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Abstract— Spectroscopic microscopies with chemical and
electronic structure information have become important tools
for understanding the complex structure-property-performance
relationships of high performing Cu(In1−xGax)Se2 (CIGS) pho-
tovoltaic materials and devices. Here, we describe the application
of spectrally resolved photoemission and low-energy electron
microscopy (spec-PELEEM) to CIGS. With the ability to map
relative electric potentials with high fidelity, a large variation in
the built-in pn junction potential was observed at CIGS grain
boundaries. In any given 20 µm region, the built-in voltage
spanned the range from depletion (0.1 V) to inversion (1.4
V). These grain-to-grain variations could explain the electron
collection efficiency of CIGS grain boundaries and devices. These
results highlight the potential of spec-PELEEM to solve critical
structure-property-performance issues facing compound thin-
film materials.

Index Terms—electron microscopy, photoelectron microscopy,
photovoltaic cells, p-n junctions, spectroscopy, thin-film devices,
II-VI semiconductor materials.

I. INTRODUCTION

Copper indium gallium diselenide (CIGS) photovoltaic cells
have demonstrated power conversion efficiencies of 20%,
which are competitive with multicrystalline solar cells [1].
Despite this accomplishment, further advancement and man-
ufacturing of CIGS photovoltaics has been limited by our
understanding of fundamental materials problems such as
phase segregation, junction and contact formation, and mate-
rials degradation. Meso and nanoscale variations in chemical
composition cause local electronic structure inhomogeneities
that greatly impact charge separation, charge transport, and
carrier recombination. Understanding and controlling these
properties has been limited by a lack of microscopy techniques
with simultaneous spatial, chemical, electronic, and temporal
sensitivity.

In the case of high-performance CIGS cells fabricated by a
three-step physical vapor co-deposition process (PVD-CIGS)
[2], the results of mesoscale diffusion have been observed in
some microscopy studies. Variations in chemical composition
[3]–[5], electronic structure [4], [6]–[10], and charge transport
[11] have been observed at grain boundaries of PVD-CIGS.
The high power conversion efficiencies of PVD-CIGS devices
have been attributed to mesoscale Cu diffusion, where Cu
deficiency at the grain boundaries form n-p homojunctions
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with the grain interior to suppress carrier recombination and
enhance electron-hole separation. However, this simple picture
is not sufficient to explain the performance of CIGS photo-
voltaic materials and devices. First, all the literature reports
indicate a maximum of ≈ 0.5 V built-in potential, which is
consistent with hole depletion, but not consistent with a fully
inverted n-type region at the grain boundaries. This could be an
artifact related to the surface sensitivity of the aforementioned
techniques employed thus far, which only measure attenuated
changes in a relatively homogeneous skin layer. An alternative
theory is that the grain-to-boundary junction is only completed
with the addition of CdS. Moreover, CIGS phase diagrams
do not support a gradual nonstoichiometric transition from a
Cu-poor “β -phase” to the Cu(In,Ga)Se2 “α-phase” [12], [13].
Instead, a mixed α+β phase consisting of nanoscale phase
segregated α and β domains is expected. This α+β region
would occur between the grain boundary and the grain interior,
and would effectively extend the length of the p-n junction.
Given these questions surrounding the grain-to-boundary p-n
junction in CIGS, a spectroscopic microscope with nanoscale
resolution, chemical and electronic structure sensitivity, and
real-time imaging is needed.

Here, we discuss our recent efforts to apply spectroscopic
photoemission and low energy electron microscopy (spec-
PELEEM) to better understand the chemical and electronic
properties of CIGS photovoltaic materials. Based on low-
energy electron microscopy (LEEM) [14], which is often used
to study real-time film growth processes, our approach with
spec-PELEEM collects spectrally resolved chemical and elec-
tronic structure information with nanometer spatial resolution.
This technique effectively enables electron and photoemission
spectroscopies with high fidelity spatial resolution.

II. EXPERIMENTAL DETAILS

To benchmark the capabilities of our spec-PELEEM tech-
nique, high-performance PVD-CIGS materials were studied. A
3 in x 3 in PVD-CIGS sample (C3405) was fabricated using
a 3-stage process in the CIGS Cluster Tool at the National
Renewable Energy Laboratory (NREL) [2]. The sample con-
sisted of 2 µm CIGS/0.6 µm Mo/2.5 mm soda lime glass.
To enable top surface plan view imaging by LEEM and spec-
PEEM, no additional top contact layers were deposited. X-
ray fluorescence (XRF) was measured at the center of the
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Fig. 1. (a) Bright-field LEEM image of PVD-CIGS at Vs = 0.5 V with a 20 µm field of view (FOV). (b) Selective area LEED diffraction pattern using a 5
µm aperture over a large grain. (c) Dark-field LEEM image using a diffraction aperture to filter out the secondary electrons.

sample, showing Cu(III) and Ga(III) ratios of 0.913 and 0.39,
respectively. These values are consistent with the literature
for a high efficiency Cu(In0.7Ga 0.3)Se2 device with 1.2 eV
bandgap and 20% efficiency. The samples were packaged
in dry nitrogen and sent to Sandia National Laboratories
in Albuquerque, NM (SNL), where they were stored in a
continuously purged nitrogen box. The PVD-CIGS sample was
removed from nitrogen, cleaved into approx 1 cm x 1 cm sub-
samples, mounted onto a spec-PELEEM sample cartridge, and
transferred into the spec-PELEEM ultrahigh vacuum system
without further preprocessing. Prior to imaging, the samples
were heated to 300 ◦C for several hours to remove water and
hydrocarbon contamination on the surface. Previous studies
showed that CIGS films deposited at high temperatures do not
undergo any significant structural changes with post-deposiiton
annealing [15].

Spec-PELEEM measurements were conducted using an
Elmitec GmbH LEEM III system equipped with a hemispheri-
cal imaging energy analyzer. A field emission electron source
was used for low-energy electron imaging; a broadband Hg
arc lamp with UV emission between 3.40-4.88 eV was used
for general purpose non-spectroscopic photoemission imaging;
and a VG Scienta VUV5000 He rf-plasma discharge lamp
was used for spectroscopic PEEM. The plasma discharge lamp
provided sharper and higher energy primary lines at 21.22 eV
(He I) and 40.8 eV (He II) for higher fidelity spec-PEEM
measurements. An important variable in the spec-PELEEM
measurement is the start voltage Vs, which is the potential bias
between the electron gun and the sample. In (spec-)LEEM,
Vs is equal to the kinetic energy of incoming and outgoing
electrons with an offset for the local work function. In spec-
PEEM, Vs reperesents the relative energy window offset that
is being observed by the electron energy analyzer.

III. RESULTS & DISCUSSION

Non-spectroscopic PEEM was first performed on a
coupon from the three-stage PVD Cu(In0.7Ga 0.3)Se2 sample
(C3405). As loaded, the sample exhibited high average pixel
intensities > 500 counts when illuminated with the Hg lamp.
However, no PEEM intensity was observed with the Hg lamp

once the sample was heated to 300 300 ◦C for several hours.
Since photoemission only occurs when the photoexcitation
energy (3.4-4.9 eV) is greater than the work function of the
sample surface, these observations are consistent with the work
function of typical hydrocarbon contaminated surfaces (4.2-4.6
eV) and clean CIGS surfaces (5.3-5.4 eV).

Figure 1(a) shows a representative bright-field LEEM image
(FOV = 20 µm, Vs = 0.5 V) of a PVD-CIGS sample. At
these imaging conditions with low Vs, secondary electron
emission from lower work function areas such as the CIGS
grain boundaries dominate. These micrographs are remarkably
similar to grain boundary images obtained using scanning
Kelvin probe microscopy of similar samples [10]. This further
confirms other work showing lower work functions at CIGS
grain boundaries [4], [6]–[9].

Using a 5 µm illumination (area selective) aperture and
rastering the sample position, LEED patterns were observed
across the PVD-CIGS surface. Across most areas of the
sample, multiple diffuse hexagonal diffraction patterns were
observed, many of which translated laterally with changes
in the electron kinetic energy (∼ Vs). These LEED behav-
iors indicate a microcrystalline and faceted grain structure
with average grain sizes < 5 µm. In some locations with
larger grains, a single bright LEED pattern was observed
(Figure 1(b)). The hexagonal diffraction pattern is consistent
with the reciprocal space features of the 112 surface plane
of CIS [16], which is indeed faceted with respect to the
CIGS (220)/(204) preferred growth direction [17]. The diffuse
diffraction background was attributed to electron scattering,
where the diffraction background is even more intense at lower
Vs due to secondary electron emission. Using a diffraction
aperture, dark-field LEEM imaging was conducted by blocking
out these background contributions at low Vs. This filters out
the high intensity, low work function CIGS grain boundary
highlights. As shown in Figure 1(c), this enables the imaging
of the finer grain details.

To obtain a quantitative measure of the changes in lo-
cal work function when going from grain interior to grain
boundary in CIGS, spectroscopic imaging was obtained by
taking consecutive dark-field LEEM images (FOV = 20 µm)



Fig. 2. LEEM-IV on PVD-CIGS. (a) LEEM images (FOV = 20 µm) were
taken with Vs from −5 V to +5 V in 0.1 V increments. (b) A single LEEM
image at Vs =−0.65 V from the LEEM-IV scan showing two representative
regions, R1 and R2. (c) The intensity vs. Vs spectra along the two different
line scans across grain boundaries, R1 and R2, shown in the LEEM image.

while sweeping the electron kinetic energy (−5.0 V ≥ Vs ≤
+5.0 V) in 50 meV increments. Figure 2(a) shows a small
selection of LEEM images at various Vs to highlight changes
in intensity with electron energy. A micrograph at Vs =−0.65
V of the examined region is shown in Figure 2(b). For every
pixel in the image, an intensity vs. Vs (IV) spectrum was
collected. As two examples, the IV for 12 spots along the
R1 and R2 line scans (resolution 50-100 nm) in the LEEM
image is plotted in Figure 2(c). In these LEEM-IV spectra, the
intensity onset represents the local work function. At Vs below
this cutoff, electrons have less energy than the work function
and are reflected from the sample, resutling in higher LEEM
intensities. At voltages above this cutoff, electrons have high
enough energies to be captured by the sample, resulting in
lower intensities. Therefore, changes in the LEEM-IV onset
represent changes in local work function (band bending or
built-in voltage). In R1, the potential variation from the grain
interior to the grain boundary is −1.4 V. In R2, this built-
in potential is −0.8 V. Manually inspecting over the entire
image, CIGS built-in potentials between the grain interior and
respective grain boundaries (φ ) varied significantly between
−0.5 to −1.4 V. This significant variation suggests that CIGS
grain-to-grain junctions may vary from depleted to inverted
depending on location, which is one possible reason for incon-

Fig. 3. PEEM-IV on PVD-CIGS. PEEM images (FOV = 20 µm) were taken
with Vs varied from −3 V to +17 V in 0.2 V increments. (a) A single 20
µm × 20 µm PEEM image at Vs = -1.5 V from the PEEM-IV scan. (b) The
intensity vs. Vs spectra along the line scan across a CIGS grain boundary
shown in R1 of the PEEM image.

sistent CIGS device performance and reproducibility. Previous
reports have also shown similar grain-to-grain variations in
the electron collection efficiency, built-in voltage, and n-type
inversion at CIGS grain boundaries. But, the magnitude of the
built-in voltages measured here are larger than those reported
in the literature (∼ 0.5 V or less). We believe that the values
measured here using LEEM is more reflective of the junction
built-in potential because low energy electrons carry more
information depth than scanning probes and higher energy
scanning electron techniques.

To access the valence band of CIGS, spec-PEEM was
conducted similarly to LEEM-IV. While no PEEM intensity
was observed using the Hg arc lamp (hνHg < ΦCIGS), the
higher photon energies of the He rf-plasma discharge lamp
provided ample photoemission intensities to perform PEEM
measurements. PEEM-IV was performed by taking sequential
PEEM images (FOV = 20 m) of the PVD-CIGS sample as
Vs was varied from −3 V to +17 V in 0.2 V increments.
A representative PEEM image at Vs = −1.5 V is shown in
Figure 3a. The PEEM-IV spectrum for 10 points along the
R1 line scan shown in Figure 3a – across a representative
CIGS grain boundary – is plotted in Figure 3b. Each line in
Figure 3b is effectively an ultraviolet photoemission spectrum
(UPS) with a spatial resolution of ∼ 50-100 nm. In a PEEM-



IV spectrum, The local work function is determined by the
secondary electron cutoff (SEC), which is observed as the
onset of photoemission below Vs = 0 V here. Across the R1
grain boundary a relative change in the work function by −0.5
eV was observed when going from the CIGS grain interior to
the grain boundary. Manual inspection over the entire FOV
revealed grain boundary potentials that varied from 0.0 eV to
−0.5 eV. These values are much lower than what was previ-
ously observed with LEEM-IV, but are more consistent with
values obtained from SEC measurements using a scanning
electron microscope (SEM) [4], work function measurements
from scanning Kelvin probe microscopy (SKPM) [10], and
scanning tunneling microscopy/spectroscopy (STM/STS) [9].

Furthermore, the valence states observed in PEEM-IV spec-
tra between Vs = 6 V and 16 V show a commensurate shift
towards higher binding energies (lower Vs) by -0.5 eV when
going from the grain interior to the grain boundary. This rigid
shift of the work function and the valence states confirm an
electrostatic built-in field near CIGS grain boundaries. Since
the Fermi level (EF ) is not visible in the spectra, and was
not previously referenced for prior to this measurement, the
absolute binding energy values of the valence states could not
be determined. However, the position of the Fermi level can
be estimated from the measured SEC and assuming a work
function of clean CIGS:

Φ = Eo +hν−EF

where Φ ∼ 5.3 eV is the CIGS work function, Eo is the
secondary electron cutoff, and hν = 21.22 eV is the photon
energy of the He I excitation line. From this, the estimated
EF of the system is 13.9 eV, and the broad valence feature
observed in Figure 3b is determined to sit between −6 eV and
−1 eV binding energy with respect to EF . The spectra compare
very well to area-integrated He I photoemission data available
for CIGS in the literature [5]. Comparing to similar area-
integrated He II photoemission data [17], [18], the valence
band features observed here are likely a superposition of Cu
3d, Se 4p, and Group III-oxides. The differences between He
I and He II spectra are due to hν-dependent photoemission
cross-sections. Despite the availability of He II irradiation in
our He rf-plasma discharge lamp, we were unable to obtain He
II PEEM-IV data for direct comparison with the literature data
because of its very low intensity. Nevertheless, an important
conclusion from these PEEM-IV measurements is the presence
of significant oxide components on the sample. This was
expected since these samples were cleaned only with thermal
annealing in vacuum, and not with NH3 or ion sputtering prior
to imaging.

This discrepancy in the built-in voltage as measured by
PEEM-IV and LEEM-IV can be attributed to differences in the
probing depth of the techniques. Analogous to conventional
area-integrated photoemission spectroscopy, PEEM-IV mea-
sures work functions determined by the sample surface and
collects photoexcited valence electrons coming from 2-5 nm
below the surface. These probing depths are similar to those

examined using scanning probe and SEM techniques. Since
these techniques probe only the skin layer of the CIGS grains,
they never fully capture the buried p-n junction interface. This
results in the attenuated built-in voltages of 0.0-0.5 eV. In
contrast, LEEM-IV collects low energy backscattered electrons
or electrons that have interacted with the internal electrostatic
field of the sample. As a result, LEEM-IV probes deeper into
the sample (50-100 nm). This allows LEEM-IV to potentially
capture the full 0.5-1.4 eV built-in potential established by the
p-n junction between the grain interior and the grain boundary.

IV. SUMMARY

Spectroscopic microscopies with chemical and electronic
structure information have become important tools for under-
standing the complex structure-property-performance relation-
ships of CIGS materials and devices. We applied spectrally
resolved photoemission and low-energy electron microscopy
(spec-PELEEM) techniques to PVD-CIGS grown by a 3-
stage process at NREL. Consistent with the literature, these
CIGS films exhibited microcrystalline morphologies with an
average grain size of ∼ 1-5 µm, with a faceted {112}
surface termination. In LEEM, a large variation in the built-
in potential ranging from −0.5 V to −1.4 V was observed
when going from the grain interior to the grain boundary. A
lower built-in potential up to −0.5 V was observed using
PEEM. The discrepency can be explained by the different
information depth between low-energy backscattered electrons
and photoemission electrons. We believe that the higher built-
in potentials measured using LEEM are a more accurate reflec-
tion of the full built-in voltage of the buried CIGS pn junction.
The large grain-to-grain fluctuations in this built-in potential
may explain the challenges in reproducing and manufacturing
CIGS devices, and may provide ultimate limitations on certain
device parameters. These are the first reported results of spec-
PELEEM being used to image potential variations in a techno-
logically relevant photovoltaic material, which highlights the
potential for such a tool to solve critical structure-property-
performance issues facing compound thin-film materials.
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