maps, it becomes apparent that in some regions, an

increased intensity for one of the cations corresponds to a

nearly complete absence of the other two cations, clearly

indicating the presence of binary secondary phases (spots

1–6 in Figure 1). Note that XRF provides information about

the chemical composition of the material and thus about the

co-localization of elements. It does not provide a structural

analysis as obtained with X-ray diffraction or X-ray absorp-

tion spectroscopy nor a thermodynamical phase analysis.

However, the formation of secondary binary phases in off-

stoichiometric CZTSe was already demonstrated using these

techniques. Therefore, we assume that Cu, Zn, or Sn atoms

co-localized with Se form the corresponding binary com-

pounds CuSe/Cu2Se, ZnSe, or SnSe/SnSe2. Fitting the corre-

sponding XRF spectra provides the elemental compositions

listed in Table I. Spots 1, 2, and 3 are located in ZnSe-like

binary phases with small admixtures of Cu and Sn, while

FIG. 1. Scanning electron micrograph of the cross section lamella (SEM, top left) together with the X-ray fluorescence maps of Cu, Zn, Sn, and Se. The color

bars are labelled in 103 counts/s. The scanning transmission electron micrograph (STEM, bottom left) clearly reveals the CZTSe grain structure.

Compositional line scans are shown in Figure 2, and the stoichiometry at the spots 1–12 is listed in Table I.

TABLE I. Compositional analysis for different spots of the cross section

lamella as indicated in Figure 1. The relative uncertainties of the atomic per-

centages are 1%–2%, while the absolute uncertainties of the Zn/Sn and Cu/

(ZnþSn) ratios are 60.05 and 60.02, respectively.

Secondary phases CZTSe

Spot Composition Spot Zn/Sn Cu/(ZnþSn)

1 Zn0.96(Cu0.08Sn0.01)Se 7 2.03 1.04

2 Zn0.99(Cu0.07Sn0.01)Se 8 1.81 1.00

3 Zn0.87(Cu0.08Sn0.05)Se 9 1.81 0.97

4 Sn0.63(Cu0.08Zn0.02)Se 10 2.17 1.00

5 Sn0.58(Cu0.05Zn0.02)Se 11 2.04 1.01

6 Cu1.48(Zn0.17Sn0.04)Se 12 1.99 1.00
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spots 4 and 5 correspond to SnSe/SnSe2-like binary phases

with admixtures of Cu and Zn. Alternatively, the small

amounts of the other two cations could originate from a

small amount of kesterite behind or in front of the binary

phase when viewed along the X-ray beam direction. Most

surprisingly, though, spot 6 presents a small CuSe/Cu2Se-

like binary phase with admixtures of Zn and Sn in spite of

the extremely low overall Cu content of Cu/(ZnþSn)¼ 0.55.

All three binary phases are thus present in the Cu-Zn-Sn-Se

layer and coexist within an area that is only a few micro-

meters in size. Strong lateral compositional variations on the

micrometer scale were also observed for this sample (see

Supplementary Material) and other sequentially produced

CZTSe thin films in plan-view geometry.17 However, our

methodology allows the unambiguous identification of

binary phases due to the small thickness of the cross section

lamella. In the present case, the dimensions of these binary

secondary phases range from about 100 nm up to 1 or 2 lm.

The ZnSe-like phases are located mostly at the top of the

layer, whereas the SnSe/SnSe2-like phases are found at the

CZTSe/Mo interface. This is most likely due to the initial

glass/Mo/Cu/Sn/Cu/Zn precursor configuration and reflects

the reaction kinetics during the selenization.

Some regions of the XRF maps, particularly at the very

left and in the middle right, show roughly homogeneous

intensities of all four elements and thus represent the actual

CZTSe kesterite observed with X-ray diffraction. The local

composition was determined for different spots within these

regions, and the corresponding cation ratios are listed in

Table I (spots 7–12 in Figure 1). Most remarkably, the Cu/

(ZnþSn) ratio varies between 0.97 and 1.04, whereas the Zn/

Sn ratio ranges from 1.8 to 2.2. The compositions of these

kesterite domains in this part of the sample from which the

lamella was prepared are thus extremely Zn-rich and Sn-

poor but not Cu-poor in striking contrast to the integral layer

composition of Zn/Sn¼ 1.37 and Cu/(ZnþSn)¼ 0.55. Note

that here we define the term “Cu-poor” as Cu/(ZnþSn)< 1,

similar to the case of Cu(In,Ga)Se2 where “Cu-poor” is

defined as Cu/(InþGa)< 1. For the latter, being Cu-poor is

directly related to the presence of Cu vacancies. In contrast,

for quaternary CZTSe kesterite, the presence of Cu vacancies

depends on both the Cu/(ZnþSn) and the Zn/Sn ratio and

can be deduced from the different defect types in the Cu-

poor/Zn-rich and Cu-poor/Zn-poor quadrants of the cation

ratio plot as discussed below.18–20 Therefore, Cu-poor

CZTSe kesterite does not automatically feature Cu vacan-

cies. The surprisingly low Sn content most likely corre-

sponds to the formation of Sn secondary phases (SnSe and

SnSe2) due to the imposed very Cu-poor and Zn-rich starting

conditions. This is also supported by the GIXRD measure-

ment, which detected a substantial fraction of SnSe. As men-

tioned above, non-uniformities and secondary phases are to

be expected for this type of non-equilibrium process and

metallic precursor composition. Therefore, a discrepancy

between the integral layer composition and the local CZTSe

compositions is not surprising. The extent of this discrepancy

is, however, striking and demonstrates just how much local

and integral compositions may differ. We note that these

results strongly depend on the details of the synthesis and

that different growth processes are likely to yield different

compositional properties of the final thin films. Nevertheless,

compositional variations and secondary phase segregation on

a nanometer scale were also observed for co-evaporated

CZTSe thin films using atom probe tomography and simi-

larly resulted in a remarkable discrepancy between the local

CZTSe composition and the integral layer composition.21

To study the spatial compositional variations of the

CZTSe domains in more detail, two line scans were

extracted, one horizontally and one vertically, as shown in

Figure 1. The resulting Zn/Sn and Cu/(ZnþSn) ratios are

plotted in Figure 2. The Cu content of the CZTSe decreases

with increasing depth from Cu/(ZnþSn)¼ 1.06 near the sur-

face to 0.90 closer to the CZTSe/Mo interface, as shown in

the vertical scan. The layer thus features both Cu-rich and

Cu-poor CZTSe regions. The Zn content also decreases with

increasing depth, but the change is much more pronounced

than for Cu. The Zn/Sn ratio falls from 2.06 near the surface

to 1.54 closer to the CZTSe/Mo interface, which is again

related to the sequence of metal layers in the initial precursor

featuring Zn at the top and Sn closer to the Mo interface.

Laterally, the Cu content is nearly constant across the area

investigated and exhibits only slight variations that fall

within the experimental uncertainty. In contrast, the Zn/Sn

ratio rises from 1.8 to 2.0 along the horizontal scan. The

CZTSe kesterite of this part of the sample thus accommo-

dates significant compositional variations on a nanometer

scale. Carefully designed and optimized compositional gra-

dients may strongly enhance the solar cell performance as

demonstrated extensively for Cu(In,Ga)(Se,S)2 devices.22

Unwanted and unfavorable heterogeneity, however, may

severely limit the conversion efficiency and needs to be

avoided.

When studying CZTSe thin films and solar cells based

thereon, it is a common practice to correlate the electrical or

optical properties investigated, including the device perfor-

mance, with the integral composition of the Cu-Zn-Sn-Se

layer. Cu-poor, Zn-rich compositions with 0.7�Cu/

(ZnþSn)� 0.9 and 1.1�Zn/Sn� 1.4 are usually considered

optimal since the resulting Cu vacancies (VCu) provide bene-

ficial p-type doping, while a Zn/Sn ratio larger than one

FIG. 2. Local CZTSe composition given by the Zn/Sn and Cu/(ZnþSn)

ratios as a function of the beam position along the horizontal (h) and vertical

(v) line scans indicated in Figure 1. Each data point represents the average

over four pixels corresponding to 280 nm. Note the break in scale for the

composition.
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suppresses the formation of harmful SnZn antisite defects.3,8

To anticipate the type of point defects and defect clusters

associated with a certain composition, different types of non-

stoichiometry (A-F) have been proposed based on different

cation substitution reactions, assuming charge balance and

unchanging valence states.18–20 Figure 3 plots Zn/Sn versus

Cu/(ZnþSn) for these types of non-stoichiometry together

with the integral layer and local CZTSe compositions deter-

mined in this work. Based on the integral composition of the

entire layer, the kesterite would clearly be assigned A-type

featuring VCu and ZnCu antisites. In contrast, the actual local

CZTSe domains observed in the lamella can be expressed as

a mixture of B- and F-type. The former is characterized by

ZnCu and ZnSn antisites, while the latter features ZnSn and

CuSn antisites plus Cu and Zn interstitials (Cui and Zni,

respectively).

Given the almost ideal Cu/(ZnþSn) ratio for the local

composition, it could also be conceived that in this case, the

main cation substitution reaction occurs between Zn and Sn

only. We therefore propose the substitution Sn4þ ! Zn2þ
Sn

þZn2þ
i with the corresponding formula Cu2Zn1þ2xSn1-xSe4

for Zn-rich conditions (called G-type) and the substitution

2 Zn2þ ! Sn4þ
Zn þ VZn with the corresponding formula

Cu2Zn1–2xSn1þxSe4 for Sn-rich conditions (called H-type) as

shown in Figure 3. The formation energy of the resulting

defect pair in H-type non-stoichiometry is similar to those of

other non-stoichiometry types previously reported, while

no value is given for the G-type defect pair.23 As seen in

Figure 3, the local CZTSe compositions of the lamella corre-

spond to a mixture of G- and F-types involving the acceptor

levels of ZnSn, the deep acceptor levels of CuSn ranging up

to more than 400 meV above the valence band maximum,

the shallow donor level of Cui, and two deep Zni donor lev-

els located approximately 300 meV below the conduction

band minimum.23 In contrast, VCu and ZnCu associated with

A-type non-stoichiometry lead to shallow acceptor and donor

levels, respectively.23 As a consequence, very different types

of defects and very different defect levels are anticipated,

depending on whether the integral or the local composition

is considered. Correlating electronic or optical properties

with the integral layer composition of highly non-

stoichiometric CZTSe can thus easily lead to misinterpreta-

tions and unsound conclusions. Even if the nature and

amount of secondary phases are properly determined and

accounted for as done, for example, by X-ray absorption

spectroscopy,24 there may remain considerable uncertainty

about the exact composition of the CZTSe domains due to

possible spatial fluctuations as shown in Figure 2.

Interestingly, Just et al. report that the Zn/Sn ratio of the

actual CZTSe kesterite in their co-evaporated samples never

exceeds one in strong contrast to the ratios listed in Table

I.24 This could indicate that, depending on the synthesis

route, the preparation conditions, and the initial elemental

concentrations, the kesterite type crystal structure can

accommodate a variety of CZTSe compositions different

from the stoichiometric one. The large existence range of the

kesterite structure for CZTSe, concurrent with binary sec-

ondary phases or not, was also clearly demonstrated by X-

ray diffraction analysis of CZTSe powder samples covering

a wide compositional range.20 Note, however, that composi-

tional and structural methods of analysis such as X-ray fluo-

rescence spectroscopy, X-ray diffraction, or X-ray

absorption spectroscopy do not provide information about

the thermodynamical properties and thus cannot elucidate

the phase structure of this existence region of CZTSe

kesterite.

In conclusion, we applied high-resolution XRF analysis

using a synchrotron nanobeam to study the spatially resolved

elemental composition of a CZTSe cross section lamella cut

from a layer with an integral composition that is very Cu-

poor and Zn-rich. We find ZnSe-, SnSe/SnSe2-, and CuSe/

Cu2Se-like binary secondary phases all coexisting within an

area of only a few micrometers in size. The actual CZTSe

domains observed in the lamella exhibit local compositions

that are strikingly different from the overall layer composi-

tion being extremely Zn-rich and Sn-poor yet only slightly

or not at all Cu-poor. Anticipating the kinds of defects pre-

sent in these CZTSe kesterite domains based on the integral

layer composition will thus lead to wrong assumptions about

the material properties. Consequently, the integral layer

composition is not a reliable measure for the characterization

of highly non-stoichiometric CZTSe, and care has to be

taken when relating it to other material properties, including

the device performance.

See supplementary material for additional information

on the GIXRD measurement and the XRF study including

plan-view XRF maps and full XRF spectra.
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