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1. Introduction

Impurities are of vital importance for the performance of
semiconductor devices.[1,2] This holds particularly true for
Cu2ZnSn(S,Se)4 (called CZTSSe or kesterite), a promising
absorber material for solar cell applications. For CZTSSe thin
films, there are not only several intrinsic defects,[3] but also many
extrinsic impurities such as sodium (Na), oxygen (O), and
hydrogen (H). Na is intentionally introduced via the soda-lime
glass (SLG) substrate, or added during the fabrication process,
for instance, through NaF treatment.[4] Na has been proposed to
passivate grain boundaries and deep defects, increase the carrier

concentration and contribute to crystal
growth of CZTSSe.[4–7] Na has been com-
monly observed not only to segregate at
the grain boundaries, but also a significant
amount usually resides inside the grains at
other defect types.[8] In addition, cluster for-
mations have been observed.[9,10] Other
alkalis may also be added and yield a posi-
tive effect on the device performance.[11]

Oxygen, on the contrary, is unintentionally
introduced into CZTSSe and may origi-
nate from the Mo layer and through con-
taminations during the processing.[12]

O has been observed in grain boundaries
and on the surface, either correlated with
Na[13] or as SnOx

[14,15] Hydrogen has
also been reported to have a passivating
effect.[16]

It is well known that air annealing of
CZTSSe samples during processing can
improve the power conversion efficiency
(PCE). However, air annealing at certain
temperatures may also be detrimental
for the PCE. Air annealing is typically per-
formed below the crystallization tempera-

ture and the effects on the performance can be attributed to
redistribution of impurities[15,17,18] or modification of the sur-
face.[19,20] If the PCE improvements are related to the former,
the diffusion mechanisms of the involved are of utmost impor-
tance. Na diffusion has been extensively studied in Cu(In,Ga)
Se2,

[21–24] however, less is known about the diffusion in
CZTSSe.[17,18] To the best of our knowledge, no study has been
dedicated to study diffusivity of O in kesterite thin films.
We have previously identified the correlation between Na
and O in Cu2ZnSnS4 (CZTS) and shown that O can be used
to trap Na due to the strong Na—O bond.[25] Therefore,
a necessary aspect is to study Na and O depth profiles after

Dr. S. Grini, Dr. N. Ross, Prof. C. Persson, Prof. L. Vines
Department of Physics/Centre for Materials Science and Nanotechnology
University of Oslo
P.O. Box 1048, Blindern, N-0316 Oslo, Norway
E-mail: sigbjorn.grini@smn.uio.no

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/pssb.202000062.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH& Co. KGaA,
Weinheim. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/pssb.202000062

Dr. H. Aboulfadl, Prof. M. Thuvander
Department of Physics
Chalmers University of Technology
41296 Göteborg, Sweden

Dr. N. Ross, Prof. C. Platzer-Björkman
Ångström Solar Center
Division of Solid State Electronics
Uppsala University
Uppsala 75120, Sweden

Prof. C. Persson
Department of Materials Science and Engineering
KTH Royal Institute of Technology
10044 Stockholm, Sweden

Cu2ZnSn(S,Se)4 is a promising nontoxic earth-abundant solar cell absorber.
To optimize the thin films for solar cell device performance, postdeposition
treatments at temperatures below the crystallization temperature are normally
performed, which alter the surface and bulk properties. The polycrystalline
thin films contain relatively high concentrations of impurities, such as sodium,
oxygen and hydrogen. During the treatments, these impurities migrate and
likely agglomerate at lattice defects or interfaces. Herein, impurity redistribu-
tion after air annealing for temperatures up to 200 �C and short heavy water
treatments are studied. In addition, nonuniformities of the sodium distribution
on a nanometer and micrometer scale are characterized by atom probe tomo-
graphy and secondary ion mass spectrometry, respectively. Sodium and oxygen
correlate to a greater extent after heat treatments, supporting strong binding
between the two impurities. Redistributions of these impurities occur even at
room temperature over longer time periods. Heavy water treatments confirm
out-diffusion of sodium with more incorporation of oxygen and hydrogen. It is
observed that the increased hydrogen content does not originate from the heavy
water. The existence of an “ice-like” layer on top of the Cu2ZnSnS4 layer is
proposed.
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low-temperature heat treatments, which can reveal their diffu-
sion mechanisms.

Here, we report on the redistribution of three prevalent
impurities in CZTS during air annealing and wet chemical treat-
ments. To better distinguish diffusion inside grains and at
grain boundaries, one can vary the average size of the grains.
To accomplish this, we prepared two sample sets of sulfide
CZTS on top of Mo where we varied the sulfurization time from
10 to 40min at a lower-than-baseline temperature of 500 �C
resulting in a total of six samples (a–f ). The average grain sizes
were estimated to vary between roughly 100 nm for sample (a) to
300 nm for sample (f ). Fortuitously, after the sulfurization a
nonuniform Na and O distribution with depth was produced
for all samples (shown later). With isothermal air annealing
treatments from 50 to 200 �C, Na and O diffuse in the CZTS
absorbers. In addition, postdeposition “wet chemical cleaning”
treatments are commonly used to remove unwanted phases
on the surface of the CZTS absorber before the buffer layer
deposition.[11,26,27] Water (H2O) treatments can remove such
phases.[28] The origin of the H in-diffusion is evaluated by using
heavy water (D2O) treatments.

2. Results and Discussion

2.1. Spatial Nonuniformity of Na in Cu2ZnSnS4

Spatial variations of sodium are prevalent in the samples of this
study, in agreement with previous studies on CZTSSe.[9,10,29–31]

Figure 1 shows the spatial sodium distribution of two CZTS
absorber specimens on the nanometer and micrometer scale
using atom probe tomography (APT) and secondary ion mass
spectrometry (SIMS) image depth profiling. Two tomographic
slices of the 3D reconstruction of the APT-tip (Figure 1a,c) high-
light the Na spatial distribution’s nonuniformity. Segregations to
clusters and dislocations were observed in the grain interior,
as shown in Figure 1a,c. A 2D defect is also observed at the upper
left part of the reconstruction which exhibits Na agglomeration.
Solely from the APT data, the nature of 2D defects cannot be
identified, which here could be either a grain boundary or a
stacking fault. The APT reconstruction volume exhibits several
features which display not only Na segregations, but also Cu
inhomogeneities, as shown in Figure 1b. A 2D concentration
map for the Cu concentration within a tomographic slice in

Figure 1. Sodium distribution on a–d) the nanometer scale using APT and on e) the micrometer scale using SIMS image depth profile. a,c) Two
tomographic slices of 8 nm thickness within the point cloud data representing Na atoms. Clusters are marked by “C,” decorated dislocations are marked
by “1D” and the 2D lattice defect is marked by “2D,” respectively. b) A 2D concentration map for the Cu concentration from within the same slice of
part (a). d) 1D concentration profile across the 2D defect, the region is marked by a black rectangle in part (b), the arrow marks the direction of the profile
measurement.
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the point cloud reconstruction highlights the inhomogeneity of
Cu. Figure 1d shows a profile across the 2D defect (marked
with a rectangle in Figure 1b). Concentrations and distribution
of Zn, S, and O are not presented here due to interference
with other elements and/or molecules (see Section 4). At the
2D defect, a strong increase in Na concentration is observed,
reaching up to �6 at%, as well as a clear depletion of Cu. It
has been shown by Schwarz et al. using APT that alkali rich grain
boundaries in selenide Cu2ZnSnSe4 (CZTSe) can sometimes
display Cu segregations or Cu depletion.[10] This has also been
reported for Cu(In,Ga)Se2 absorbers.[32] Changes in the matrix
elements at the grain boundaries are argued to influence
the electrical performance of the planar defects in the polycrys-
talline structures where such defects can be beneficial or
detrimental to the device performance.[33] Depletion of Cu at
the Cu(In,Ga)(S,Se)2 and CuInSe2 grain boundaries is, however,
suggested to create hole barriers, reducing recombination
effects.[34] It is important to mention, however, that the Na
concentration at the planar defect here is relatively high which
suggests the formation of a secondary phase containing Na.

At the proximity of the planar interface, the Cu concentration
is seen to rise�6 at% above the average concentration detected at
further distances (in the grain interior). In principle, inhomoge-
neity of absorber main elements in CZTS is expected because the
system exhibits strong tendencies of secondary phase formation
due to the narrow compositional range of CZTS.[35] The high dif-
fusivity of Cu in the compound is argued to facilitate the nucle-
ation of Cu2–xSe phases in CZTSe,[36,37] which are commonly
observed at the absorber surface and near grain boundaries.[38]

Investigations using in situ heating in a scanning electron
transmission microscope have shown that this is influenced by
migration of grain boundaries.[39] Therefore, the Cu enrichment
observed here near a planar defect in the CZTS absorber is
likely to be due to high Cu diffusion during film growth and
the general tendency of Cu2S(Se) formation in this system at grain
boundaries.

At the proximity of the planar defect where Cu concentration
was found to be higher, a slight increase in Na (�0.5 at%) is also
detected, which is predicted to be caused by out-diffusion of the
Na segregated at the planar defect. Other areas in the reconstruc-
tion show similar behavior (i.e., bottom left region in Figure 1b)
of Na and Cu inhomogeneities that are correlated at the same
regions, which is expected to be caused by the same mechanism
stemming from migrating lattice defects in the absorber.
However, further investigations are required to reveal such
mechanisms, but this is outside the scope of the current work.

SIMS image depth profile measurements of Na reveal a
nonuniform spatial distribution of the SIMS intensity on the
micrometer scale (Figure 1e). The nonuniformity is present both
laterally with a 20� 20 μm2 raster and throughout the depth of the
1 μm-thick CZTS layer, indicating that the Na-rich regions are not
limited to regions on a nanometer scale. In fact, inhomogeneities
of Na on a millimeter scale has also been observed by performing
SIMS at several locations (not shown). This has already been iden-
tified by Gershon et al. and has been attributed to inhomogeneities
in the SLG.[31] To limit the effects of these inhomogeneities, SIMS
depth profiles are measured as close as possible to each other after
heat treatments and heavy water treatments.

2.2. Redistribution of Na and O

Six samples with different grain sizes were annealed on a hot plate
in air at 50, 100, 150, and 200 �C for 30min. For each sample,
SIMS depth profiles were measured, and elastic recoil detec-
tion analysis (ERDA)-calibrated Na and O concentrations were
estimated. The results are shown in Figure 2 and 3, where the
estimated average grain size for each sample increases from about
100 nm for (a) to about 300 nm for (f ). Initially, the depth profiles
(blue lines) display an average estimated concentration of Na
and O for all samples between 1� 1019 and 1� 1020 atoms cm�3,
showing no correlation between measured concentration with
SIMS and the grain size. However, the Na and O concentrations
correlate for all samples over all temperatures. The concen-
trations are increased at the air/surface and the CZTS/Mo
interfaces for all samples, indicating segregation of Na and O
at these interfaces.[40] The increased SIMS intensity may also be
caused by a change in sputter yield and ionization efficiency at
these interfaces, making quantitative assessment challenging.[41]

To a greater extent than that of O, accumulation of Na is observed
in the regions from 600 to 900 nm from the surface, near the
back contact. This accumulation of Na after the sulfurization
is not commonly observed in conventional CZTS samples.
Different from conventional processing, these samples are proc-
essed at lower-than-baseline temperatures of about 500 �C and
with a longer sulfurization time to induce more variation in grain
size between samples. The unconventional sulfurization condi-
tions may have caused the abnormal Na accumulation in the
region near the back contact for all samples studied. As the sam-
ples are air annealed, Na appears to diffuse from this region and
redistributes to sites closer to the surface. Indeed, after the 100
and 150 �C anneals, each sample exhibited a substantially more
uniform Na distribution with depth. While Na redistributes in
the CZTS layer, Na from the SLG is expected to act as a source
and diffuse through the Mo at these temperatures,[17,42] which
could explain the increased Na concentration for all depths as
observed in (c) and (d). Evidently, the extent of the redistribution
of Na after the 50 �C anneal correlates with grain size, suggesting
that diffusion through grain boundaries are preferred, as
expected. However, the Na concentrations for the sample with
the smallest grain size (a) do not redistribute further at higher
temperatures. In fact, the sample with the smallest grain size
has the lowest overall concentration of Na in the CZTS layer after
heat treatments of the six samples, suggesting that the Na
occupies sites inside the grain interior. The O depth profiles
(Figure 3) show that the O concentration is increased for all
samples after heat treatments to a larger extent than that of Na.
Indeed, the depth profiles and concentration levels are much
more similar after air annealing treatments. The similar depth
profiles compared with that prior to annealing may come as a
result of formation Na–O complexes in the absorber.[12]

From Figure 2, significant Na redistribution and an increase
in O concentration are observed after the heat treatments.
The rapid diffusion of Na at low temperatures suggests that Na
may be mobile at or slightly above room temperature. In this
case, long-term storage at room temperature would be sufficient
for Na to migrate. Therefore, a reference piece from the sample (e)
was measured 276 days after the initial SIMS measurement.
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The measured depth profiles and the initial depth profiles are
shown in Figure 4. Clearly, Na and O have redistributed over
the depth of the CZTS layer after long-term storage confirming
the low migration barrier for Na in CZTS. The depth profile is
remarkably similar to that of the depth profiles measured after
the 150 �C air anneal, proposing that the long-term storage has
similar effects on the Na and O distributions as the short anneals
at elevated temperatures. The similarity between Na and O depth
profiles might be indicative of comparable solar cell properties.
Thus, an interesting study would be to explore whether long-term
storage in air before the buffer layer deposition produces effects
on PCE comparable with shorter low-temperature air anneals.

2.3. Impurity Migration after Heavy Water Treatment

Water treatments have been shown to remove Na and O on the
surface.[28] Indeed, a reference SIMS measurement of a CZTS
absorber treated in regular deionized water (H2O) indicated
out-diffusion of Na from the bulk (not shown). A likely candidate
to replace Na is H. Thus, to distinguish possible in-diffusion of
H from the water with the H in the air and that already present
in the CZTS, samples from a third series were treated in heavy
water (D2O) for 40 s and SIMS depth profiles of Na, O, H, and D
were measured before and directly after the procedure. Figure 5
shows the depth profiles from a representative sample of the four

(a) (b)

(c) (d)

(e) (f)

Figure 2. ERDA calibrated SIMS Na depth profiles for six samples (a–f ) initially and after air annealing treatments at 100, 150, and 200 �C for 30min.
The average CZTS grain size increases from about 100 nm to about 300 nm in the samples from (a) to (f ).
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species before (solid lines) and after (dashed lines) the D2O
treatment. The Na intensity has decreased, most noticeably in
the region near the surface. The H intensity, meanwhile, has
increased after the D2O treatment with more H introduced in
the near-surface region, correlating inversely with Na suggesting
a kick-out of Na by H. A significant signal from D is observed
after the D2O treatment, although it is several orders of magni-
tude lower than the increase in H. Although the intensity of D is
low compared with that of H, the diffusion is fast as D is detected
throughout the CZTS absorber and into the Mo back contact.
Interestingly, the SIMS intensity from D was equal for all sam-
ples regardless of grain size, indicating that the sites occupied by
D are not limited to grain boundaries.

Surprisingly, the increase in SIMS intensity for H is greater
than for D after the D2O treatment. The immediate possible
source of H is from H2O in the ambient air. The in-diffusion
of H would be expected to occur during the D2O dip where
the out-diffusion of Na most likely occurs. Interestingly,
a similar observation has been reported in porous materials,
where an “ice-like” layer has been identified with conductivity
measurements.[43–45] The thickness of the layer was governed
by the humidity when exposed to air. Thus, one may propose
a similar explanation to why limited amounts of D diffuse from
the D2O during the 40 s treatment, i.e., that an “ice-like” layer
of H2O is formed on top of the CZTS. While speculative, the
CZTS sample shown in Figure 5 was exposed to air during

(a) (b)

(c) (d)

(e) (f)

Figure 3. ERDA calibrated SIMS O depth profiles for six samples (a–f ) initially and after air annealing treatments at 100, 150, and 200 �C for 30min.
The average CZTS grain size increases from about 100 nm to about 300 nm in the samples from (a) to (f ).
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transport and storage, supporting that such a layer could form.
Accordingly, the H from the “ice-like” layer diffuses in and
exchanges sites with Na, much like the proposed diffusion of
Na from the SLG to the CZTS layer. The “ice-like” layer may also
act as a source for O, even though the increase is more significant
near the Mo back contact.

3. Conclusion

Nonuniform Na distributions on the nanometer and micrometer
scale have been identified in our CZTS samples by APT and SIMS
image depth profile measurements. The APT analysis reveals that

Na is accumulated at lattice defects in the absorber and forming
clusters. It has also shown that Cu has a higher concentration
near the planar defects possibly related to high Cu diffusivity
and grain boundary migration. Furthermore, redistribution of
Na and O have been observed after air annealing at temperatures
up to 200 �C for CZTS samples with varying average grain size.
The low migration barriers for Na and O allow for redistribu-
tion of these impurities to occur, even at room temperature.
The diffusion of impurities in CZTS is likely grain boundarymedi-
ated, however, the redistribution appears to occur at sites in the
grain interior. The out-diffusion of Na and the in-diffusion of H
are identified by treatment in D2O, demonstrating that water treat-
ments do not only remove Na from the surface. It is proposed that

(a) (b)

Figure 4. a) Na and b) O concentrations measured by SIMS for sample (e) from Figure 2 initially and after the sample was stored at room temperature for
276 days. The Na and O depth profiles after storage (dashed lines) are comparable to what was observed after the 150 �C air annealing treatment
(Figure 2e).

Figure 5. SIMSmeasurements of Na, O, H, and D (deuterium) on a representative CZTS absorber before (solid lines) and after (dashed lines) the sample
has been treated in D2O for 40 s. The elements are separated in two plots for easier interpretation. A decrease in the Na intensity and an increase in the
O and H intensities are observed. Trace amounts of D have diffused from the D2O into the CZTS and the Mo layer.
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the increase inH in contrast to D could be explained by an existing
“ice-like” layer on the CZTS surface preventing abundant amounts
of D to diffuse into the sample during the D2O treatment.

4. Experimental Section
The Mo (99.97% purity) bilayer was DC sputtered on top of SLG

substrates with Ar (99.9995% purity) as the sputtering gas. No extra
sodium was added at this stage, nor any diffusion barrier was used.
CuS, ZnS, and SnS precursors (all 99.99% purity) were cosputtered using
a Lesker CMS-18 sputter system. The precursors were sputtered with a
666 Pa Ar background pressure at a substrate temperature of 250 �C.
Sulfurization was performed with 80mg of sulfur in a pyrolytic carbon-
coated graphite box in a tube furnace at 500� 10 �C for 10, 20, and
40min for two sample sets. The precursor compositions were determined
with Rutherford backscattering-calibrated X-ray fluorescence measure-
ments and the average grain sizes were estimated by counting the number
of grain boundaries over a line and dividing by the length of the line using
top-view SEM images. The grain size and morphology of a similar sample
set had been discussed previously.[46] The sample sets had both a
[Cu]/[Sn]¼ 1.92, with dissimilar [Zn]/([Sn]þ [Cu]) of 0.32 (samples (a),
(c), and (e)) and 0.35 (samples (b), (d), and (f )), respectively.
Isothermal heat treatments were performed on the samples using a hot
plate at 50, 100, 150, and 200 �C for 30min each in air ambience.
Samples from a third sample set were treated in room tempered heavy
water (D2O) by dipping and holding them for 40 s. All samples were char-
acterized with SIMS using a Cameca IMS 7f magnetic sector instrument
before and after the treatments. Csþ primary ions were utilized. For
estimation of Na and O concentrations from the air annealing series,
the cluster ions 23Na133Csþ and 16O133Csþ were detected and calibrated
against a time-of-flight-energy elastic recoil detection analysis (ToF-ERDA)
reference sample using the 98Mo133Csþ signal in the Mo layer to produce
the relative sensitivity factor. The ToF-ERDA measurement was performed
using I8þ primary ions with an impact energy of 36MeV. The impinging
ions covered an area of a fewmillimeters, which is substantially larger com-
pared with SIMS such that the estimated concentrations are considered to
be indicative. For the samples treated in D2O, the negative ions 1H�, 2H�

(D�), and 18O� were also detected. The matrix signal detected for the neg-
ative ions was 120Sn�, however, variations in the Sn signal for the reference
sample was observed leading to uncertainties in the concentration estima-
tion, and thus, only the SIMS intensity is presented. Csþ impact energies
were 15 and 5 keV for negative and positive secondary ions, respectively.
The beam was always rastered over an area of 150� 150 μm2 collecting
secondary ions from a circular region in the middle of the crater with
diameter of 33 μm. The primary beam current was 20 nA. The depth of
the CZTS layer was estimated by comparing with cross-sectional SEM
images and the CZTS/Mo interface was defined by the inflection point
of the Mo signal. For SIMS image depth profiling, O2

þ primary ions with
10 keV impact energy using a beam current of 100 pA were utilized for
increased spatial resolution. One sample from the first sample set was cho-
sen for APT analysis with the goal of studying the Na distribution on a finer
scale. APT specimens were prepared using a dual-beam focused ion-beam/
scanning electron microscopy (FIB/SEM) workstation (FEI Versa 3D). A
standard lift-out technique was implemented for specimen preparation,[47]

having the main axis of the needle-shaped specimens oriented perpendic-
ular to the substrate. An approximately 200 nm-thick Pt layer was deposited
on top, using the electron beam as a protective coating. Furthermore, 2 kV
acceleration voltage was used for the final shaping of the specimens to
reduce Ga implantation. APT measurements were carried out in a LEAP
3000X-HR (Imago) system in laser pulsing mode with a repetition rate
of 100 kHz, 0.05 nJ laser power, and base temperature of �50 K. The data
were reconstructed and analyzed using CAMECA IVAS 3.6.14 software.
Analyzing sulfide CZTS with APT was accompanied with some limitations
in the composition quantifications stemming from peak overlaps in the
mass spectrum for sulfur, oxygen, and zinc elements, respectively. The
overlaps occurred at the peaks at 16 Da for 32Sþ2 and 16Oþ1, at 32 Da
for 32Sþ1, 16O2

þ1, and 64Znþ2, as well as at 34 Da for 34Sþ1 and 68Znþ2.

Correction using natural isotope abundance ratios was rather difficult, espe-
cially for the 32 Da peak.[48] Therefore, the chemical quantification using
this technique will only focus here on Na, Cu and Sn.
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