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INTRODUCTION

The Sun is an abundant, easily accessible power
source that is currently underutilized, will possibly
become the no-alternative choice for electrical power
of humankind [1]. It is believed that the most promis-
ing way to convert solar power is by the photoelec-
tric method used in solar cells (SCs) [2]. The energy
program of the European Union envisions that no less
than 3% of electric power will be provided from solar
installations by 2020 [3].

In the United States, the Solar America Initiative pro-
gram anticipates that the volume of the “photovolta-
ic” market will already be $5-10 billion by 2015, with
an increase to $20-30 billion by 2030 [4]. Interesting-
ly, the factor hindering more intense development of
the SC market is the high cost per Megawatt of pro-
duced electricity, rather than the energy conversion
efficiency of SCs.

FORMULATION OF THE PROBLEM

Al 0.4Gao,6A$'p "

GaAs-n** 15nm

30 nm
30 nm

Al 0469, ASP™
GaAs-n**

1—

Ge-substrate (p doped)

Fig.1. Schematic of an MJSC with three subcells. Designations: various
tints of pink, p-type layers of the heterostructure; lightbluetints,
n-typelayers; and yellow, highly conducting layers of tunnel diodes and
contact layers. The digits show the p-njunctions inthesubcells based on
(1) Ge, (2) GaAs, and (3) GalnP,

At present, the highest efficiencies, some ex-
ceeding 40%, are exhibited by multijunction (MJ)
SCs based on semiconductor nanoheterostruc-
tures [5]. MJ SCs consist of several subcells with
p-n junctions and barrier layers of various semi-
conductor materials.

These subcells are arranged in order of de-
creasing energy bandgaps from the photosen-
sitive surface to the substrate, being linked by

oppositely connected tunnel diodes. Each sub-
cell converts into electricity the energy of the
short-wavelength part of the incident spectrum
and transmits its long-wavelength part to the
next subcell. Thus, the energy of the whole solar
spectrum is segmented and collected, resulting
in high efficiencies. It is, however, important to
note that the most inefficient subcell determines
the overall efficiency of an MJ SC. Diagnostics
of the constituent layers of such a composite



device is commonly made using indirect, inte-
gral measurement techniques and mathematical
simulation (see, e. g., [6]). Information obtained
this way is not always unambiguous because it
requires the solution of multivariate inverse
problems. An unambiguous determination of

EXPERIMENTAL RESULTS AND DISCUSSION

the weakest segment will likely require separate
monitoring of the operation of all the constitu-
ent subcells. (From the standpoint of circuitry, it
is necessary to find the least efficient element in
a set of series-connected photodiodes).

Below is considered an example of how the
NTEGRA Spectra «AFM — confocal — Raman — flu-
orescence» Probe Nanolaboratory (PNL) is used
to study MJ SCs based on a GalnP,/GaAs/Ge het-
erostructure with three p-n junctions. The total
number of layers exceeds 20, and individual lay-
ers less than 20 nm thick (see Fig. 1). The meth-
od of Kelvin probe force microscopy (KPFM) was
used to measure the surface potential profile
variations of a cross-section-cleaved SC in rela-
tion to the intensity, wavelength, and beam po-
sition of a laser excitation source. According to
the schematic of the layers in Fig. 1, the distance
between the p-n junctions of neighboring sub-
cells based on GaAs and GalnP, is shorter than
a micrometer. The monitoring of the response,
surface potential variation, of a separate subcell

Ge GeAs GaInP2

(c)

was enabled by focusing the excitation laser into
a submicrometer spot. An objective with a nu-
merical aperture of 0.7 and resolving power of
400 nm, was used in the confocal laser micro-
scope integrated in the NTEGRA Spectra PNL. An
AFM cantilever is positioned below the objective
allowing simultaneous optical excitation and AFM
measurements (Fig. 2b). Importantly, the instru-
ment allows both independent and synchronized
scanning of laser spot (using piezo- driven mir-
ror) and the sample (using a sample piezo-scan-
ner). Figures 2c and 2d show optical micrographs
of cleaved surfaces of an MJ SC during an experi-
ment. Near the edge of cleaved surfaces, spots
of light from blue and red lasers focused on the
p-n junctions can be seen in the subcells of Ge
and GaAs, respectively. A topographic image and
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Fig. 2. (a) Schematic of layers in an MJ SC with the same color designations as those in Fig.1. The three p-n junctionsare shown by arrows. (b)
Schematic of experiment. Optical micrographs of the edge of the cleaved surface of a SC during a KPFM experiment under focused photoexcitation
of (c) the p-n junction in Ge with ablue laser (473 nm) and (d) p-n junction in GaAs with a red laser (785 nm). Latin numerals designate: () Ge sub-
strate, (Il) I1I-V layers (GaAs and GalnP), (1ll) free space, and (IV) KPFM cantilever. The optical microscopeis focused on the Ge substrate in Fig. 2c,

and on the IlI-V layers in Fig.2d.



a map of the contact potential difference signal
in the region in which the main MJ SC layers are
located is shown in Fig. 3. The left half of the top-
ographicimage in Fig. 3a shows a sharp change in
the surface topology. In this region, the smooth
relief of the Ge substrate (situated on the left)
abruptly changes to the striated topology of the
[11-V layers.

The significant difference between the topogra-
phies of Ge and IlI-V layers is also seen in the
optical micrographs in Figs. 2b and 2c. Crystals
of 1l1--V materials are easily cleaved to form per-
fectly planar and atomically smooth surface, but
only along {110} basal planes. This intrinsic prop-
erty is, for example, used in the fabrication of
mirrors for injection lasers based on IlI-V com-
pounds [7]. Crystals of Ge (and also Si) preferen-
tially cleave along different crystal planes.

The Ge substrate is two orders of magnitude
thicker than all the other layers in the MJ SC,
and therefore, cleavage propagation directions
are predominantly based on the substrate. The
cleaved Ge surface is significantly non-coinci-
dent with the basal plane of Ill- V layers. It is this
lack of coincidence that leads to the formation
of the strongly visible stepped topography on the
cleaved surface of IlI-V layers.

The map of the contact potential difference (CPD)
in Fig. 3b shows features in good agreement with
the expected built-in potential differences in the
bulk heterostructure under full darkness condi-
tions. The model profile of the built-in potential
is shown in Fig. 3c above the schematic of layers
of the heterostructure.

The small potential drops across thin tunnel-
transparent layers are disregarded and the sim-
ulation describes a smoothed variation of the
potential. The CPD map, however, shows that
near the p-n junction on the surface of the GaAs
subcell, there is only a subsequent decrease
in the CPD signal instead of the expected peak
(see Fig. 3c).

The variation of the built-in potential, see Fig.
3c marker 1, is not observed the light band re-
gion in the image in Fig. 3b. The light band re-
gion corresponds to well- doped transition layers
between Ge and the GaAs subcell. These dis-
crepancies occur because the surface potential

(c)

Fig.3. KPFM study of the cleaved surface of an MJ SC in the dark.
During measurements both contacts to the MJ SC were grounded.
(a) Topographic image of the cleaved surface profile, measured in
intermittent contact mode (the color-scale contrast spans the height
variations of 0.85 um). (b) Map of the CPD signal measured in the
second pass in the absence of an external photoexcitation (the color-
scale contrast spans the CPD variations of 1.05 V). (c) Smoothed
equilibrium profile of the built-in potential (from model). Schematic
of the layers: arrows with digits show the p-n junction positions in
the subcells (see also color designations in Fig. 1). Measurement
parameters: AFM laser with a wavelength of 650 nm used in the
system for cantilever deflection detection, noncontact VIT_Pprobe,
resonance at 257 kHz, surface potential signal was measured at 100
nm lift height and U =2 V.

of the semiconductor structure differs from the
potential in the bulk by the amount of near- sur-
face band bending, which is not known for an
arbitrarily cleaved sample. The best agreement
between the results of simulation and the ex-
perimental data can be achieved by studying
distributions of the external voltage applied to
contacts of the structure [8,9] and surface pho-
tovoltage (SPV ) distributions [10].

Below, the second case is analyzed in more detail.
When the semiconductor surface is exposed to
light with a photon energy exceeding the en-
ergy bandgap of the material, the separation of
photocarriers by the near-surface field results in
minority carriers emerging at the surface, which



makes the band bending smaller [11]. This mech-
anism is operative for semiconductors with sur-
faces depleted of majority carriers, in which the
surface photovoltage has the opposite sign to
that of majority carriers.

In a complex structure, photocarriers can be
separated not only in the near- surface field, but
also in the bulk due to the field of built-in barri-
ers. For example, it is possible to predict changes
in the surface potential upon illumination of a
single p-n junction.

Because of the photocarrier separation in the
near-surface field, the p side is charged nega-
tively, and the n side positively. By contrast, the
separation of photocarriers in bulk material from
the field of the p-n junction charges the p side
positively, and the n side negatively.

If, for example, the number of photocarriers
separated in the field of the p-n junction exceed
those separated in the near-surface field, then
the surface photovoltage will decrease, passing
from the p side to the n side. If the contacts to
the p and n sides are shorted, then the contribu-
tion from the bulk separation is eliminated, and
the surface photovoltage will increase upon such
a transition. Qualitatively, the photovoltage pro-
file can be simulated in the same way in more
complex compound structures, such as MJ SCs.

Figure 4 shows two sets of simulated and mea-
sured photovoltage profiles from a cleaved sur-
face in alternate photoexcitation of p-n junctions
in three subcells of MJ SCs.

The first set, Figs. 4a-4c, was obtained with blue
laser excitation (wavelength A = 473 nm), and
the second, Figs. 4d-4f, with red laser excitation
(A =785 nm).

The photoexcitation densities were approxi-
mately the same in both cases, 2-3 mW/um?. The
focal spot diameter D was calculated using the
Rayleigh criterion D = 1.22 A/NA, where A is the
laser wavelength, and NA = 0.7 is the numerical
aperture of the objective.

The surface photovoltage profile was determined
by the difference of CPD values measured under
photoexcitation and in the dark. The simulation
process, as described in the preceding paragraph,

was performed with the following conditions;
the contacts to the MJ SC are shorted,the pho-
tovoltage appearing in the bulk of a p-n junction
exposed to light is distributed among the barri-
ers of two nonilluminated p-n junctions.

For simplicity, the capacitances of these two
junctions are considered to be equivalent. The
light from the blue laser is absorbed by all lay-
ers in the MJ SC and light from the red laser is
not absorbed by the wide- bandgap GalnP, lay-
ers. The photoexcitation intensity gradually de-
creases away from the focusing region.

In the experimental photovoltage profiles, the
arrows show a dip in Fig. 4b and a peakin Fig. 4c.
The simulation also predicts these specific fea-
tures. The mechanism of their appearance is dis-
cussed in more detail below.

The GaAs subcell is insulated from the contacts
to the MJ SC by the potential barriers at the p-n
junctions of the neighboring subcells. If it is ex-
posed to blue light, separation of photocarriers
in the field of the p-n junction results in elec-
trons ejected into the n layers of this subcell. For
this reason, a negative potential appears in the
bulk of these n layers and in the p layers of the
GalnP, subcell.

Because of the photocarrier separation in the
near- surface field, the surface of the p layers is
also negatively charged relative to the bulk. The
joint effect of both processes forms a deep dip in
the surface photovoltage profile when it passes
across the p layers of the GalnP, subcell, as seen
in Fig. 4b.

If blue light is replaced with red light, no pho-
tocarriers are generated in the wide-bandgap
GalnP, layers. As a result, the dip should be less
pronounced, which is indeed observed in Fig. 4e.
When the GalnP, subcell is exposed to blue light,
a positive potential appears in the bulk of its p
layers and is transferred to the n layers of the
GaAs subcell.

The photoeffect at the surface of the n layers
is also positive, and a peak corresponding to
these layers appears in the photovoltage profile
(Fig. 4c). These considerations are helpful in the
gualitative explanation of the shape of all of the
profile curves.
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Fig.4. Comparison of experimental and simulated data. (a-c) Photoexcitation with laser light (A = 473 nm) focused on the p-n junctionsin (a)
Ge, (b) GaAs, and (c) GainP,. (d-f) Photoexcitation with laser light (A = 785 nm) focused on the p-n junctions in (d) Ge, (e) GaAs, and (f) GalnP,.
Designations: SPV, experimental surface photovoltage profile. A simulated profile is also given above each plot. Below, under all the plots are
shown schematics of layers in MJ SCs (with the same color designations as those in Figs. 1-3). omparison of the experimental and simulated

data. (a-c) Photoexcitation with laser light (A = 473 nm) focused.



CONCLUSIONS

The study of a solar cell with three subcells based on
Ge, GaAs, and GalnP, in a NTEGRA Spectra PNL dem-
onstrated that operation of each subcell could be sep-
arately monitored. The experimental surface- photo-
voltage profiles obtained are in good agreement with
results of the qualitative simulation. The agreement
between the simulation results and experimental
data also indicates that there are no parasitic barri-
ers in the multijunction solar cell under study for the
chosen photoexcitation densities.

It should be noted that the NTEGRA Spectra PNL,
integrating AFM with confocal optical spectroscopy
techniques, offers a substantially broader set of capa-
bilities for solar cell diagnostics than that considered
in the present communication. The NTEGRA Spectra
PNL provides the following measurement techniques
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with submicrometer and nanometer spatial resolu-
tion: surface topography; local conductivity; varia-
tions of potentials and charges, built-in or induced
by external bias or photoexcitation; evaluation of
compositional homogeneity and material defects;
spatial and spectral variations of transmittance, re-
flectance, and other optical properties; localization
of nonradiative recombination regions; monitoring
of p-n junction positions; monitoring of heterointer-
face transitions; and mapping of mechanical stresses.
All of these measurement scan be used to optimize
the solar cell technology. For example, the internal
design of solar cells can be optimized via correlation
of regions having the maximum photovoltaic conver-
sion efficiency with data on variation of the chemical
composition, layer thickness, profile, defects, optical
parameters, etc.
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