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E
ffective, high-efficiency, and low-cost
photovoltaics represent the “holy
grail” technology to successfully elim-

inate our dependence on fossil fuels. Thin-
film polycrystalline materials are attractive
formanufacturing low-cost PVmodules, but
improvements in efficiency are still required
to ensure cost competitiveness. In particular,
CdTe/CdS heterojunction solar cells are the
leading technology in the thin-film PV mar-
ket today. This success is primarily based on
the inherently simple and low-cost deposi-
tionmethod used to produce thesemodules
with manufacturing cost as low as $0.6/W.1,2

Despite having similar optical properties,
polycrystalline thin-film CdTe devices consis-
tently show lower Voc when compared, for
example, to GaAs single-crystal solar cells,
which hold a record Voc = 1.122 V2 (for both
direct band gap materials Eg = 1.4 eV and
absorption coefficient R ≈ 3.0 � 104 cm�1

to 9.0 � 104 cm�1 at 650 nm). This lower
performance is primarily caused by the
high density of nonradiative recombination

centers within polycrystalline CdTe. The Voc
of the best CdTe solar cells is currently
limited at 0.86 V, which is considerably
below the theoretical predictions,3,4 leading
to an efficiency of 18.7%.2,4 For large-area
modules, the current Voc record is 0.90 V,
with an efficiency record of 16.1% under
global AM1.5 illumination.5

The polycrystalline CdTe absorber layer in
a PV device is composed of grains≈1 μm in
diameter, as shown by the scanning elec-
tron microscopy (SEM) image for a p-type
CdTe layer in Figure 1a and Figure SOM-1 in
Supporting Information. It is not surprising
that the properties of the grain interiors
(GIs) can be quite different from those of
the grain boundaries (GBs). The GBs accu-
mulatemicroscopic defects, such as disloca-
tions, vacancies, and distorted bonds, which
can strongly affect the transport proper-
ties of both majority and minority carriers.
Figure 1b shows an atomic resolution trans-
mission electronmicroscopy (TEM) image of
a sharp interface between two CdTe grains,
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ABSTRACT The local collection characteristics of grain interiors

and grain boundaries in thin-film CdTe polycrystalline solar cells are

investigated using scanning photocurrent microscopy. The carriers

are locally generated by light injected through a small aperture

(50�300 nm) of a near-field scanning optical microscope in an

illumination mode. Possible influence of rough surface topography

on light coupling is examined and eliminated by sculpting smooth

wedges on the granular CdTe surface. By varying the wavelength of

light, nanoscale spatial variations in external quantum efficiency are mapped. We find that the grain boundaries (GBs) are better current collectors than the

grain interiors (GIs). The increased collection efficiency is caused by two distinct effects associated with the material composition of GBs. First, GBs are

charged, and the corresponding built-in field facilitates the separation and the extraction of the photogenerated carriers. Second, the GB regions generate

more photocurrent at long wavelength corresponding to the band edge, which can be caused by a smaller local band gap. Resolving carrier collection with

nanoscale resolution in solar cell materials is crucial for optimizing the polycrystalline device performance through appropriate thermal processing and

passivation of defects and surfaces.
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which have been shown to introduce electronic states
within the band gap and, consequently, significant
trap-assisted recombination and/or band bending.6

Recently, it has been shown that during the conven-
tional CdCl2 chemical treatment used to improve the
devices7,8 Cl atoms replace Te which also leads to local
band bending.6 For a p-type material, these gap states
(or “trap states”) are spatially localized and trap holes,
resulting in an accumulation of positive charges at the
boundaries (as represented in Supporting Information
Figure SOM-2).
The highest Voc reported for CdTe solar cells, 0.86 to

0.91 V,9 was achieved by using single-crystalline
p-CdTe, instead of a polycrystalline layer. The signifi-
cant lowering of [qVoc] in polycrystalline CdTe is caused
by a leakage (or shunt) current when a PV diode is
forward biased (e.g., Figure 1c), which can be partially
associated with the device micro/nanostructure and
the presence of the GBs. Therefore, measuring the
electrical properties of the GBs and the GIs exposed
to different chemical treatments that passivate the
CdTe layer has been the emphasis of multiple studies
aiming to increase Voc (>1.0 V) and improve device
performance.8,10�16 Here, we focus on mapping the
local electrical characteristics of the GIs and GBs by
spatially and spectrally resolving the generated photo-
current and the external quantum efficiency (EQE) in
the semiconductor material with nanoscale resolution.
For that, we use near-field scanning optical microscopy
(NSOM) probes as a local source of illumination/
excitation.
To date, scanning probemicroscopy techniques have

been extensively used to map structural and electrical
properties of polycrystalline solar cells.12,13,17�22 In par-
ticular, atomic forcemicroscopy and scanning tunneling
microscopy have been used to explain the beneficial
role of the GBs in CdTe solar cells for photocurrent
collection, which is attributed to both the built-in
electric fields17,23�25 and composition variations within
the polycrystalline grains.26�29 Further, NSOM fiber-
based apertured probes have allowed the identification

of relative changes in local photoresponse of solar cells
by means of scanning photocurrent microscopy,30�33

which is particularly useful for characterizing inhomo-
geneous materials, such as organic and thin-film poly-
crystalline solar cells.
Here, we use scanning photocurrent microscopy

(SPCM) to image the local electronic properties of CdTe
solar cells. We spatially and spectrally resolve the
photocurrent distribution and the EQE within the CdTe
polycrystalline layer of the solar cell while mimicking
the power density operation conditions of real devices.
Possible topography effects are addressed by sculpting
shallow-angle wedges on the originally rough CdTe
grains. The use of the wedge geometry also offers a
pathway for spectroscopic photocurrent tomography
of the device through assembling and quantifying
photocurrent maps at different wavelengths and ab-
sorber thickness. We find that the GBs are consisten-
tly better current collectors compared to GIs. At short
wavelengths (<600 nm), when light is absorbed near
the exposed surface, the EQE is relatively small because
of surface recombination. However, we find that the
GBs significantly outperform the GIs due to built-in
field facilitating the separation and extraction of elec-
trons and holes. This result also suggests that non-
radiative recombination at well-passivated GBs is rela-
tively small. Close to the material band gap (860 nm),
the EQE enhancement at the GBs is found to be �1.5.
The latter effect can be attributed to the higher
absorption at the GBs due to smaller band gap caused
by compositional variations.

RESULTS AND DISCUSSION

Figure 2 shows (a) topography and (b) photocurrent
maps of a representative region of the CdTe solar cell.
The experimental setup used for the nanoscale SPCM
measurements is described in detail in the Methods
section and Supporting Information Figure SOM-3.
During the scan, the light source (532 nm) was succes-
sively turned “on” and “off” to confirm that the photo-
current signal was being exclusively generated by the

Figure 1. CdTe polycrystalline solar cells. (a) Cross-section SEM image of a thin-film CdTe solar cell showing micron-scale
grains and interfaces with structural defects. (b) Atomic resolution TEM image showing a grain boundary (interface between
two grains). (c) Semilog dark I�V curve. The blue line corresponds to the fit used to infer the shunt current. Inset: linear dark
I�V showing diode behavior of CdTe/CdS solar cell device.
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local excitation source (NSOM probe), as indicated by
the line scan profiles of Figure 2c�e. The line profiles of
topography and photocurrent displayed in Figure 2e
are anticorrelated. Since GBs appear as topographical
depressions in line scans, the result in Figure 2e illus-
trates that the GBs are better photocurrent collectors

than the GIs. The noise level of the current signal in the
dark (Figure 2d) was used to infer the uncertainty of the
photocurrent measurements, which is ≈1.3 pA. The
listed light power is the power emitted by the NSOM
probe, and in all cases, it corresponds to a low injection
level, mimicking realistic conditions of solar cells'

Figure 2. Nanoscale scanning photocurrent microscopy. (a) Topography and (b) photocurrent maps of a representative
region of the CdTe solar cell. Line profiles of topography (black) and photocurrent (red), as indicated in (a,b), for light source
(c) on, (d) off, and (e) on again. During scan: set point = 0.8�1.1 V; illumination source = 532 nm laser; incident laser power =
3.5 nW; NSOM probe = 200 nm.

Figure 3. Analysis of topographic effects in nanoscale photocurrent scanning microscopy. (a,b) SEM images of wedge
sculpted by Ga focused ion beam. Inset shows a schematic of the wedge shape. (c) Surface topography of CdTe grains before
(as-is grains) and after (wedge) the milling process. (d) Three-dimensional topography overlaid with photocurrent
measurement. Illumination source = 532 nm laser; incident power = 0.5 nW; NSOM probe = 200 nm. For the topography
scan, set point = 0.95 V.
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operation. Because the CdTe layer does not contain an
antireflection coating, we expect at least 30% of the
light to be reflected and not absorbed.
We note that the as-prepared CdTe surface is topo-

graphically rough, which can complicate interpretation
of SPCM measurements. To examine the possible
influence of topography on the photogenerated cur-
rent signal, a wedge with ≈5� angle was sculpted by
focused ion beam on the surface of the CdTe grains, as
shown in Figure 3a. Low beam current (1.0 nA) was
used to minimize the surface damage and to preserve
the crystalline property of the material, as seen in
Figure 3b. Electron backscattering diffractionmeasure-
ments of the wedge and of the as-grown adjacent
regions presented similar distributions of the grain
orientations, confirming that the wedge did not mod-
ify the polycrystalline nature of the sample, as desired
(see Figure SOM-4). The wedge line profile has a
residual roughness associated with the “curtain effect”
produced by the ion beam of≈0.2 μm, in contrast with
the original grain roughness of (≈1.0 μm) uncorrelated
with the local grain structure, as displayed in Figure 3c.

Despite the modified topography of the grains, the
photocurrent of the device showed a nonuniform
current distribution (Figure 3d), in accordance with
the measurements performed on the unmodified
grains. These measurements further confirm that the
photocurrent is not strongly affected by the topogra-
phy and that the GBs are indeed more efficient current
collectors compared to the GIs.
The spectrally resolved SPCM measurements on the

same region of the specimen allow us to probe differ-
ent volumes of the device, in accordance with the
absorption coefficient R of CdTe (Figure 4a), and to
create a tomographic map of the photocurrent.
Figure 4b illustrates the sampled volume of the CdTe
device at different excitation wavelengths. The nano-
scale spatially resolved photocurrent maps were ac-
quired by controlling the power and thewavelength of
the incoming light through theNSOMprobe. For that, a
supercontinuum laser source and appropriate filters
were used, as explained in detail in the Methods
section. For all nanoscale SPCM measurements,
the topography signal was simultaneously acquired

Figure 4. Photocurrent tomography of CdTe solar cell. (a) Absorption coefficient R as a function of wavelength for CdTe.
(b) Cross-section SEM image showing light absorption as a function of the distance to the p�n junction. Pt layer is used to
protect the surface of CdTe during the milling process. The lines schematically illustrate the penetration depths (1/R) for the
corresponding wavelengths. (c) Topography scan using set point = 0.75 to 0.85 V. (d�i) Photocurrent microscopy
measurements of the p-CdTe layer under different illumination wavelengths (λ). The current scale was adjusted to clearly
show the contrast between GIs and GBs in all images. Incident laser power = 1.0 nW; NSOM probe = 300 nm.
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(Figure 4c). At short wavelengths (λ = 532 nm,
Figure 4d), most of the light is absorbed within the
first 100 nm of the exposedmaterial. The overall spatial
contrast is similar to that presented in Figure 2, with the
GBs showing higher collection efficiency. The photo-
current is generated far from the p�n junction and is
likely limited by the surface recombination processes
and by the recombination within the CdTe layer. For
longer wavelengths (Figure 4e,f, λ = 600�800 nm), the
volume closer to the p�n junction is excited and the
overall photocurrent is increased. However, the signal
is averaged over a larger excitation volume, and the
contrast between the GBs and the GIs is diminished.
Unexpectedly, at excitation wavelengths close to the

band gap energy of CdTe (Eg = 1.44 eV, λ = 860 nm), the
contrast between the GBs and the GIs increases again
even though the excitation volume grows larger. At this
wavelength, R = 1.3 cm�1 for CdTe. At energies below
the band gap (Figure 4h,i), the absorption quickly
vanishes (Figure 4a), resulting in a significant reduction
of the generated photocurrent. The contrast between
GBs and GIs, however, remains strong. This sharp con-
trast may be caused by stoichiometry variations at the
GBs, resulting in smaller band gap and, therefore, in
higher absorption; however, the accurate and unambig-
uous determination of the chemical composition of the
GBs requires the use of high-resolution destructive
techniques, such as atom probe tomography.34

Oneof theprimaryfiguresofmerit of a PVdevice is the
EQE, defined as the number of charge carriers produced
by the solar cell per photons incident on the device.
Macroscale measurements of EQE are valuable to diag-
nose how effectively the device is converting sunlight
into electricity along the spectrum. Nevertheless, for
inhomogeneous materials such as CdTe, the contribu-
tion of GBs and GIs to the EQE can strongly depend on
variations in composition and on the transport proper-
ties found within the different grains and interfaces.
Here, we use the nanoscale SPCM measurements to
spatially resolve the EQE of the CdTe GBs and GIs, which
is defined according to the following equation:

EQE ¼ hc

q

� �
1
λ

I

P

� �
(1)

where h is Planck's constant, c is the speed of light in
vacuum, q is the electronic charge, λ is the excitation
wavelength, I is the generated photocurrent, and P is the
incident power or photon flux. The generated current I
and the incident power P are determined directly from
the photocurrent measurements and power source
calibration, respectively.
In order to characterize the collection characteristics

of the CdTe layer, we spatially and spectrally map the
EQE of the GBs, GIs, and the grain sides (GSs) over a
broad region of the spectrum, as shown in Figures 5
and SOM-5. The GSs have a topography distinct from
GIs caused by the remarkable height variation of the

CdTe grains. The EQE map for λ = 850 nm displayed in
Figure 5a shows significant spatial variations. The aver-
age EQE (Figure 5b, gray solid line) was determined by
integrating over the scanned area of 10 � 10 μm2. At
short wavelengths (≈500 nm), the GBs demonstrate
nearly 2-fold enhancement in collection efficiencywhen
compared to the average EQE for the scanned area. The
average EQE is limited by surface and bulk recombina-
tion as light is absorbed far from the p�n junction of the
device. For 600 to 750 nm, the EQE steadily increases,
reaching ≈30% with no significant difference between

Figure 5. Mapping local variations in EQE with nanoscale
resolution. (a) Effective EQEmap for CdTe solar cell acquired
using 850 nm wavelength as a local excitation source. (b)
Effective EQE as a function of wavelength for selected
regions of the CdTe layer. (c) EQE enhancement for the
same region. GI, grain interior (black); GS, grain side (blue);
GB, grain boundary (red, orange). The dashed line corre-
sponds to the CdTe band gap. The error bars correspond to
the standard deviation of three measurements, taken at
each wavelength.
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the GBs, the GSs, and the GIs. The contrast between the
GIs, as well as GSs, and GBs emerges again near 800 nm
and remains nearly unchanged even as the EQE rapidly
diminishes at the band edge.
In general, there are two main contributing pro-

cesses that must be taken into account in analyzing
the SPCM measurements. The first process is the light
absorption and carrier generation, which varies as a
function of the wavelength of the incident light. The
absorption volume increases at longer wavelengths
with a sharp increase at the wavelength corresponding
to the band edge. The second process is related to
carrier recombination. Recombination losses can be
very different near the exposed surface (surface
recombination), neutral region of the CdTe absorber,
depletion region, and near the metallurgical p�n
junction. The photocurrent contrast between GSs and
GIs at different wavelengths can originate from differ-
ent contributions. The GS and GI most likely share
similar chemical composition but different topogra-
phy. The contrast in the current signal behaves like the
GIs; no significant difference was found between these
two situations. The relative EQE enhancement (defined
here as the enhancement over the spatial average) at
the GBs for short wavelengths (λ< 600 nm, Figure 5c) is
likely a direct consequence of the local built-in electric
field facilitating the carrier separation and, therefore,
competing with the recombination (both recombina-
tion in the “neutral” region of CdTe and surface
recombination). This mechanism of the enhancement
of photocurrent at the GBs has been reported and
discussed in electron-beam-induced current experi-
ments35,6 and in previous NSOM experiments.29,36

For 600 nm < λ < 800 nm, the difference between light
injection to the GBs and GIs and GSs is insignificant.
There, the excitation volume is larger and the contrast
averages out. Close to the CdTe band gap, despite an
even larger excitation volume, light injection at the GBs
results in a larger photocurrent, and the EQE is en-
hanced at the boundaries by ≈50%. The contrast
enhancement is clearly associated with proximity of
the excitation energy to the band gap: the onset of the
contrast enhancement as a function of the wavelength
is rather sharp, and the contrast remains strong even as
the overall photocurrent decreases significantly at
longer wavelengths. We suggest that the measured
photocurrent enhancement at GBs in this wavelength
range is caused by an increase in absorption relative to
the GIs. This means that the band gap at GBs is
effectively smaller due to accumulation of impurities
and defects, as previously suggested by Smith et al.37 As
expected, beyond the material band gap (λ > 860 nm),
the EQE decays rapidly, and the light-generated photo-
current can be eventually associated with trap states
within the CdTe band gap.
The strong contrast of the photocurrent enhance-

ment at the GBs and its peculiar dependence on the

excitation wavelength allowed us to identify two dis-
tinct mechanisms for the observed enhancement. In
general, a meaningful comparison of photocurrent
maps measured at different wavelengths is a compli-
cated problem. On one hand, local spectroscopic
measurements could be sensitive to the variation of
composition and spatial distribution of electronic
states such as defects and traps. However, at the same
time, the sampled volume is changing in accordance
with the absorption coefficient, affecting the averaging
and the spatial resolution. Additionally, in a PV device,
both the recombination and the collection efficiencies
vary strongly with the penetration depth toward the
p�n junction. Shaping a thin-film PV device in awedge
structure as described above, by gradually varying
the thickness of absorber and the distance between
the surface and the p�n junction, can offer more
opportunities for a three-dimensional spectroscopic
tomography of different volumes and interfaces of PV
devices with high spatial resolution. For example, the
spatial resolution at λ = 532 nm is limited by the
absorption length at ≈100 nm, and the SPCM mea-
surements of thinner areas of the wedge can enable
high-resolution mapping of properties within the de-
pletion region and close to the metallurgical p�n
junction (see Figure SOM-6). Such measurements can
help identify the recombination and leakage mechan-
ism related to material inhomogeneity that currently
limits the Voc in thin-film PV materials. We have ob-
served that, for a short wavelength (e.g., λ = 532 nm),
the spatially averaged EQE increases descending down
the wedge. This is expected since the generation vo-
lume is approaching the depletion region with higher
collection efficiency. Correspondingly, the maximum in
EQE shifts to shorter wavelengths (see Figure SOM-6).
However, further study is needed tomore quantitatively
relate the spatial variation of the SPCM signal with
specimen thickness and determine effects of thewedge
fabrication on surface recombination.

CONCLUSIONS

Summarizing, wemapped andquantified the photo-
current generated by CdTe/CdS solar cells GBs and GIs
under different illumination conditions by means of
nanoscale-resoled SPCM. CdTe wedges were milled
and measured to exclude possible artifacts caused by
surface topography on coupling of the near-field loca-
lized light source. A photocurrent tomography of the
CdTe layer was built by spectrally resolving the light-
generated current, which consistently showed that the
GBs are more efficient current collectors compared to
GIs. The nanoscale resolution maps of the EQE inferred
from the photocurrent scans revealed that at short
wavelengths (λ < 600 nm) the GBs outperform the GIs
by more than a factor of 2, independent of the grain
orientation. Surprisingly, close to the material band
gap, the difference in EQE was less than 1.5.
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We further demonstrated that SPCMof the sample in
wedge geometry can be used to probe the photoelec-
tronic properties of critical device volumes such as the

depletion region and p�n junction with high spatial re-
solution. EQE variation at these interfaces helps identify
themechanisms,which limit thin-filmPVdeviceefficiency.

METHODS
Sample Preparation. The commercially available CdTe solar

cells used in this study are formed by the following layers (from
top to bottom): 4.0 mm of glass substrate, 550 nm of bilayer
transparent conductive oxide (TCO), 50 nm of n-type CdS,
and 3.5 μm of p-type CdTe (see Supporting Information Figure
SOM-1). Holes (p) and electrons (n) are majority and minority
carriers, respectively. All samples were submitted to CdCl2 treat-
ment. The grains composing the CdTe layer (3.5 μm thick) are
1�2 μm in size with no preferential crystallographic orien-
tation.17 The original back contact was manually removed by
peeling it off of the CdTe layer. No antireflection coating was
added. The 100 nm thick platinum pads were evaporated
through stencil masks and used as top contacts.

Electrical Measurements. Dark I�V curves were obtained by
contacting the top and the bottom of the solar cells using
tungsten probes in a conventional probe station. A voltage
sweep from �0.5 to þ2.0 V was applied to the device, using
steps of 0.1 V per second.

Photocurrent Imaging. Topography and photocurrent were
acquired simultaneously using a XYZ piezostage with Z feed-
back control, where the average distance between the sample
surface and the probe was ∼10 nm for all measurements. To
vary the incident light wavelength, either an optical parametric
oscillator laser or a supercontinuum laser with the appropriate
combination of band-pass filters (10 nm bandwidth) and neu-
tral density filters was used (see schematic of experimental
setup in Supporting Information Figure SOM-3). The subwave-
length NSOM probes used in this work were tapered optical
fiber probes mounted on a tuning fork with 200�300 nm core
aperture within a 20 nm Cr/200 nm Au cladding, force constant
∼ 15 N/m, and resonance frequency ≈ 150 kHz. Nanoscale
spatial resolution was achieved by placing the tapered fiber
probes close to the surface of the grains, therefore providing a
local source of excitation. Because of the superstrate geome-
try of the devices, light was injected in the exposed p-doped
CdTe grains. Because this layer does not have an antireflection
coating, we expect at least 30% of the incident light to be
reflected. The NSOM tip was positioned off the edge of Pt
contact (<10 μm) (see SOM-3). The removal of the original back
contact metallization by manually peeling the layer off allowed
for the tip placement in a closer proximity to the CdTe surface to
improve the spatial resolution. Thus, the resolution was primar-
ily determined by the probe diameter and the materials'
absorption coefficient R, as explained in the text. The photo-
current signal was amplified by a low-noise variable gain
amplifier operating at 107 to 109 V/A gain.

The laser powerwas calibrated after transmission through the
NSOM probes at both near- and far-field. The power in the near-
field can be different because the tip�sample interaction affects
the light coupling. For that, a Si photodetector precalibrated for
the different wavelengths was placed in the location of the
sample, and the probe was approached to mimic the conditions
of the SCPM measurements. The power quoted in all captions
refers to the power of the laser incident into the sample.
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