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voltage and the overall electrical behavior of a device strongly 
depend on the nonradiative recombination rate of the charge 
carriers within a material, which is affected by the defects 
inherently present within the semiconductor. Despite all the 
efforts in developing higher performance thin-fi lm polycrys-
talline solar cells, such as CdTe, CuIn  x  Ga (1! x ) Se 2  (CIGS), and 
Cu 2 ZnSnS 4  (CZTS), the difference between the theoretically 
predicted and the best experimentally achieved  V  oc  is still 
considerably large (up to 0.6 V). [ 2,3 ]  For Si, extensive research 
has been dedicated to design and implement nanostructured 
light-trapping architectures to boost light absorption; [ 4–7 ]  how-
ever, there are very few experiments showing how the  V  oc  is 
affected. For organic PV blends, the limited  V  oc  observed in 
most bulk heterojunction solar cells is attributed to geminate 
and nongeminate losses; [ 8,9 ]  nevertheless, local variations 
in  V  oc  have never been measured. Thus, for any microm-
eter- and nanoscale structured PV device, assessing varia-
tions in  V  oc  with nanoscale resolution and spatially resolving 
where recombination occurs within the material can poten-
tially change the pathway for designing higher performance 
devices. 

 Imaging methods based on atomic force microscopy (AFM) 
techniques have been extensively used to characterize the 
structural and electrical properties of PV materials and full 
devices. [ 10–21 ]  In particular, Kelvin probe force microscopy 
(KPFM) has been implemented to probe the electrical charac-
teristics of a variety of PV materials and devices, ranging from 
organic materials [ 9,22–24 ]  and oxides [ 25 ]  to III–V semiconduc-
tors for multijunction designs [ 26–28 ]  and polycrystalline thin 
fi lms. [ 18,29–35 ]  The local optoelectronic properties and changes in 
material composition have also been mapped using near-fi eld 
scanning optical microscopy (NSOM) probes as local sources of 
excitation. [ 36–42 ]  Very recently, photoluminescence has emerged 
as a promising tool to map charge recombination [ 43–45 ]  and car-
riers diffusion [ 46 ]  with high spatial resolution. At low tempera-
ture (70 K), photoluminescence imaging with submicrometer 
resolution has been implemented to map a 10 meV quasi-Fermi 
level splitting in CIGS solar cells, where variations in the inten-
sity signal were attributed to changes in the material composi-
tion. [ 47 ]  Nevertheless, none of these imaging techniques provide 
a direct measurement of  V  oc  within the material at operating 
conditions. A straightforward, universal, and accurate method 
to measure the  V  oc  (and hence nonradiative recombination 
processes) with high spatial resolution in PV materials is still 
missing. 

 Here, we present a new imaging technique based on illu-
minated KPFM to map the  V  oc  of optoelectronic devices with 
nanoscale resolution <100 nm. We map the contact potential 
difference (CPD) of half or fully processed solar cells in the 

  For most photovoltaic (PV) devices, the record short-circuit cur-
rent density is near its theoretical limit; however, achieving a 
large open-circuit voltage has proven diffi cult for nearly all 
photo voltaic technologies. [ 1,2 ]  Understanding the carrier recom-
bination processes, caused by structural or compositional vari-
ations at the nanoscale, that lead to this voltage reduction is 
critical, yet no technique exists to quantitatively map recom-
bination and the resulting open-circuit voltage ( V  oc ) at the 
nanoscale. Here, we present a novel metrology to image the  V  oc  
with spatial resolution <100 nm, more than fi ve orders of mag-
nitude better than previous methods, using a variant of illumi-
nated Kelvin probe force microscopy (KPFM). We apply this 
technique to several materials (GaAs, Si, CdTe, and CIGS), and 
fi nd that the  V  oc  varies locally by more than 200 mV, suggesting 
that spatial variation of nonradiative recombination strongly 
affects the overall device performance. This technique enables 
new insights into the loss mechanisms that hinder solar cells 
and provides a new platform to image device performance with 
nanoscale resolution. 

 The  V  oc  of a solar cell is a measurement of the maximum 
voltage generated by the device under illumination, which 
is proportional to the quasi-Fermi level splitting of the 
semiconductor p-n junction. The  V  oc  is a key fi gure of merit 
to defi ne how well any PV device operates. This generated 
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dark and under illumination to determine the quasi-Fermi 
level splitting of the p-n junction. We spatially resolve the 
 V  oc  of different PV materials, including III–V direct band 
gap semiconductors, monocrystalline Si, and polycrystalline 
thin fi lms, demonstrating the universality of our platform for 
imaging devices’ performance. While single crystalline GaAs 
and Si solar cells show very uniform  V  oc  maps, CdTe and 
CIGS present dramatic variations in  V  oc , larger than 0.2 V, 
which have never been resolved by other microscopy methods. 
We fi nd that the local variations in the  V  oc  are due to the fact 
that different grain orientations can act as distinct centers for 
recombination within the material. Although KPFM meas-
urements under illumination (named surface photovoltage—
SPV) have been realized in a variety of solar cells tech-
nology, [ 48–59 ]  we demonstrate for the fi rst time the direct corre-
lation between SPV measurements (light minus dark KPFM) 
and the  V  oc  of photovoltaic devices, through the measurement 
of the quasi-Fermi level splitting. Our nanoscale metrology 
is nondestructive and can be implemented in ambient con-
ditions, allowing for the diagnosis of how the different pro-
cessing steps can affect the recombination within the material 
and, therefore, the ultimate performance of an optoelectronic 
device. For nonuniform semiconductor materials, mapping 
local variations in  V  oc  is extremely useful to identify which 
types of interfaces can suppress nonradiative recombination 
processes. 

 We implement illuminated KPFM as a new tool to directly 
map the  V  oc  of photovoltaic materials with nanoscale resolu-
tion. In KPFM, the CPD is proportional to the work function 
difference between the tip and the surface of the material under 
investigation ( qV  CPD  =  W  tip  !  W  s ). For a solar cell, as shown in 
 Figure    1  a,b, the CPD signal depends on the illumination condi-
tions as 

    q V W W (in the dark)CPD
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 where  q  is the electron charge, the superscripted d and il refer 
to dark and illuminated conditions, respectively, and # µ  is the 
quasi-Fermi level splitting. The  V  oc  of the device is 
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    Note that our technique does not require the preceding 
knowledge of the work function of the sample or the tip, 
because # µ  is determined by measuring the difference between 
these two quantities under distinct illumination conditions. 
Thus, the nanoscale maps of the  V  oc  of partially processed 
devices are determined from a pair of dark and illuminated 
KPFM images. 

 We implement amplitude-modulated (AM) KPFM 
using metal-coated Pt probes with mechanical resonance 
 $ /2 %  = 86.7 kHz in ambient conditions—see schematic setup in 
Figure  1 c. For each scan, the probe passes over the surface twice. 
On the fi rst pass, a feedback loop controls the sample height in 
order to maintain constant cantilever oscillation amplitude, and 
topography is acquired in noncontact mode. On the second pass, 
the cantilever is held at a constant height (# H ) relative to the 
path it traced on the fi rst pass—see Figure  1 c. The tip oscillates 
slightly below resonance during the topographic scan, to main-
tain stable tapping mode. [ 60 ]  The amplitude of the tip oscillation 
is &60 nm (though this value varies slightly from scan to scan, 
depending on the optical lever sensitivity of the probe). 

 The  V  oc  of a photovoltaic device is given by 
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 where  n  is the ideality factor,  k  is Boltzmann’s constant,  T  is the 
temperature, and  I  il  and  I  dark  are the light generated and the 
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 Figure 1.    Band profi le of n-p junction a) in equilibrium (dark) and b) under illumination.  E  vac ,  E  c ,  E  v , and  .  F  refer to the energy of the vacuum level, the 
conduction band, the valence band, and the Fermi level, respectively.  W  n  d(il)  and  W  p  d(il)  are the work function for the dark (illuminated) n- and p-type 
layers.  E  Fn  and  E  Fp  refer to the Fermi level splitting # µ  upon illumination. c) Cross-sectional illustration of illuminated KPFM setup, used to map  V  oc  of 
photovoltaic materials with nanoscale resolution. The metrology is implemented in ambient environment and only requires the bottom contact of the 
device. For each scan, the probe passes over the surface twice: in the fi rst one topography is acquired, and in the second one the potential difference is 
recorded at a height # H  from the fi rst pass. The illumination source is a 660 nm continuum laser (represented by the red arrow). The SPV, difference 
between the illuminated and dark KPFM signals, is proportional to the  V  oc  of the solar cell.
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dark saturation current, respectively. For a partially illuminated 
solar cell the  V  oc  can be written as 
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 where EQEil , ilI q A/= " " "9 : ,  /  is the number of photons per 
area per time from the light source, EQE o  and EQE  9,:   are the 
external quantum effi ciencies at normal incidence and at an 
incident angle  :  for illumination at wavelength  9 ,  J  dark  is the 
dark current density,  0  is the transmission fraction of the optical 
setup,  A  il  is the area of the solar cell being illuminated,  A  cell  is 
the total area of the solar cell, and  1  is a calibration constant 
(<0), given by 
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   Note that for illumination of the full device, as is the case for 
a solar simulator measurement,  1  = 0. 

 With KPFM, the solar cells are only partially illuminated, and 
the light generated current is very small compared to the situa-
tion of full cell illumination. To determine the expected  V  oc  for 
full illumination using KPFM 

     oc
full

oc
partialV V/ / 1( ) ( )= !   

(7)
 

 where oc
partialV /( )  is the illuminated minus dark KPFM voltage 

signal, i.e., the SPV of the cell. Alternatively, if oc
fullV /( ) is deter-

mined by an independent method, e.g., from solar simulator 
measurements, for the same photon fl ux as the KPFM meas-
urements,  1  can be experimentally determined as 

     oc
partial

oc
fullV V1 / /( ) ( )- !

  
(8)

 

   For our calibration of  1 ,  /  corresponds to 1 sun illumination 
(see Figure S2, Supporting Information). 

  Figure    2   shows the macroscopic characterization of a GaAs 
solar cell, without an antirefl ection coating, used to calibrate and 
test our new metrology; a schematic of the solar cell is presented 
in Figure  2 a. Figure  2 b shows the external quantum effi ciency 
(EQE) measurement for the device under normal incidence illu-
mination. The dark and light  I – V  macroscopic measurements 
were performed using a conventional solar simulator, where we 
adjust the light intensity to mimic different numbers of suns. 
The electrical characterization of the device shows good diode 
behavior, with  V  oc  = 0.83 ± 0.01 V under 1 sun illumination 
(see Figure  2 c). From the intensity-dependent light  I – V  curves 
we infer the  V  oc  dependence with illumination (see Figure  2 d), 
where the photon fl ux corresponds to the Air Mass 1.5 global 
illumination, from 0.1 to 1.0 sun (100 mW cm !2 ). 

   Figure    3   shows a sequence of intensity-dependent KPFM 
measurements. The GaAs solar cell is ideal to test our method 
because it is a very uniform sample (single crystal) with min-
imum height variation (roughness is 5 nm, see Figure  3 a). The 
CPD (voltage signal) of the device increased with the incident 
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 Figure 2.    a) Schematic of the solar cell. b) External quantum effi ciency measurement. c) Light  I – V  curves as a function of illumination (incident power). 
At AM 1.5G 1 sun illumination,  V  oc  = 0.83 ± 0.01 V. d) Open-circuit voltage  V  oc  as a function of incident power (photon fl ux).
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laser power (photon fl ux)—see Figure  3 b–i—indicating that 
more carriers are generated upon increasing illumination, as 
expected. In all cases, the voltage was very uniform because the 
epitaxial GaAs solar cell has an extremely low density of recom-
bination centers. [ 61 ]  The very uniform colored scans shown in 
Figure  3 b–i confi rm the constant CPD signal of the cell, as 
expected for a GaAs monocrystalline device with extremely low 
density of defects (mostly from the original wafer used for the 
epitaxial growth of the device layers). Therefore, the uniform 
color of the scans means that the CPD does not vary within 
the resolution allowed by the AFM probe used (30 nm in dia-
meter), rather than poor spatial resolution. Figure  3 j shows 
the macroscopic  V  oc  (from solar simulator measurements) and 
the  V  oc  signal determined by KPFM, both as a function of the 
photon fl ux. For the KPFM measurements, the  V  oc  is the aver-
aged signal obtained from the scans shown in Figure  3 b–i. 
The calibration constant is  1  = !0.73 V (see Figure S2, Sup-
porting Information). The KPFM measurements are in excel-
lent agreement with the solar simulator ones: the ideality factor 
obtained from KPFM is  n  = 1.9 ± 0.2, which is within 10% (see 
the Experimental Section). According to the KPFM measure-
ments, the average  V  oc  of the solar cell at 1 sun illumination is 
 V  oc  = 0.83 ± 0.02 V (spatially resolved in the inset of Figure  3 j). 
These results demonstrate that by illuminated KPFM we can 
determine the macroscopic value of the  V  oc  for a device, as well 
as locally measure variations in  V  oc  with nanoscale resolution, 
which can be applied to nonuniform PV materials. 

  We extend the illuminated KPFM metrology to a variety of 
PV materials, allowing us to directly image local variations in 
 V  oc  (i.e., # V  oc ) with nanoscale resolution. The # V  oc  maps do 
not require system calibration, i.e.,  1  is not needed.  Figure    4   
shows the scanning electron microscopy (SEM), AFM, dark 
and illuminated KPFM measurements for all samples inves-
tigated in this work: GaAs, monocrystalline Si, CdTe, and 

CIGS, with morphologies ranging from epitaxial to granular 
surfaces. GaAs presents a very uniform  V  oc  (Figure  4 q), with 
spatial variations within the noise level of the KPFM measure-
ments (&10 mV). The  V  oc  map for Si (Figure  4 r) is also very 
uniform, as expected for a monocrystalline material. We inves-
tigate the infl uence of shadowing effects on the  V  oc  values for 
the textured Si sample—see Figure S5 (Supporting Informa-
tion). Briefl y, we fi nd that to compensate the shadowing effects 
of the textured facets we simply need to measure illuminated 
KPFM under two illumination conditions. For CdTe (Figure  4 s), 
different grain interfaces showed different  V  oc , as indicated by 
the dashed areas. This result suggests that the grain boundaries 
act as distinct recombination centers. The CIGS grains present 
remarkable variations in  V  oc  (>200 mV), independent of the 
material topography, see dashed regions in Figure  4 t. Despite 
the fact that the different facets of a crystal can present distinct 
work functions, [ 62 ]  this difference is taken into account by our 
method because both the light and dark KPFM voltage signals 
are measured for the same facets of the crystal. The analysis 
of the role of the grain interfaces on the performance of the 
device is beyond the scope of this paper; however, our meas-
urements demonstrate that nanoscale analysis of  V  oc  in nonuni-
form materials can resolve and quantify the recombination pro-
cesses that currently limit the performance of polycrystalline 
solar cells. [ 63 ]  Controlled growth of grains with crystal orienta-
tion corresponding to the high values of # V  oc  (&0.15 V) could 
potentially boost the overall  V  oc  of the device. Despite the fact 
that CIGS grains grow preferentially along the ;112< orienta-
tion, [ 64 ]  a distribution of grains is usually observed, and to the 
best of our knowledge there is no systematic study correlating 
different grain orientations with device performance. Note that 
while the voltage signal increases with illumination for GaAs, 
it decreases for Si and CdS/CIGS because the scanned layers 
are p- and n-doped, respectively. For the p-type CdTe surface, 
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 Figure 3.    a) AFM topography image (peak to valley = 5 nm). b–i) KPFM images ( V  CPD ) for different incident powers (light source: 660 nm 
laser). j)  V  oc  determined by macroscopic  I – V  measurements (black) and by nanoscale KPFM (green) as a function of incident power from the light 
sources. For the KPFM measurements, the  V  oc  was obtained by averaging over the scanned area, and the error bars refer to the standard deviation. 
Inset shows uniform  V  oc  map with nanoscale resolution.
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the voltage signal decreases with illumination because the work 
function of CdTe (&5.9 eV) is larger than the work function of 
the Pt probe (&5.1 eV) used in the measurements, modifying 
the band diagram confi guration presented in Figure  1 . 

  We resolve local variations in  V  oc  with spatial resolution 
<100 nm.  Figure    5  a shows a # V  oc  map for the CdTe solar cell, 
with a few interfaces that have reduced  V  oc  and, most likely, 
act as nonradiative recombination centers. The full width half 
maximum (FWHM) of the line profi les shown in Figure  5 b–d 
for the lateral variation in # V  oc  is consistently below 100 nm. 
This set of KPFM measurements was acquired using Pt probes 

with 30 nm in diameter, demonstrating that we can accurately 
measure and resolve the  V  oc  with truly nanoscale resolution. 
Higher spatial resolution can be achieved by using smaller 
probes, such as high aspect ratio tips with gold nanoparticles 
on standard Si tips [ 65 ]  or Si probes with 2 nm in diameter. [ 66 ]  

  For polycrystalline PV materials, the direct correlation 
between the structural properties of different grains and the  V  oc  
maps can be used to identify the types of grains which should be 
favored during the thin-fi lm deposition or growth. Further, nano-
structured PV can tremendously benefi t from this new tech-
nique because the identifi cation of nonradiative recombination 
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 Figure 4.    a–d) SEM images of GaAs, monocrystalline Si, CdTe, and CIGS solar cells. e–h) AFM topography images of the same samples. i–l) Dark 
KPFM images. m–p) Illuminated KPFM images using 660 nm laser source with power output = 1 mW, which corresponds to 1 sun illumination 
(100 mW cm !2 ). For Si sample, laser output = 10 mW. q–t) Open-circuit voltage variation (# V  oc ) maps with nanoscale resolution. Dashed areas indicate 
grains and interfaces with local  V  oc  variations only resolved by illuminated KPFM.
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centers can guide the design of the next-generation nano-ena-
bled devices. It is well known that the  V  oc  of a PV device can 
strongly depend on surface passivation, and therefore spatial 
variations in the surface properties can lead to local variations in 
the  V  oc , which can be accurately measured with our technique. 
Further, a recombination center, which corresponds to a region 
with very small diffusion length, can be accurately measured by 
our imaging method. Although the carrier minority diffusion 
length of inorganic PV materials is greater than 100 nm, it is an 
average of the distance a carrier can move from point of genera-
tion until it recombines. Illuminated KPFM does not require the 
preceding knowledge of the sample nor the probe work function 
because the difference between the work function of the mate-
rial surface and the probe under illumination and in the dark 
suffi ces to determine local variations in  V  oc . 

 In summary, we present a new method to spatially resolve 
and image the  V  oc  in partially and fully processed optoelectronic 
devices with nanoscale resolution <100 nm. The  V  oc  is a key 
fi gure of merit to determine the performance of a device; it is 
an indirect measurement of the recombination processes that 
take place within the material. The illuminated KPFM tech-
nique is demonstrated in a variety of photovoltaic materials, 
ranging from epitaxial GaAs to polycrystalline CIGS, where we 

can resolve  V  oc  variation larger than 200 mV at the nanoscale. 
Our metrology, introduced here for the fi rst time, can be applied 
to any optoelectronic device, including photovoltaics, light-
emitting diodes (LEDs), and photodetectors, does not require 
full device processing, is nondestructive, and works in ambient 
environment. Moreover, it can be used to determine if specifi c 
device processing steps are benefi cial or harmful for the ulti-
mate performance of a functional semiconductor material.  

  Experimental Section 
  Solar Cells Fabrication : The GaAs solar cell was obtained from 

M-Comm, and the layer thicknesses are shown in Figure  2 . The cells 
were grown on an n-type GaAs wafer (300 µm thick, 5 = 10 18  cm !3 ), and 
the active regions were cladded by AlGaAs ( E  g  = 1.80 eV, 3 = 10 18  cm !3 ) 
passivation and back surface fi eld layers. The GaAs solar cell used for 
system calibration was extremely small (1 = 3 mm 2 ). As a consequence, 
the ideality factor of the device is particularly high, due to edge surface 
recombination effects. [ 67 ]  The monocrystalline Si solar cell used was a 
commercially available device, formed by n -  and p - doped Si layers, with 
pyramidal texturing to enhance light trapping. The commercially available 
CdTe solar cell measured was formed by the following layers (from top 
to bottom): 4.0 mm of glass substrate, 550 nm of a bilayer transparent 
conductive oxide, 50 nm of n-type CdS, and 3.5 µm of p-type CdTe, which 
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 Figure 5.    a) # V  oc  map for CdTe solar cell. b–d) Line scans showing consistent spatial resolution <100 nm. The full width half maximum that defi nes 
the lateral resolution of the method is indicated in each line profi le.
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was submitted to the standard CdCl 2  treatment. Due to the geometry of 
the device, the illuminated KPFM measurements were performed on the 
exposed p-doped CdTe grains with the original back contact. The CIGS 
solar cell sample was fabricated by sputtering from a quaternary target, 
which consistently produces polycrystalline, highly oriented grains 
with controlled stoichiometry, and a band gap of 1.1 eV. [ 64 ]  Soda lime 
glass coated with 700 nm of Mo was used as the substrate. p-doped 
CIGS fi lms with 2.0 µm in thickness were deposited by RF magnetron 
sputtering. A 50 nm thick n-type CdS layer was deposited by chemical 
bath deposition. For all samples, no antirefl ection coating was added. 
Light  I – V  measurements for all the devices measured here are presented 
in Figure S7 (Supporting Information). 

  KPFM Measurements : The possible infl uence of major experimental 
artifacts was carefully analyzed, and no signifi cant contribution to 
our measurements was found. A detailed study of the infl uence of 
# H  (and therefore topography) on the SPV signal was performed 
and is presented in Figure S1 (Supporting Information). In order to 
minimize the effect of topography on the SPV signal, # H  was kept 
constant for all dark and illuminated measurements presented here. 
Unless indicated otherwise, the probe passed at # H  = 20 nm above 
the topographic scan on the second pass. It has been shown that 
AM-KPFM is susceptible to internal AC-signal couplings which can 
lead to a topography-dependent offset in the applied voltage. [ 68 ]  Thus, 
to ensure no topography pick up we measure the cantilever response 
to electrostatic excitation in both the in- and out-of-phase channels 
across the entire resonance. The response is that of a simple harmonic 
oscillator, without any sign of AC coupling. Because the coupling 
scales with frequency, we choose a cantilever with a low resonance 
frequency. Furthermore, the coupling is independent of illumination, 
so it does not affect our results pertaining to the change in surface 
potential caused by incident light intensity. The cantilever spatially 
averages the tip–sample interaction due to the long-range nature 
of the electrostatic interaction, [ 69 ]  which does decrease the spatial 
voltage variation signal, [ 70 ]  but does not change the voltage shift due 
to illumination. 

  Macroscopic Characterization of Devices : Dark and light  I – V  curves 
were acquired using a full spectrum solar simulator, with 2.0 = 2.0 in. 2  
(50.8 = 50.8 mm 2 ) collimated output, and an Air Mass 1.5G fi lter. The 
output power of the xenon lamp was independently controlled, ranging 
from 0.1 to 1.0 sun (100 mW cm !2 ). The light source was calibrated 
using a 20 = 20 mm 2  reference monocrystalline Si solar cell with a fused 
silica window. 

 For the EQE measurements of GaAs, the light source used was a 
xenon arc lamp that was directed into a monochromator. Two identical 
silicon diodes were used to regulate the spectral response of the EQE 
measurements, one was used as a reference and the other for calibration. 
A beam splitter was placed to guide half of the output light to the fi xed 
reference diode, the other half was directed through an optical path and 
collected at the position of the calibration diode or solar cell sample. 
The ratio of the spectral responses between the reference and calibration 
diode was computed in 10 nm increments. The EQE of the solar cell 
was determined between 390 and 900 nm. Independent calibrations 
were performed before each EQE measurement. A polarizer was used to 
match the polarization of the incident light with the illuminated KPFM 
measurements. 

  V oc  Image Analysis : The SPV images were corrected for drift using 
a correlation function which computes the similarity between two 
topographical scans as they shift in time. The function outputs a value 
that corresponds to the magnitude in which the image is shifted in  x  and 
 y -directions. Once the topography correction was complete the potential 
maps of the dark and illuminated KPFM scans were subtracted.  
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