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The photoresponse of Cd-doped CulnSe, (CIS) epitaxial thin films on GaAs(100) was studied using
x-ray photoelectron spectroscopy under illumination from a 532 nm laser between sample tempera-
tures of 28-260 °C. The initial, air-exposed surface shows little to no photoresponse in the photo-
electron binding energies, the Auger electron kinetic energies or peak shapes. Heating between 50
and 130°C in the analysis chamber results in enhanced n-type doping at the surface and an
increased light-induced binding energy shift, the magnitude of which persists when the samples are
cooled to room temperature from 130 °C but which disappears when cooling from 260 °C. Extra
negative charge trapped on the Cu and Se atoms indicates deep trap states that dissociate after cool-
ing from 260 °C. Analysis of the Cd modified Auger parameter under illumination gives experi-
mental verification of electron charging on Cd atoms thought to be shallow donors in CIS. The
electron charging under illumination disappears at 130°C but occurs again when the sample is

cooled to room temperature. © 2016 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4945105]

. INTRODUCTION

Cu(In,Ga)Se, (CIGS) is a promising material for the
absorber layer in photovoltaic devices due to its modest pro-
duction cost and chemical flexibility, with champion devices
recorded at over 22% efficiency.! Many costs associated
with producing and distributing photovoltaic modules are
related to device area rather than power output. Increasing
the device efficiency results in more power per unit area and
thus to an overall reduction in levellized cost of electricity.
However, CIGS-based photovoltaic devices suffer from a
less than optimal open-circuit voltage, which is limited by a
variety of defects that promote charge recombination.” Thus,
there is potential for further improvements in performance if
charge collection and recombination mechanisms can be bet-
ter understood.

Point defects, thought to be responsible for recombination
in CIGS-based devices, have been extensively studied using
electrical characterization, including various types of capaci-
tance and admittance spectroscopies.” The defects identi-
fied as most likely to be a problem are Cu-Se divacancy
complexes (Veu-Vse), Se vacancies, and In on Cu (Inc,)
antisite complexes with Cu vacancies, the latter of which
may contribute to band tails. Nonetheless, there is debate
over which defect complex is most critical.*™'* Techniques
for analyzing these defects in a chemically specific fashion
are rare and sometimes unreliable.

®Electronic mail: nejhnsn2@illinois.edu
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Open-circuit voltage, and by extension defects driving
recombination, can be investigated by analyzing the surface
photovoltage (SPV), which has been directly related to
open-circuit voltage in photovoltaics.'*™'> A simple model
for the surface photovoltage suggests that the dipole due to
band bending at a semiconductor surface will typically
sweep photogenerated minority carriers to the surface, caus-
ing the bands to flatten from the resulting charge.'® Surface
defects in Cd-doped CulnSe, (CIS) surfaces, such as In dan-
gling bonds and Cd on Cu antisites (Cdc,) pin the Fermi
level close enough to the conduction band to cause down-
ward band bending at the CdS/CIS interface.'”'®

It is becoming increasingly important to analyze defect and
photovoltage behavior under realistic operating conditions.
Methods that can accomplish this are known as operando
techniques. Examples of methods using photons as the prob-
ing particle include some implementations of infrared vibra-
tional spectroscopy, Raman spectroscopy, sum-frequency
generation, x-ray emission and absorption spectroscopies, as
well as their derivatives. Techniques such as Auger electron
spectroscopy and x-ray photoelectron spectroscopy (XPS)
have been underutilized due to the high vacuum requirement
of the instruments. However, XPS is quite unique in its ability
to analyze changes in electron density around individual types
of atoms in a solid. The experiment in this study utilizes an
operando adaptation to XPS using two photon sources, soft
x-rays and a 532nm visible laser. The x-rays produce the
measured photoelectron peaks while the visible photons are
used to induce the surface charge. Photoelectrons generated
by the x-rays in the XPS technique escape from the charge

© 2016 American Vacuum Society 031201-1
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dipole layer near the surface, including traversing any poten-
tial due to band bending resulting from the electric field at the
surface. This alters their kinetic energy and thus their apparent
binding energy (BE) to the atoms from which they were
released. The altered kinetic energy appears as a shift in the
core level binding energies of the characteristic peaks under
illumination. Previous work with optically and electrically
modulated XPS has included work on relatively well known
materials such as Si, GaN and CdS."*' Additionally a previ-
ous study by Hunger et al. looked at bare, clean polycrystal-
line CIS surfaces and found that the surface exhibited a
negligible surface charging, which Hunger et al. attributed to
dangling In bonds that are passivated by S during CdS deposi-
tion.'® Our study complements the existing literature by com-
bining sample heating and illumination to provide new
insights into device properties and reliability.

In this work, we combine illumination intensity and tem-
perature to measure changes in surface charging behavior of
single crystal films of CIS grown epitaxially on GaAs.
Epitaxial films were studied in order to investigate surface
charging properties in the absence of grain boundary effects,
which are thought to have lateral band bending due to
defects along the boundaries.”** Additionally, surface
potential is orientation-dependent, and so it is important to
be able to select the surface orientation. Finally, it is impor-
tant to have relatively flat films to allow the probe depth to
be well defined to simplify data interpretation.

This study finds that heating under UHV can reduce or
eliminate surface recombination from ambient air contami-
nation and enhance n-type doping in the surface region, lead-
ing to the development of a persistent negative surface
photovoltage. Further, this study finds a higher surface
recombination velocity around the In atoms that correlates
with excess negative charge trapped on nearby Se and Cu
atoms. Additional analysis of the modified Auger parameter
also gives direct experimental evidence of electron charging
on Cd donors in CulnSe, thin films. Thus, the results help to
understand charging and decharging behavior at the CIS
surface.

Il. EXPERIMENT

CIS films were grown epitaxially on (100)-oriented GaAs
substrates. The 500-1000nm thick films were grown at
~650-700°C using a hybrid sputtering and evaporation
method.*® In this method, Cu and In were cosputtered using
separate dc magnetron sources while Se was evaporated
from an effusion cell in a single stage process. The targets
were located ~30 cm from the substrate. Typically, the sput-
tering conditions for the two sources were 210 and 350 mA
at 330 and 650 V for the Cu and In magnetrons, respectively,
at an Ar sputtering gas pressure of 0.28 Pa. The base pressure
of the deposition system is ~3 x 10~ *Pa. The Se evaporator
was ramped to a temperature of 520 °C initially to accelerate
heat up and then allowed to cool to the operating condition
of 300 °C. The substrates were affixed to a sealed resistively
heated holder using spring clips. Substrate temperatures
were measured by a thermocouple embedded in the heater

J. Vac. Sci. Technol. A, Vol. 34, No. 3, May/Jun 2016

031201-2

and calibrated using an optical pyrometer. The substrate,
magnetrons, and the Se evaporator were covered using shut-
ters until growth was initiated. The substrate was heated at
40°C/min to the growth temperature and growth was initi-
ated shortly after that temperature was stabilized. After
growth, the Se heater and magnetrons were shut off, and the
substrate was cooled using a controlled ramp down to 250 °C
(720450°C in 20 min, 450-350°C in 20 min, and
350-250°C in 15 min). The sample heater was then turned
off, and the sample was allowed to cool to room temperature.
Cu-poor films (Cu:In~0.8) were grown, as this composition
is comparable to that used in commercial devices. Films
with Cu-poor composition should have a variety of point
defects that might trap charge and contribute to surface band
bending.'*?**’ Typical film compositions before depositing
the CdS were 21 at. % Cu, 27 at. % In, and 51 at. % Se as
measured by energy dispersive spectroscopy (EDS) with an
error of 0.5% based on references to standard films with
known composition. X-ray diffraction confirmed the films
were phase pure and epitaxial on the GaAs substrates.

Some of the best performing devices utilize a postgrowth
treatment under a Se flux.?® The films used in this study had
been left out in ambient air after several months and then
reintroduced to the deposition chamber for a postgrowth
anneal. The anneal occurred under a Se flux at a sample tem-
perature of 450°C for 15 min. After the heat treatment, the
sample was cooled to 250°C over 20 min, and then, the
heater was turned off. Once the sample cooled to room tem-
perature, it was removed and then coated with CdS. The CdS
protects the CIS surface from oxidation.

The CdS was deposited via a chemical bath deposition
process.'”?® Deionized water of 146ml was heated to
~75°C. Solutions of 0.015M CdSO, and 1.5M thiourea
were prepared by mixing hydrates of CdSO, and thiourea,
respectively, with deionized water. CdSO, solution of 20 ml,
25 ml of stock 14.8 M NH,OH, and 10 ml of the thiourea sol-
utions were measured out separately. Samples to be coated
were held by clips and blown dry with nitrogen gas to
remove any dust particles that had settled on the surface.
Once the reaction beaker reached 69 °C, the samples were
lowered into the beaker and stirring was turned on to thor-
oughly mix the contents of the beaker during deposition. The
CdSO,4 and the NH,OH were added first to the reaction
beaker, lowering the reaction solution temperature to
~60°C. The solution was allowed to mix for 1 min before
the thiourea was added. The 1 min mixing time allows the
NH,4OH to strip any native oxides from the CIS, ensuring a
clean reaction surface and so that the CdSO, is thoroughly
distributed. After adding thiourea, the solution was heated to
65 °C, which was stable over the course of the deposition.
The samples were held in the solution for 3 min, taken out,
washed with deionized water, and blown dry with nitrogen
gas. The reaction beaker solution had turned slightly yellow
but was still transparent when the samples were removed.
Prior to loading into the XPS chamber, the CdS was etched
off using a dilute (~5%) HCI solution, rinsed with deionized
water, and blown dry with dry nitrogen. The samples were
etched for approximately 2 min. Previous work has shown
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that the CIS films are resistant to this etch even after etch
times of 18 h.'” The samples were loaded into the analysis
system as rapidly as possible after the etch/rinse/dry steps.

A Kratos Axis Ultra spectrometer was used to measure the
photoinduced surface charging of the films. Monochromatic
Al K, x-rays with an energy of 1486.8eV were generated at a
source power of 210 W. The samples could be heated during
analysis up to 260 °C using a radiant heater, as monitored by a
thermocouple on the sample stage. Each temperature was held
for 30 min after the ramp to ensure an even temperature on
the sample surface. Survey spectra were used to monitor the
film composition while high resolution spectra were taken of
the Cu 2ps3p, In 3ds), In 4d, Se 3d, Cd 3ds/,, Cd 4d peaks and
the valence band to determine their positions and shape
changes under illumination and temperature changes. Peak
positions were calibrated to the Au4f;,,line at 84.00eV.

To measure the photoresponse of the peak positions, a
532 nm continuous wave laser with a rated power of 50 mW
illuminated the sample through one of the system’s quartz
viewports. The spot size was approximately 2mm and cen-
tered so that it encompassed an area larger than the spec-
trometer’s analysis region (which was ~400 x 700 um in
this work). The photon flux on the sample was calculated to
be approximately 1 x 10'® [photons cm ™2 s~']. While the
system has a low energy electron flood gun for charge neu-
tralization, it was not used in order to isolate the effect of the
laser on the surface electronic properties. The samples were
conductive enough to not experience peak drift due to photo-
electrons escaping the surface at the x-ray source power
used.

lll. RESULTS AND DISCUSSION
A. Initial surface chemistry

Survey spectra were obtained at a variety of sample temper-
atures (28, 50, 80, 100, 130, 180, 230, and 260 °C) to under-
stand changes in composition versus temperature (Fig. 1). The
initially loaded surface showed small but measurable amounts
of oxygen (~12-14 at. %) and carbon contamination on the
surface. Carbon was not included in the composition analysis
because of overlap with one of the Se LMM Auger lines. In
addition to the expected CIS film peaks, Cd peaks were
observed, and accounted for ~8 (at. %) of the analysis volume.
No CI peaks were present, suggesting the water rinse removed
any Cl potentially leftover from the HCI etch. The binding
energy of the observed Cd3ds,, peak, 405.2eV, corresponds to
a CdSe chemical environment.*° Thus, there should be little to
no S present on the surface, suggesting that the HCI etch had
selectively removed the CdS. This observation along with the
absence of any S peaks in the survey spectrum implies that the
Cd was not primarily present as an oxide or sulfide and had
been incorporated into the CIS surface rather than adsorbed on
the surface, in agreement with previous studies."”

Quantification of the surface composition over the various
temperatures studied was done by correcting peak intensities
using relative sensitivity factors specific to the Kratos sys-
tem. The relative sensitivity factors take into account the
mean free path of the photoelectrons, the transmission
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FiG. 1. (Color online) Survey spectra at various sample stage temperatures.
Twenty eight degree Celsius is at the top (black) with increasing tempera-
tures downward in the series, ending at 260 °C (brown). The elements indi-
cated (except the Ols) are regions studied in high resolution.

function of the spectrometer and the relative x-ray cross-sec-
tion. The Shirley background was used for the Cu2p, In3d,
Se3p, and Cd3d regions. The film’s initial composition at the
surface was found to be cation and specifically In rich.
Based on the inelastic background and the small Ols peak
present in Fig. 1, we conclude that the surface was relatively
clean. The average composition was Cu:In:Se:Cd 13:33:46:8
at. %, after elimination of the O contribution, consistent with
prior work on clean CIS surfaces.”**> EDS measurements of
films in this work have a bulk Cu:In ratio of ~0.8 as com-
pared with the surface value of ~0.4 measured by XPS, indi-
cating that the surface is indeed Cu deficient. As the sample
stage in the analysis chamber was heated, the O concentra-
tion declined to below noise levels. We attribute this to O de-
sorption, either as O, or residual H,O contamination, as the
CIS film peaks increased in intensity without changing rela-
tive to each other.

Initial calibrated Cu 2ps, In 3ds;,, Se3ds,,, and Cd 3ds),
emission energies were measured as 932.0, 444.6, 54.2, and
405.2 eV, respectively. Linear regression from the leading
edge of the valence band can be used to determine the posi-
tion of the valence band maximum.?! In this work, the va-
lence band maximum was 0.6eV from the Fermi level. The
bulk of the films are p-type, so we attribute the increased dif-
ference between the Fermi level and the valence band as due
to donor type surface states such as In dangling bonds or Cd
doping that shift the Fermi level to just above midgap. The
binding energy values for the In3ds,, and Se3ds,, peaks are
consistent with CulnSe,, and the Cd3ds, peak binding
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between 28 and 260 °C relative to room temperature value.

energy was consistent with a CdSe chemical environment
within the error of the spectrometer.’® The Cu 2ps/, peak is
slightly higher in binding energy than expected, although not
so high that it can be attributed to Cu,Se.** A better indicator
of the chemical environment is the modified Auger parame-
ter defined as the o/ =BE, +KE,, where p represents the
core level and A represents the Auger line.*> Auger parame-
ters were calculated for the Cu (BE Cu 2p;,; + KE Cu LMM
Auger line), Cd (BE Cd 3ds, + KE Cd MNN Auger line)
and Se (BE Se 3ds, +KE Se LMM Auger line) atoms as
1849.3, 787.2, and 1361.4¢V, respectively. The Cu and Se
Auger parameters are consistent with Cu-poor films of
CulnSe,.** The Cd Auger parameter turned out to be too big
to be CdSe, but we believe positive charge trapping on the
Cd atoms may be affecting the Auger parameter as discussed
in Sec. III B.

B. Heating in the dark: 28-260°C

The core level spectra were obtained at the same tempera-
tures indicated in the survey scans. Upon heating in the anal-
ysis chamber without illumination, the peak binding energies
for all elements and the valence band edge shift toward
higher binding energies (Fig. 2). This behavior has been
reported in the literature for polycrystalline CIS surfaces and
has been attributed to increased n-type doping at the surface,
which, in turn, enhances the surface band bending.zz’23
However, in that case, the authors measured the peak shifts
after cooling to room temperature while in this work we
measured the peak positions while the sample was held at
temperature. The peaks all shift together toward higher bind-
ing energies until 100 °C was reached, indicating an increase
in n-type surface doping likely from activation of Cd donor
defects or electron release from other shallow donors.

This work also differs from the literature in that not all
peaks shifted by the same amount under heating. After 100 °C,
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the Cu2p and Se3d peaks start to deviate from the rest of the
core levels and valence band. If one assumes that all the peaks
shift together when the surface doping is enhanced, then the
Cu and Se atoms seem to be surrounded by extra negative
charge that offsets the band bending. When cooling to room
temperature from 130°C, the binding energies of all peaks
remain the same as at 130°C, indicating the surface doping,
and thus the band bending, remain constant after cooling.

We interpret these observations as follows. Net negative
charge is being transferred from the In and Cd to the Cu and
Se atoms. We anticipate that In on Cu sites (Inc,) and Cd on
Cu sites (Cdc,) act as donors, consistent with the observed
In-rich, Cd-doped surface composition, and transfer the neg-
ative charge to Cu and Se atoms at the surface. This is also
consistent with the slightly Se-deficient surface composition
that would be promoted by net negative charge on the Se
sites. The additional positive charge on the In atoms causes
the In core levels to shift to higher binding energy. However,
this is accompanied by a shift in the Fermi energy as the sur-
face is more n-type. Thus we propose that the shift in the In
core levels is matched by a shift in the valence band associ-
ated with the Inc, n-type doping of the surface, such that
there is no shift in the In core levels relative to the Fermi
energy. The negative charge on the Cu and Se atoms appears
to be discharged after cooling to room temperature from
260 °C as all the core level peaks show the same amount of
shift compared to their as-loaded values.

Beyond 180 °C, the surface starts to become less n-type.
This is seen in Fig. 2(b) as all of the core level peaks and va-
lence band edge shift approximately together toward lower
binding energies. The extra negative charge on the Cu and
Se atoms is still present even at these temperatures. One
mechanism for this behavior could be Cd diffusion, which is
thought to occur via Cu vacancy substitution. While bulk Cd
diffusion was not observed in epitaxial films until
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~400°C,* the extremely Cu-poor surface could provide
enough Cu vacancies for Cd diffusion to occur near the CIS
surface. We did not see a decrease in the Cd atomic concen-
tration within the error of the spectrometer. However, above
180°C, the intensity of the Cd3ds, peak relative to the
In3ds, peak started to decrease substantially. Therefore,
there could be evidence of Cd surface diffusion at tempera-
tures as low as 180 °C.

To further investigate the chemical state of the elements
within our samples, we calculated the modified Auger pa-
rameters for the Cu, Cd, and Se atoms at sample tempera-
tures of 28 °C (initial load), 80, 130, and 28 °C after cooling
from 130°C (Fig. 3). The Auger parameters for Cu and Se
are consistent within £0.1eV of what has been reported for
CulnSe,. The Cd Auger parameter in our work is signifi-
cantly higher (>0.1eV) than reported for the CdSe, the
CdO, and the Cd(OH), chemical environments. From previ-
ous work, we expect that the Cd is sitting on Cu sites, mean-
ing it should make bonds to four selenium atoms (close to
CdSe chemical environment). However, Cd in the surface of
CIS on Cu sites has second-nearest neighbor cations very
different from CdSe. Thus, it is very likely that there would
be charge on the Cd atoms, changing its overall charge state.
Such charging would affect the modified Auger parameter
and gives information about whether a species is oxidized or
reduced, which has been used to study oxidation of the CIS
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FiG. 3. (Color online) Modified Auger parameters compared to room tem-
perature values for (a) Cu, (b) Cd and (c) Se at sample temperatures 28 °C
(initial load), 80, 130, and 28 °C after cooled from 130°C.
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surface under air exposure.® We looked at a similar analysis
of the modified Auger parameter, but in this case under heat
for the dark and illuminated cases instead of air exposure. A
higher than expected Auger parameter indicates a reduction
of the Cd atoms, making them more positively charged than
expected for the CdSe environment. As the sample is heated,
there is a negligible effect on the Cu, Cd, and Se modified
Auger parameters within the error of measurement. This
indicates there is no chemical or charge change purely as a
result of temperature. However, illumination does seem to
affect the modified Auger parameter as seen in Sec. III C.

C. Photoresponse under illumination

Illuminating the initial air exposed surface showed little
effect on the peak position or shape (Fig. 4). The small pho-
toresponse at room temperature was observed over a range
of x-ray source powers from 10 to 210 W. We propose that
the negligible photoresponse is due to high surface recombi-
nation rates resulting from defect states that limit the accu-
mulation of photogenerated carriers. This behavior appears
to be related to air exposure since samples heated to 130 °C
maintained a large photoresponse after cooling to 28°C
under UHV but reverted to a small photoresponse after
re-exposure to air. The higher photoresponse can be
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FiG. 4. (Color online) Cu2p3/2 peak in the dark and under illumination at
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recovered again by heating the sample under UHV to
130°C. Thus, there appears to be a need for an O free
CIS/CdS interface, which agrees with observations showing
that oxygen at the junction resulted in poorer device
performance.”

The air-induced states observed here are unlikely to result
from simple surface oxides as no additional components
were observed in the CIS or Cd core level peaks that would
indicate the presence of Cu, In, Se, or Cd oxides for the air-
exposed films. Furthermore, the expected oxides would not
likely desorb with gentle heating. We note that between
room temperature and 130 °C, there is a decrease in O con-
centration that correlates with an increase in the light-
induced peak shift.

Binding energy changes due to illumination are a function
of temperature and illumination as seen in Fig. 5. Once the
sample has been heated to as little as 50 °C, illumination
caused a shift, consistent in both value and direction, in the
binding energy of all core level peaks and the valence band
edge toward lower binding energies. This suggests the pres-
ence of a surface photovoltage. The value of this shift satu-
rates at ~—(150-200) meV for a sample temperature of
130°C as seen in Fig. 5(a) for the Cu2p;/, and In3ds,, peaks.
Changing the intensity using neutral density filters results in
a logarithmic dependence of the photoinduced shift versus
the light intensity [Fig. 5(c)], confirming the surface photo-
voltage nature of the photoresponse.'®

Quantitative information on the surface recombination
velocity can be obtained by combining the intensity and tem-
perature dependence of the surface photovoltage response.
Assuming a thermionic model, which has been used to study
surface charging properties in n-type GaN,>’ the steady-state
SPV can be fit with the following equation:

cP,
R, )’
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AY:r/kTLn<1+ (1)

where AY is the light-induced shift, # is the ideality factor, k
is Boltzmann’s constant, T is the temperature, ¢ represents the
fraction of photons absorbed in the depletion region, P, is the
photon flux, and R, is the rate that carriers move from the
bulk to the surface under dark conditions. Fitting the data
using best fit values of 0.5 for ¢ and 1.1 for 1 gave values for
R, of 2.5, 3, and 4 x 10"°cm ™2 s~ ! based on data for the In
3dsp, Cd 3dsp, and Cu 2ps, photoelectrons, respectively.
From the same model as in Ref. 33, R, can be used to find the
surface recombination velocity if the band bending is known.
The temperature dependence of the photoresponse gives that
information using the following equation by Tanaka er al.:'®

Y,

AY
Lol == (AY/kT)> — Ln(I) + =2
n( e n(I) + T

T 2

where I is the laser intensity and Y, is the band bending in
the dark. Figure 5(b) plots the left hand side of the equation
versus 1/kT. When plotted, the slope of this curve is the
band bending, which was measured as —0.52 £0.01eV,
—0.58 £0.05eV, and —0.59 = 0.03 eV for the In 3ds;, and
the Cd 3ds;, and Cu 2p;/, photoelectrons, respectively. The
error was found based on the least squares method.

Surface recombination velocity can now be solved for
using

S, = e(—Y,Hr(EL.—Ef)/kT) 1&

N 3

where N, is the density of states at the conduction band mini-
mum and E. — Eis the difference between the conduction
band edge and the Fermi level. Without accounting for a possi-
bly higher bandgap at the surface (due to missing Cu), values
for the surface recombination velocity were an order of magni-
tude lower than those reported previously for clean CulnSe,
surfaces (10* vs 10°cm s~ ").*® Because the chemical bath dep-
osition process has resulted in higher efficiency devices, it is
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possible that this process is responsible for the improved sur-
face recombination of the CIS even when the CdS is subse-
quently removed. This could help explain the relative success
of Cd partial-electrolyte treatments. Alternatively, heating
under UHV could have inhibited surface recombination since
the surface recombination velocity was measured after the
films had been cooled from 130°C.

What is interesting here is that the surface recombination
velocities were element dependent. The surface recombination
velocity measured using the In 3d photoelectrons was
(2+0.7)x 10*cm s~ ' was approximately an order of magni-
tude higher than the velocity measured using the Cu or Cd pho-
toelectrons, which was measured at (2.06 = 2.39) x 10°cm s7!
and (2.28 +4.40) x 10°cm s, respectively. The errors are
large enough that the Cu and Cd electrons have effectively the
same surface recombination velocity but are distinct from the
surface recombination velocity measured using the In photo-
electrons. When considering the potential defects, the evidence
from the valence band and core level shifts in the dark suggests
that the In and Cd atoms are relatively positively charged com-
pared to the negative Cu and Se atoms. However, the surface
recombination velocities imply that the In atoms have a higher
trapping rate for electrons than the Cd, despite both being
donors at relatively equivalent probe depths in the XPS tech-
nique. The Inc, donor has a 4-2 charge state when fully ionized
so when an electron becomes trapped, the defect is still repul-
sive to holes since it now exists in a 41 charge state. This sug-
gests that the rate-limiting step in recombination is probably
capture of holes rather than electrons on the In. It makes sense
that the recombination velocity is higher since the +2 charge
state makes it more attractive to electrons traveling toward the
surface. In comparison, the Cdc, donor has a +1 charge state
when fully ionized. When an electron is trapped on this donor,
the defect is neutral and holes could recombine with the
trapped electrons relatively easily. Thus, recombination on
donors with a charge state of +1 or lower is likely limited by
electron capture, opposite to defects with a charge state of +2
or higher.

Charge trapping behavior becomes more apparent when
looking at the differences in the modified Auger parameter
under illumination (Fig. 6) where zero represents no change
under illumination. The Cu and Se Auger parameters show no
significant deviation (<0.1eV) under light and increasing
temperature compared to their initial values at room tempera-
ture. However, under illumination, there is a significant
increase in the Cd modified Auger parameter at 28 and 80 °C.
This increase disappears at 130°C. An increase in the modi-
fied Auger parameter indicates an oxidation process, making
the Cd more negatively charged. This electron trapping is
consistent with Cd being a donor in CIS. At 130°C, the elec-
tron charging disappears presumably due to thermal escape of
electrons from the Cd atoms. This suggests that the energy
level associated with this Cd point defect is between 30 and
34 meV because the change in Auger parameter under illumi-
nation goes to zero somewhere between 80 and 130 °C, con-
sistent with a shallow donor.

When the sample was cooled to 28 from 130 °C, the Cd
modified Auger parameter still increases under illumination,
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Fic. 6. (Color online) Modified Auger parameters under illumination com-
pared to values in the dark for (a) Cu, (b) Cd, and (c) Se at sample tempera-
tures 28 °C (initial load), 80 °C, 130 °C, and 28 °C after cooled from 130 °C.

but not as much as it did before cooling. This suggests that
electron trapping on Cd atoms under illumination is due to
changes in the Cd donor charge state. Because there is no
change in the Se modified Auger parameter, we conclude
that the electron charging is localized on the Cd atoms only.

Additionally, the band bending can be used to determine
bulk material properties. As mentioned above, the band
bending was measured at ~—0.59eV for the Cu photoelec-
trons. £y — E, between 130 and 260 °C was approximately
constant at —0.69eV. Because the Cu 2p photoelectrons
should be the most surface sensitive and show the maximum
band bending at the surface, this value is used to construct
the diagram of the sample surface (Fig. 7). In the analysis
used to construct (Fig. 7), we use 13.6 for the dielectric con-
stant (¢), 1.02eV for the bulk bandgap, and calculate
1.5% 10”cm ™2 and 6.7 x 107 cm 3 for N, and N, respec-
tively, from effective masses reported in Rockett and
Birkmire,* which gives an intrinsic carrier concentration of
9 x 10°cm . Knowing these values, we can use the follow-
ing to calculate the depletion region (W)*°

W 2¢(Y, — kT). @)
qNa

From those values, the depletion region is calculated to be
approximately 0.44 um.
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band bending allows for calculation of bulk doping and depletion width.

IV. SUMMARY AND CONCLUSIONS

We have demonstrated that this operando XPS technique
can observe changes in surface electronic properties due to
changes in surface doping, charging of shallow donor states
created by Cd atoms, and surface recombination velocity in
a chemically specific way. High recombination surface states
due to air exposure can be passivated via heating at low tem-
peratures. Enhanced n-type doping is maximized at 130°C,
which gives the highest photoresponse of —(150-200) meV.
Heating in the dark shows excess negative charge on/near
the Cu and Se atoms, which we believe is caused by charge
trapping. Whatever is responsible for this behavior disap-
pears after cooling the sample to room temperature from
260°C. The temperature and intensity dependence of the
photoresponse allowed us to measure the band bending and
surface recombination behavior in a chemically specific
fashion, which suggests that surface recombination occurs
preferably on the In atoms compared to the Cu and Cd
atoms. This could indicate a higher defect density around the
In atoms, possibly from defects or defect complexes involv-
ing some of the In atoms. Detailed analysis of the modified
Auger parameter suggests electron charging localized on Cd
atoms between room temperature and 130 °C, confirming the
Cd atoms’ shallow donor behavior. Finally, the photores-
ponse appears to abruptly decrease after cooling to room
temperature from 230 to 260 °C, which suggests Cd diffu-
sion when compared to the decrease in the peak intensity of
the Cd photoelectron peak compared to the other film
constituents.
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