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Co-evaporated Cu,ZnSnSe, (CZTSe) is used to examine sensitivities to the device performance that originate
from variations in Zn content very near the surface. While integral Zn content of the film is held approximately
constant, the surface composition is manipulated via changes to the Zn flux at the end of the deposition. Surface
composition, device performance, and open-circuit voltage extrapolated to zero temperature are measured as a
function of deposition termination. Origins of the apparent reduction in surface recombination with increasing
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1. Introduction

Kesterite devices have made rapid progress, with champion efficien-
cies reaching 12.6% [1], compared to 6.7% just 6 years ago [2]. However,
improvement to near 20% is needed to achieve cost goals associated
with terawatt-scale production [3]. Furthermore, even champion
devices exhibit voltages that are well below those expected from the
measured bulk lifetimes, from 2 to 16 ns [4,5]. Thus, a careful study of
possible sources of voltage loss is necessary to achieve the goals of this
technology.

In this work, we examine sensitivities to the device performance
that originate from the region very near the surface, which may not be
characterized by optical or electrical techniques that penetrate further
into the film. We use co-evaporated Cu,ZnSnSe, (CZTSe) to demon-
strate the critical importance of the deposition termination (i.e., the
fluxes comprising the top ~500 A of the film) on device efficiency. The
Zn-terminated depositions have produced the highest-published IEC-
certified efficiency for a CZTSe device without alloying for bandgap
expansion (efficiency, 1 = 9.8%; open-circuit voltage, V,. = 380 mV;
fill factor, FF = 68.9%; short-circuit current, Js = 37.6 mA/cm?) [6].
Such devices benefit from reduced surface recombination without
experiencing the current-blocking behavior that would be associated
with a pure ZnSe surface layer.
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2. Experimental
2.1. Film growth

The device structure and growth of the co-evaporated kesterite
absorber has been described in an earlier publication [7]. In brief, the
device stack was formed by using a soda-lime glass (SLG) substrate,
sputtered Mo back contact, 150 A e-beam-evaporated NaF precursor,
four-source co-evaporated CZTSe on 500 °C substrate, chemical-bath-
deposited (CBD) CdS, sputtered resistive/conductive ZnO bi-layer, e-
beam-evaporated Ni/Al grids, and photolithographic device isolation.
No antireflective coating was applied to the devices in this study.

This paper explores several deposition variations that are illustrated
schematically in Fig. 1, which shows deposition flux and temperature
profiles for CZTSe film growth. Two types of variations in the Zn flux
are used in this study. In the first variation, there are two different
times for termination of the Zn flux, as shown by the hash-marked por-
tion of the Zn profile. When the Zn flux is terminated before the Cu flux
(first hashed line), there is a period of growth where the instantaneous
Cu/Zn flux ratio is Cu-rich. When the Zn flux is terminated at the same
time as the Cu flux (second hashed line), the instantaneous Cu/Zn flux
ratio is always Zn-rich (i.e., <2). In the second variation, excess Zn is
applied while the sample is cooling. Two ways of applying excess Zn
are shown as black dotted lines. In the first case, where excess Zn is
applied at around 35 min, the sample is at high temperature (>430 °C)
during the excess Zn deposition. In the second case, where excess Zn is
applied at around 50 min, the sample is at low temperature (between
275 °Cand 300 °C) during the excess Zn deposition. In a third case, no
excess Zn was used to terminate the deposition. In this paper, these
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Fig. 1. Deposition rate (left axis) and temperature (right axis) setpoints as a function of
time for absorbers in this study. Terminating Zn cap, shown by the black dotted lines,
was included in some depositions and omitted in others. Hash marks show options for
terminating the Cu rate when instantaneous flux is either Cu-rich or Zn-rich.

cases of excess Zn applied during sample cooling will be referred to as
“high-temperature Zn cap,” “low-temperature Zn cap,” and “no Zn
cap,” respectively. In each variation, the initial Zn rate is adjusted so
that the integral Zn content of each film is similar, around Cu/Zn = 1.3
(Cu/Zn = 2.0 is a stoichiometric CZTSe film). The relationship between
instantaneous flux ratios and integral composition has been illustrated
in an earlier publication [8]. The flux profiles shown in Fig. 1 are a
schematic representation of the rate setpoint. Actual rates are read
by electron impact emission spectroscopy beam flux monitor, as
described more fully in previous work [7].

2.2. Film characterization

Integral composition of CZTSe films was measured via X-ray fluores-
cence (XRF) using a Solar Metrology System SMX unit. The XRF mea-
surements were calibrated by inductively coupled plasma optical
emission spectroscopy (ICP-OES) performed by Balazs NanoAnalysis.
XRF measurements on SLG/Mo substrates measure some amount of Sn
from the float glass, even though the Mo is deposited on the non-float
side. Thus, the model for interpreting the XRF signal corrects for an
assumed constant contribution of the glass to the Sn emission.

X-ray photoelectron spectroscopy (XPS) was performed in a cluster
tool that has been described previously [9]. XPS derived compositions
were determined using the Cu 3p, Zn 3d, Sn 4d, and Se 3d core levels.
Spectra were obtained using non-monochromatic Mg Ko radiation
and with a pass energy of 11.75 eV. Satellite subtraction and data
analysis were performed within the MultiPak v9.0 software package
and used literature sensitivity factors. Prior to analysis, samples were
rinsed with de-oxygenated de-ionized water in the glove-box portion of
the cluster tool and introduced into the vacuum system without air
exposure. Water rinsing removes sodium oxides, which are found in
substantial amounts on the surface of our films.

2.3. Device characterization

External quantum efficiency (QE) was measured using an Oriel IQE
200 system. Current-voltage (JV) measurements were performed
under AM1.5 conditions. The intensity of an Oriel 81291-1000 W
xenon arc lamp was calibrated using a Si reference cell. The sample
was placed on a 25 °C cold chuck, and four-point probing (i.e., Kelvin
configuration) was used in conjunction with a Keithley 2400 source-
measure unit to avoid effects of contact resistance. Short-circuit currents
were normalized to the AM1.5-integrated QE values, minus 5% grid
coverage, to correct for small (<10%) nonuniformities in simulator
illumination and changes in overall intensity calibration.

Voc(T) characteristics were measured by an Agilent B2912A source-
measurement unit with the devices illuminated by a Newport 96000
solar simulator. The devices were mounted in a cryo-chamber whose
temperature was varied from 70 to 310 K by a closed-cycle-helium
refrigerator CTI-22C. A Si diode sensor DT-670 directly attached to the
CZTSe film was used to measure the temperature of the device.

3. Results

The samples used in this study and the associated variations on Zn
flux are summarized in the first five columns of Table 1. The samples
are listed in order of the most Zn expected near the surface, to the
least Zn expected near the surface, as based on deposition conditions.
The expectation for near-surface Zn is based on two physically reason-
able assumptions: First, it is assumed that more Zn will remain in the
near-surface region (rather than diffusing throughout the film) when
the Zn cap is applied at a lower temperature. Second, it is assumed
that—for samples with the same Zn cap—there will be more Zn in the
near-surface region if the Cu rate was terminated while the instanta-
neous Cu/Zn flux ratio was Zn-rich rather than Cu-rich. The fifth column
in Table 1 shows the integral Cu/Zn ratio as measured by XRF. All
samples are Zn-rich (i.e., Cu/Zn < 2), and there is no trend in integral
Zn content of the films as one proceeds down the list.

The atomic percentages of each constituent element at the surface, as
measured by XPS, are shown in columns six through nine of Table 1.
Several trends are apparent. First, the percentage of Zn measured
by the XPS (at the surface) on average decreases as one progresses
down the list, as expected from the deposition conditions. Second, it
should be noted that all the surfaces are significantly Zn-rich, as a
stoichiometric CZTSe sample consists of 25% Cu, 12.5% Zn, and 12.5%
Sn, and 50% Se. Even for the two samples where the last metal flux
applied was Cu (samples F and G), the Zn content is greater than the
stoichiometric value, and the Cu/Zn ratio at the surface is well under
the integral value, consistent with previously-observed tendency of
the surface to stabilize in a Zn-rich configuration. Third, for samples
where some Cu appears at the surface, the surface is enriched in Sn
compared to Cu, i.e., the atomic ratio Cu/Sn is significantly less than
the stoichiometric value of around two expected for a kesterite. Thus,
once cannot interpret the surface to be a simple mixture of pure CZTSe
and ZnSe grains, as such a mixture must still yield Cu/Sn around two.

A summary of JV parameters for each absorber is shown in columns
10-13 of Table 1. These parameters are extracted from the ]V curves
shown in Fig. 2. Several trends are apparent in the JV data. A striking
feature of the data is that only the sample with Zn cap deposited at
low temperature (A) exhibits the photocurrent-blocking-type behavior
[10,11] that would be expected from depositing hundreds of angstroms
of ZnSe on top of the absorber [12]. All the samples except A exhibit
several percent Cu and Sn at the surface that have interdiffused with
the Zn. This interdiffusion must change the electronic behavior of this
ZnSe-like surface layer, based on the lack of a blocking barrier for all
samples except A. Indeed, density functional theory (DFT) predicts
that the incorporation of Sn into ZnSe will lower the conduction band
edge, because the ZnSe conduction-band minimum derives from an
antibonding cation s and anion s hybridized state, and the Sn atom is
both larger and more electronegative than Zn. The interdiffusion of
small percentages of Cu, Sn, and Zn at high deposition temperatures
and associated lack of blocking behavior can explain why ZnS(e) has
been reported to exist in fairly large amounts in some devices with
apparently little detriment to the device performance [13,14].

A second trend apparent from Fig. 2 is that V,. decreases with Zn
content at the surface. For sample A, the FF and J,. are controlled by
the blocking behavior of the front ZnSe. However, for samples B through
G, the V. decrease is also accompanied by smaller (percentage-wise)
decreases in FF and Js.. The Js. decrease becomes significant (~50%) for
the samples with the least Zn-rich surface.
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Table 1

Summary of sample types, integral composition, surface composition, and JV parameters.
Sample Deposition Zn cap Last Cu/Zn Integral XPS XPS XPS XPS Voc (MV) FF (%) Jsc (mA/cm?) n (%) Voo(T = 0, mV)

number ratio Cu/Zn Cu (%) Zn (%) Sn (%) Se (%)

A M3926-21 Low T Zn-rich 1.1 0 48.1 0.6 51.3 400 45 4.6 0.8 091
B M3866-23*  HighT  Zn-rich 14 6.8 28.8 9.2 55.2 368 66 37 8.9 0.883
C M3711 HighT  Cu-rich 13 7.4 30.0 8.5 54.1 324 62 34 7.1 0.865
D M3970-11 None Zn-rich 1.5 10.7 21.7 12.0 55.7 314 63 30 6.0 0.785
E M4000-21 None Zn-rich 1.2 10.2 22.0 11.7 56.1 292 59 32 5.5 0.720
F M4002-11 None Cu-rich 13 14.6 15.9 13.6 55.9 273 57 24 3.7 0.713
G M3707 None Cu-rich 1.5 12.2 21.2 9.6 57.0 266 50 17 2.3 0.674

@ A piece of the bare absorber was not available from this sample, so another made using the same deposition profile (M3880) was substituted during XPS measurements for this entry.

To further explore the source of the change in the |V parameters, Vo
as a function of temperature was measured. The data are shown in Fig. 3.
For each sample, a linear fit is used in the range of 250 to 300 K to
extrapolate V,(T) to absolute zero. Temperatures below 250 K were
not used in the fit because at certain low temperatures a significant
fraction of holes begin to freeze out, changing the position of the
Fermi level in the bulk and thus the functional behavior of V,(T). As
one moves from samples A to G, both the fits and the data points for
each sample are lower on the graph. Previous publications have
discussed the behavior of V(T = 0) for differing dominant recombina-
tion mechanisms [15,16]. The extrapolations of Vo at T = 0 (i.e. activa-
tion energies) are shown in the final column of Table 1. Both V. and
Voo(T = 0) decrease markedly with Zn content at the surface. The rela-
tionship between measured sample voltages and activation energies is
shown in Fig. 4.

Theory and experiment indicate a bandgap for CZTSe around 1.0 eV
[17]. An activation energy value below the bandgap has been associated
with interface effects [15,16]. In such cases, the activation energy is the
hole barrier, i.e., the distance from the absorber valence band edge to
the Fermi level at the interface. When recombination in the bulk is dom-
inant, the activation energy is equal to the bandgap. Thus, one would
conclude that the electrical behavior of samples F and G are controlled
by defects at the surface, and that the degree of this behavior decreases
as the surface is made more Zn-rich.

Although deposition conditions for samples A through G are identi-
cal other than the termination, one cannot rule out an effect on V. from
bulk minority-carrier lifetime in the present data. However, even if bulk
minority-carrier lifetime affects V,. under AM1.5 conditions, it cannot
lead to the activation energy values lower than the bandgap. When
activation energy is less than the absorber bandgap, a contribution
from the interface must be involved in the form of either a negative
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Fig. 2. Light and dark JV curves for devices from Table 1.

conduction-band offset with interface recombination, or Fermi level
pinning at the interface [16].

4. Discussion

One can hypothesize four changes that might lead to the observed
decrease in surface recombination with increasing Zn, as deduced
from V,(T) data: i) The bandgap has been expanded at the surface via
the valence band moving downward in energy. Thus, the hole barrier
has been increased by that amount. ii) The surface recombination veloc-
ity has been decreased. iii) The conduction-band offset has become more
favorable, i.e., we have moved from a “cliff” [18] or nearly flat alignment,
to a moderate “spike.” iv) The bandgap has increased through the major-
ity of the space-charge region, and thus, V,(T) indicates a change that is
effectively in the bulk.

Several pieces of data and results from theory are relevant to
assessing the likelihood of each of the four hypotheses above. First,
regarding hypothesis (i) (increase in hole barrier), a continuous and
approximately linear increase in the distance between the Fermi level
and the valence band edge with increasing Zn content has been docu-
mented in other measurements of CZTS. Thus, if surface recombination
is important in kesterite devices, it should be strongly influenced by the
Zn content at the surface and the associated increase in hole barrier.

There is some basis in theory for the plausibility of hypothesis (ii),
reduction in surface recombination velocity. DFT predicts that a Sn-
rich surface will exhibit defects near mid-gap, and a Zn-rich one will
not [19]. However, all the samples in this study were found to have a
very Zn-rich surface. In varying the deposition termination, we simply
cause the surface to become more Zn-rich. Thus, it seems unlikely that
the voltage behavior of this sample set is due mainly to a modification
of surface recombination velocity. Furthermore, although surface
ecombination velocity affects V,. under operating conditions, V¢ at
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Fig. 3. Open-circuit voltage as a function of temperature for samples of Table 1.
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T = 0—which decreases markedly as one progresses down (Table 1)—is
a function only of the hole barrier, not the surface recombination veloc-
ity [15].

It is possible that creating a more favorable conduction-band offset
(hypothesis iii) plays some part in the voltage behavior observed in
this study. Independent studies of the electronic surface and interface
structures of CdS/CZTSe samples similar to B indeed suggest the pres-
ence of a small spike in the conduction band, and a surface gap around
1.2 eV. These results will be reported in separate upcoming publications.

It seems unlikely that hypothesis iv (increase in bulk bandgap) can
account for the behavior documented in Table 1. According to rate mon-
itors, about 500 A of ZnSe is applied, which approximately matches the
width of the region of elevated Zn detected in Auger profiles. The deple-
tion width in these devices, on the other hand, is around 0.2 pum [20].
Thus, the region of expanded bandgap is less than half the depletion
region thickness. Furthermore, the activation energy value for samples
Fand G, ~670 mV, is far too low to be controlled primarily by the bulk
properties of a material with an expected bandgap of ~1.0 eV [17].

It should be noted that although using a Zn-rich surface termination
has been shown to greatly reduce surface recombination and improve
performance in CZTSe devices, there is still unexplained voltage
loss in kesterite devices. For the best CZTSe device made by the
method described in this paper [6], the voltage loss, defined to be
VL = (bandgap — V), is VL = 1000 — 380 = 620 mV. Similarly, for
the record 12.6% CZTSS device, Vi = 1130 — 513 = 617 mV. Data on
similar or larger voltage loss for CZTSS devices with a variety of S
contents can be found in the literature [21,22]. These voltage losses
are larger than expected based on a measured minority-carrier lifetime
and device modeling [4]. A prediction of voltage loss by luminescence
techniques [21] also points to some unexplained loss in the present
state-of-the-art devices.

5. Conclusions

In this study, we have shown that a very Zn-rich near-surface layer
provides a performance benefit to co-evaporated CZTSe devices. Even
when samples are Zn-rich overall, all JV parameters suffer when a Zn-
rich termination is not included. V.(T) data indicate that the impact
of surface defects is significantly reduced by the Zn-rich termination.
The most likely explanation for the performance benefit seems to be
bandgap expansion leading to an increase in the hole barrier, and

possibly a more favorable conduction-band alignment. Although the
composition of the Zn-rich near-surface region is within several percent
of ZnSe, it does not act as a current-blocking barrier when it contains
these amounts of Cu and Sn.
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