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ABSTRACT: To date, the performance of all polycrystalline photovoltaics is
limited by their open-circuit voltage (Voc), an indicator of charge carrier
recombination within the semiconductor layer. Thus, the successful
implementation of high-efficiency and low-cost solar cells requires the
control and suppression of nonradiative recombination centers within the
material. Here, we spectrally and spatially resolve the photovoltage of
polycrystalline thin-film Cu(In,Ga)Se2 (CIGS) solar cells. Micro-Raman and
energy-dispersive X-ray spectroscopy maps obtained on the same grains
showed that the chemical composition of the CIGS layer is very uniform.
Surprisingly, we observed concurrent spatial variations in the photovoltage
generated across the device, strongly indicating that structural properties are
likely responsible for the nonuniform mesoscale behavior reported here. We
build a tomography of the photovoltage response at 1 sun global
illumination, mimicking the operation conditions of solar cells. Furthermore, we spatially resolve the voltage within the
CIGS grains, where we found variations >20%. Our functional characterization could be realized to identify where
nonradiative recombination preferentially takes place, enabling the implementation of nonuniform materials for future
devices with higher Voc.

Thin-film polycrystalline solar cells, such as Cu(In,Ga)-
Se2 (CIGS), are a practical alternative to commercially
available Si photovoltaic (PV) devices because of their

low cost and high efficiency.1,2 Furthermore, these technologies
have the advantage of being fabricated on top of either a rigid
or flexible substrate, extending solar cell devices toward a
variety of applications. To date, the record CIGS device has an
impressive efficiency of η = 21.7% and open-circuit voltage of
Voc = 748 mV, which was fabricated using the well-established
multistage coevaporation technique.3,4 However, the sequential
deposition steps substantially increase the overall production
cost of CIGS, preventing its wide commercialization.5,6 An
alternative fabrication technique is the sputter deposition of
CIGS through a single quaternary target.7−9 This method can
be implemented in large-scale applications and also avoids a
necessary but toxic postdeposition selenization step.10 Despite
the advantages of the quaternary target method, the typical
open-circuit voltage (Voc) of the PV devices is ∼500 mV, well
below the Shockley−Queisser theoretical limit (∼813 mV for
CIGS with Eg = 1.213 eV).11,12 Thus, the Voc currently restricts
the performance of CIGS solar cells. Because the CIGS

absorbing layer is inhomogeneous and composed of microscale
grains, it has been speculated that the electrical response of the
material could be limited either by composition variations
within the grains or by the different interfaces throughout the
thin-film polycrystalline layer.13,14

To probe the local structural and electrical characteristics of
materials for PV, scanning probe and electron microscopies
have been widely implemented.13,15,16,31 The local electrical
response of these inhomogeneous materials have been
determined by laser-beam17−22 and electron-beam induced
current (EBIC),23−26 conductive-atomic force microscopy,27−30

Kelvin probe force microscopy (KPFM),27,31,32 scanning probe
microwave capacitance,33 near-field scanning optical micro-
sopy,17,18,34−36 cathodoluminescence,37,38 and photolumines-
cence.39−44 Furthermore, spectroscopic methods, including
electron energy loss spectroscopy (EELS)45 and X-ray
microscopy,46,47 have been implemented to reveal how
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chemical composition variations within the active layers affect
the electrical response of the devices. Recently, micro-Raman
mapping also became a tool to link material composition to
optoelectronic properties.48,49 Nevertheless, a high spatial
resolution (<1 μm) spectroscopic imaging plaform to resolve
possible photovoltage variations of polycrystalline solar cells
that does not require special sample preparation or an inert
environment is still missing.
Here, we spectrally and spatially resolved the photovoltage of

polycrystalline thin-film CIGS solar cells from a quaternary
target, which is related to the charge carrier recombination
events within the absorbing layer of the device. Micro-Raman
maps obtained on the same grains revealed that the chemical
composition of the CIGS layer is very uniform, in agreement
with our energy-dispersive X-ray spectroscopy (EDX) results.
Surprisingly, we observed concurrent spatial variations in the
photovoltage generated across the device, strongly indicating
that structural properties are likely responsible for the
nonuniform mesoscale behavior reported here. We built a
qualitative tomography of the photovoltage through a sequence
of spectrally dependent voltage scans at low photon injection

level, mimicking realistic operation conditions of photovoltaic
devices. The mesoscale electrical response of the material varied
at the same length scale as the grains, and different sites
(interfaces and groups of grains) showed distinct photovoltage,
depending on wavelength, where voltage variations >20% were
measured. Our results demonstrate that the Voc of CIGS solar
cells is limited by the types of interfaces existing between the
grains composing the active layer of the devices. Furthermore,
we provide a universal and direct method to map voltage with
high spatial resolution without the use of a scanning probe or
vacuum environment that can be applied to other optoelec-
tronic devices, such as LEDs, photodetectors, etc.
We utilize standard characterization methods to obtain the

macroscopic photovoltaic performance of the CIGS solar cells
investigated here. Figure 1a displays a schematic of the CIGS
solar cells fabricated via sputtering from a single quaternary
target; the details concerning the device fabrication are
described in the Supporting Information and in ref 7. The
light I−V curve obtained under standard 1 sun AM1.5 G
illumination and the external quantum efficiency (EQE) are
shown in Figure 1b,c. The inset is a photograph of six

Figure 1. CIGS polycrystalline solar cells fabricated by sputter deposition from a quaternary target. (a) Schematic of CIGS solar cell, out of
scale for clarity. (b) Representative light I−V curve for device illuminated with AM1.5G at 1 sun, yielding Voc = 490 mV and η = 7.77%. The
inset shows a photograph of six solar cells electrically isolated on a single 1 in. × 1 in. glass substrate. (c) EQE measurement of the same
device shown in panel b.

Figure 2. Chemical composition and local electrical response of CIGS solar cells. (a) SEM image of CIGS. (b) Photovoltage map showing
spatial variation >15%; illumination conditions: 100× objective, λ = 575 ± 3 nm, and incident power = 298 ± 3 μW. (c) Representative
Raman spectrum. Inset: optical micrograph indicating the region where EDX, photovoltage, and Raman measurements were acquired (white
box). Raman maps of (d) Cu2−xSe peak (gray filter in panel c) and (e) chalcopyrite peak (brown filter in panel c). Illumination conditions for
Raman: λ = 532 nm and incident power = 100 ± 5 μW. EDX maps showing (f) Cu, (g) Ga, (h) In, and (i) Se uniform distribution.
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electrically isolated CIGS devices on a single 1 in. × 1 in. glass
substrate. The low EQE for wavelengths <500 nm results from
the expected light absorption by the ZnO (with Eg ≅ 3.3 eV)
layer and the CdS n-layer (with Eg = 2.4 eV).50

We investigate the relationship between the chemical
composition and the electrical properties of the CIGS devices
by micro-Raman imaging and EDX in conjunction with
scanning photovoltage microscopy on the same grains. Figure
2a shows a representative SEM image of the CIGS layer,
composed of grains ∼1 μm in size, preferentially orientated
along the ⟨112⟩ direction (see Figure S1 for an electron back-
scatter diffraction (EBSD) map). For the scanning photo-
voltage measurements, a 100× objective lens is used to focus
the local source of excitation. A schematic of the experimental
setup, photovoltage scans of multiple regions, and a test
measurement can be found in Figures S2−S4. We measure
remarkable spatial variations in the photovoltage, as shown in
Figure 2b. Note that the average voltage signal is small (<2
mV) because of the confined volume of excitation during the
measurements (spot area is 0.95 μm2 compared to the total
area of the device, equal to 0.54 cm2), causing a voltage drop to
occur between the dark and light regions of the cell.51,52

However, the electrical variation in the scanned area is 0.5 mV,
considerably higher than the noise (<10 μV). The representa-
tive Raman spectrum with both the strong Cu2−xSe and the
chalcopyrite peaks is presented in Figure 2c (Raman shifts at

295 and 172 cm−1 highlighted in gray and brown,
respectively),53,54 where the inset refers to the optical
micrograph of the region mapped. The micro-Raman images
corresponding to the Cu2−xSe and chalcopyrite peaks were
acquired on the same location as the voltage map and exhibit
uniform surface chemical composition (despite surface
segregation of Cu2−xSe); see Figure 2d,e (Figures S5 and S6
present additional Raman maps and SEM image overlaid with
the Raman and photovoltage scans). The EDX maps of Cu, Ga,
In, and Se presented in Figure 2f−i show very uniform
elemental distribution in all cases (within the spatial resolution
of the SEM probe used). Our chemical composition measure-
ments strongly indicate that the spatial variation observed in
the CIGS electrical response is likely due to the distribution of
grain orientation or grain boundary types, which could result in
areas of high rates of charge carrier recombination.23,55

To understand the contribution of the photovoltage
generated within the CIGS grains to the overall performance
of the solar cell as a function of light penetration depth, we
spectrally resolve the electrical response of the CIGS sample
while mimicking the illumination conditions of a working
device. See panels a and c of Figure 3 for the 1 sun spectrum at
AM1.5G illumination56 and the EQE, respectively, where the
colored dots represent the wavelengths at which the micro-
scopic photovoltage measurements were performed. Figure 3b
shows an optical micrograph of the CIGS solar cell. We acquire

Figure 3. Spectrally dependent voltage maps on CIGS solar cell. (a) One sun AM1.5G spectrum as a function of wavelength. (b) Optical
micrograph of CIGS solar cell acquired with 100× objective, NA = 0.75, spot size ∼1 μm. The white box highlights the 7 × 7 μm2 area where
the photovoltage measurements were performed. (c) EQE measurement. The colored dots in panels a and c represent the wavelengths of
photovoltage scans. (d−u) Spectrally dependent scanning photovoltage microscopy. For each scan, the label indicates the wavelength, and the
color scale bar is in microvolts.
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the photovoltage maps using the same number of incident
photons in all cases (Figure 3d−u and Figure S7 for the same
voltage scale). The electrical signal continually increases with
the wavelength, reaching a maximum value at 950 nm (Figure
3r), approaching the bandgap of the fabricated CIGS layer
(equal to 1.15 eV, as determined by photoluminescence). As
expected, beyond the semiconductor bandgap (corresponding
to wavelength λ > 1000 nm), the electrical signal drops
dramatically (Figure 3t,u), indicating that the very modest
photogenerated voltage is likely due to trap states within the
polycrystalline layer.17 Nevertheless, spatial variations are still
observed and are well above the noise level (20 nV) of the
photovoltage measurements introduced here. The in depth
electrical response of the CIGS layer is obtained without cross-
sectioning (destroying) the sample. Although the surface of the
sample is being probed, we acquire information about the
grains and interfaces due to the absorption coefficient of the
material.
The possible contribution of surface roughness and

consequent light reflection and scattering to the voltage signal
was excluded by a detailed comparison between “as-is” and
polished grains, where spatial variations in photovoltage occur
irrespective of the morphology of the grains (Figures S8−S10).
The nonuniformity of the voltage in both samples demon-
strates that different charge carrier dynamics are taking place at
the distinct CIGS grains. When the spatial variations in
photovoltage of individual scans are compared (e.g., panels g
and n of Figure 3), this behavior changes as a function of
wavelength, demonstrating that the photovoltage signal results
from the electrical response within the material (and not its
surface only). Thus, through our imaging method we acquire a
tomography of the electrical characteristics of the absorbing
material where each scan corresponds to a snapshot of the
mesoscale behavior of the grains composing the CIGS layer, as
discussed later in this Letter. The word tomography is used
here in the sense that we image the device in “sections” by
illuminating it with different wavelength, which corresponds to
a distinct penetration depth within the CIGS layer.
The spatial distribution of the voltage for each scan is used to

quantify the occurrence of preferential charge carrier generation
and collection sites as a function of wavelength and thus light
penetration depth within the CIGS layer. As shown by the
histograms in Figure 4, the voltage average value and

distribution for each map vary as a function of wavelength.
While the absorption coefficient is larger for shorter wave-
lengths (Figure S11), a smaller average value of the voltage is
obtained. This behavior suggests that carriers generated near
the top surface are more likely to recombine nonradiatively,
leading to a smaller voltage. This observation is corroborated by
the EQE data (Figure 1c), which also shows a decrease in
carrier collection. For longer wavelengths, the absorption
occurs deeper within the CIGS layer and leads to increased
photovoltage until the bandgap is reached, where the voltage
again decreases because of lack of photon absorption. The
precise cause of the broadening of the voltage distribution with
wavelength is unknown and is currently being investigated.
To further evaluate the spatial inhomogeneity of charge

carrier dynamics within the CIGS layer, we analyze the voltage
enhancement for the set of maps shown in Figure 3. Figure 5a
shows a photovoltage scan acquired at 750 nm overlaid on the
SEM image for the same 7 × 7 μm2 region. Despite the fact that
the scanning photovoltage measurements are limited by
diffraction, notable spatial variations were consistently
observed. Figure 5b displays the voltage enhancement as a
function of wavelength for the positions (pixels) indicated by
the colored circles in Figure 5a. Here, we define the
enhancement as the voltage of a pixel, Vx,y, divided by the
average value of the entire region, ⟨V⟩ (52.1 μV in this case).
Note that both Vx,y and ⟨V⟩ change for each incident
wavelength (because of the CIGS absorption coefficient, see
Figure S11). Surprisingly, some regions of the sample showed a
modest voltage improvement of 10% for short wavelengths
(400−500 nm) and a remarkable enhancement of 40% close to
CIGS bandgap. The low electrical signal (black and cyan circles
in Figure 5b) approaches the average value (green solid line) as
the energy of the incident source of excitation nears the
bandgap of CIGS. Interestingly, certain regions of the CIGS
layer (red points in Figure 5b) present local voltage that varies
10% below and above the average response of the device, for
wavelengths <550 nm and >600 nm, respectively. Near the
material bandgap, the voltage enhancement reaches 20%. By
spectrally and spatially resolving the photovoltage generated by
the CIGS solar cell, we obtain a qualitative tomography of the
local electrical characteristics of the device and probe their
limiting factor: the Voc (see Figure 5c). Here, the maps are
displayed on the same voltage scale to emphasize the spatial
variations as a function of the incident wavelength, which are
likely due to the structural properties of the CIGS layer, instead
of composition inhomogeneities between different grains. The
longer-wavelength voltage maps do take into account the near-
surface strong light absorption, and the qualitative tomography
displays the contribution of the wavelength-dependent light
absorption to the photovoltage.
Through a sequence of spectrally dependent photocurrent

scans we determine the ΔVoc map for the polished CIGS device
under 1 sun illumination (Figure 6). This map is obtained by
adding the contribution of each photocurrent scan to the
overall short-circuit current map, Isc,total, of the device, weighted
by the number of photons incident into the sample at AM1.5G
illumination, as
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1Figure 4. Three-dimensional plot of voltage histograms (normal-
ized) as a function of wavelength for CIGS solar cell, obtained from
scanning photovoltage microscopy (shown in Figure 3).
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where Jsc,λn is the short-circuit current density for each

wavelength λn where a scan was acquired, Isc,λn
measured the short-

circuit current measured (a map), Φ1sun the irradiance
corresponding to 1 sun AM1.5G illumination (from Figure
3a), and Pinc the incident power for each measurement
(wavelength dependent). Then, the Voc map is determined by
using the diode equation, where the ideality factor and the dark
saturation current density (Jdark) were obtained from macro-
scopic measurements. The spatially resolved Voc map combines
the contribution of the surface and the bulk properties of the
grains, weighted by the sun spectrum, mimicking the
performance of a solar cell under realistic operation conditions.
Although the polished sample has surface roughness of ∼100
nm (Figure S9), we were unable to acquire reliable information
about the grains crystallographic orientation by EBSD because
of the ZnO 500 nm layer (Figure 1a). Thus, the precise
correlation between the spatial variations in Voc and the
structural properties of the CIGS requires the implementation
of a selective chemical etching for removing the oxide layer.
Nevertheless, this etching would necessarily be destructive and
the exposure of the n-CdS would favor surface recombination,
which directly affects the Voc of the device.
Although microscopy methods such as KPFM31,32 and

EBIC23,26 are more sensitive to measuring the local electrical
response of solar cells, they are unlikely to become a portable
tool for PV diagnosis. The conductive probe used in KPFM is

very delicate and can easily lead to image artifacts, while EBIC
requires an inert environment (vacuum). Furthermore, the
electrical response of the device is extremely sensitive to the
voltage of the electron beam. The quantitative analysis of the
photovoltage requires combining the measurements with
simulations of the interactions between the electron beam
and the material. The spatial resolution of our diffraction-
limited method could be improved by using near-field scanning
optical microscopy probes as the source of illumination,17

which can achieve resolution <100 nm. Nevertheless, the
interpretation of the data in these cases often requires the
consideration of near-field effects, and possibly the need for 3-
dimensional simulations to help us understand the primary
near-field light−matter interactions taking place. Here, we have
implemented a universal, nondestructive imaging method to
map the spatial variation of the electrical response of
optoelectronic devices in situ that enabled a qualitative
tomography of the generated photovoltage within the solar
cell absorbing layer. Our functional characterization reveals how
the electrical response of CIGS devices from a quaternary target
changes spatially, considering light penetration depth. Fur-
thermore, the submicrometer spatial resolution of the photo-
voltage scans presented here elucidates a pressing open
question in the field of photovoltaics: Does the Voc of
polycrystalline CIGS devices f rom a quaternary target vary
spatially? Yes.
In summary, we have demonstrated that the photovoltage of

CIGS solar cells from a quaternary target varies locally by
>20%, a behavior mapped for the first time here. We used
micro-Raman imaging and EDX to determine the chemical
composition of the grains. While the distribution of Cu, In, Ga,
and Se was found to be uniform at the micrometer-scale, the
Voc of these devices is still considerably lower than expected.
We implemented scanning photovoltage microscopy as an in
situ functional characterization tool to resolve the local
electrical response of CIGS, where we measured remarkable
variations in voltage. A sequence of wavelength-dependent
voltage scans enabled us to build a tomography of the
photovoltage distribution within the CIGS layer, in which we
demonstrated that some regions of the material outperform the
average macroscopic behavior, potentially affecting the
performance of the device. Finally, we presented a micro-
meter-scale resolved Voc map under broadband illumination,
revealing the spatial distribution of voltage for the CIGS solar
cell under 1 sun global illumination operation conditions. Our
functional imaging framework provides a novel tool for

Figure 5. Mapping voltage with high spatial resolution in polycrystalline solar cells. (a) Voltage map overlaid with SEM image, acquired with
wavelength λ = 750 ± 3 nm and incident power of 59 ± 1 nW. (b) Voltage enhancement as a function of wavelength (λ) for selected regions
of the map shown in panel a. The green line corresponds to the average voltage value of each map, and the error bars refer to the standard
deviation of each λ-dependent scan. (c) Qualitative tomography of photovoltage showing spatial variation as a function of λ. For each
measurement, 100× objective lens (NA = 0.75).

Figure 6. In situ characterization of the mesoscale behavior of
CIGS solar cells. Voc map for CIGS solar cell, with submicrometer
spatial resolution, obtained from a sequence of spectrally
dependent scans.
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mapping the electrical response of inhomogeneous materials for
photovoltaics with micrometer-scale length grains, such as
perovskites, CdTe, and CZTS. Furthermore, this nondestruc-
tive method can be expanded to other energy harvesting
systems, such as perovskite solar cells, microstructured hot
carrier devices, and photoelectrochemical cells.
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