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ADVANCED PHOTOVOLTAIC MEASUREMENT TECHNIQUES

Lawrence L. Kazmerski
Solar Energy Research Institute
Golden, Colorado 80401, U.S.A.

A survey of measurement techniques for photo-
voltaic research is presented. Characteri=-
zation methods are discussed covering three
major areas: (1) Cell Performance; (2) Elec-
tro-Optical Measurements; and, (3) Materials
Characterization. Examples are given from
current solar cell research and development
in amorphous, polycrystalline and single-
crystal photovoltaic technologies.

Solar Cells, Photoveltaic Measurements

1. Introduction

The accurate determination of the controlling fundamen-
tal parameters and the operational characteristics is essen-
tial for the advancement of photovoltaic materials and dev-
ice technologies. The needs for these measurements span the
range from the analysis of the basic compositional and chem-
ical properties of solar cell candidate materials to the
evaluation of the operational performance of the completed
devicesl—3, The end wuses of such characterizations are
primarily twofold: (i) to improve, understand or document
the cell output characteristics (e.g., efficiency, open-
circuit voltage, short-circuit current, etc.):; and/or, (ii)
to provide diagnostic information on the reliability, sta-
bility or failure mechanisms encountered in theses cell
technologies. In most cases, it is necessary to apply more
than one measurement technique for the unambiguous solution
of a problala's. The wide-range, cost and sophistocation of
the measurements required make it impossible for every solar
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cell research group to be characterization-independent. Ad-
ditionally, the “second party" verification procedure pro-
vides credibility and objectivity for reported results.
These two factors have fostered the cooperative interaction
among research groups and the establishment of multi-
functional facilities to support research and development
operations. This paper reviews the range of measurement
technologies required for support of photovoltaic materials/
device R&D. The emphasis is placed on measurement support
needed to provide intermediate efficiency (i.e., > 10%)
thin-film (amorphous and polycrystalline) and high-effic-
iency (i.e., »20%) single-crystal and multiple junction
solar cells. The purpose of this paper is not to provide an
exhaustive description of each technique nor a detailed
catalogue of all methods. However, a range of major meas-
urements, their strengths and limitations, and the com-
plementary application of these to cell problems are em-
phasized. Three major areas are covered: (1) Cell Per-
formance; (2) Electro-Optical Measurements; and, (3) Mat-
erials Characterization. Throughout these discussions, the
reader should realize the importance of the expertise re-
guired in the interpretation of results, and the required
interaction and communication between the measurement and

device/materials scientists.

2. Cell Performance

The final benchmark for a solar cell is its operational
characteristics. The most-cited parameter for a device is
its efficiency, the measure of its ability to convert the
sun's radiation (photons) into useful electricitys. The
ideal method for determining the performance of a cell might
be thought to be an outdoor measurement--using the sun as
the light source. However, changes in air mass conditions,
atmospheric absorption and scattering, altitude and environ-
mental particulates all affect the terrestrial solar ir-
radiance’. Thus, the spectral distribution of “outdoor"
sunlight varies widely with both location and time of day
and year--making a measurement of a quantity such as cell

efficiency both inaccurate and non-standard. In order to
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Fig. 1. standard spectra for (a) AMO; (b) AM1.5
direct; and, (c) AM1.5 global.

Table 1. The effect of the spectral mismatch index method
on reducing the error in indoor and outdoor measurements of
the short circuit current. (From ref. 13 and 14.)

Qutdoors Simulator

Cell M $Error %Error M $Error S$Error

Uncorr. Corr. Uncorr. Corr.
Si 0.9979 -0.2 0.0 0.99285 -0.6 -0.5
cds/cdTe 1.0174 1.6 =0.1 0.9767 -3.4 =1.1
GaAs 1.0006 0.0 -0.1 0.9881 -1.2 -0.9
cds/CulnSe 0.9420 -5.3 0.6 0.9204 -2.6 -1.7
Si(amorp.) 1.0795 7.8 -0.2 1.1562 15.8 0.2
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reproducibly measure the performance of a cell outdoors,
these irradiance effects must be precisely determined.
Although specific conditions can be set with respect to
atmospheric conditions and irradiance levels, natural sun-
light is not readily available as a standard reference.

Using specified conditions, cell efficiencies can be de-
termined outdoors--but the complex procedure involves
approximately three days of measurement, and many hours of
data reduction’+8. It is the method used to establish cal-
ibrated, terrestrial standard solar cells, and is time-wise
prohibitive for the routine evaluation of cell efficiency.

It should be emphasized that the determination of the
solar cell efficiency depends critically on the spectral
content of the source. The major effect is on the current
produced. Three representative standard spectra are presen-
ted in Fig. 1. The AMO (air-mass zero or outer space) spec-
trum is the one utilized for measurement of space cell tech-
nologies. For terrestrial applications, two choices are
possible, both of which are designated as AM1.5 standards.
The first is a direct spectrum, and has been considered as
the standard since the mid-1970's since its establishment by
NAsR?. This spectrum contains no diffuse or scattered light
components. It can be produced by placing a columnating
tube over the cell during an outdoor measurement, and best
typifies the light a concentrator cell would see during op-
eration. It has always been recognized that the terrestrial
spectrum has a significant scattered light component that
affects the operational characteristics of a photovoltaics
cell. However, since the atmospheric conditions accompany-
ing such a spectrum having both a direct and a diffuse com-
ponent depends so much on location and time, no standard
Spectrum has been implemented--until recently. Since flat-
Plate solar cell are designed to operated under a global

spectruml®, the efficiency determination of such devices is
now becoming common and several standards committees have
adopted a standard global spectrum-—shown in Pig. 1 and com-
pPared to the direct and AMO spectra. A major difference in
the global spectrum is the amount of blue (shorter wave-
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Fig. 2. Comparision of the spectral responses of
several solar cells, including single crystal Si,
amorphous Si, and a filtered single-crystal Si cell
to simulate an amorphous Si standard.
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length) response, especially important for some of the amor-
phous Si:H cell and higher bandgap III-IV alloy cell tech-
nologies. Among the major cell measurement laboratories, it
is now accepted to provide a global spectrum efficiency for
cells designed for a non-concentrator operation. Two points
of interest are that a Si homojunction cell has the same ef-
ficiency under both direct and global spectra (set to the
same power density), and lower bandgap cells lose some in
efficiency due to a lowering in the red content of the
global spectrum.

For reproducible and controlled determination of solar
cell operating parameters, an artificial light source of a
solar simulator is used. For such characterization, two
methods can be employed. The first uses a reference solar
cell and a light source closely matched to the solar spec-
trum (especially in the wavelength response range of the
cell be analy:ed}g'll. The second method is more involved
from the knowledge and measurement of the source's spectral
content and the spectral response of the cell, but provides
very accurate determinations of solar cell efficiency in-
dependent of the reference cell or light sourcel2:13,

The reference cell/light source method is the most com-
mon technique used by cell researchers. A reference cell,
calibrated outdoors (either direct or global) is used to set
the source irradiance, and the cell of interest is measured
against this “standard”. The calibration of the reference
cell was originally established by MASA Lewis-Research Cen-
ter?, and a new ASTM standard is currently being con-
sideredll. Inherent to any such procedure is the assumption
that the reference cell and the cell-under-test have essen-
tially the same spectral response. Thus, for accuracy,
reference cells of the same type must be employed in es-
tablishing simular irradiance levels. Until recently, only
Si reference cells have been available. Using a §i refer-
ence cell with a 1.1 eV bandgap to measure a GaAsP cell with
a 1.7 eV bandgap, leads to an error in the short-circuit
current of 12-15%. Indications of this problem are provided
in the comparisons of the spectral responses of several
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cells shown in Fig. 2. This source of error is now being
minimized by using reference cells with similar spectral
response. It is also assumed that the spectral contents of
the simulator and the outdoor irradiance under standard con-
ditions are the same. Figure 3 compares the spectra of
several common simulator sources with the standard AM1.5
direct spectrum, and the differences are apparent. Careful,
but expensive, filtering of sources can provide spectra
close to the standard ones, but the use of light- and ref-
erence cell-independent techniques might be a simplier

approach.

Two procedures can be used to reduce the error in the
current determination that can accompany the calibrated
reference cell method. The first procedure involves cor-
recting the measured current for spectral mismatch errorsl?,
and is less sensitive to errors in spectral irradiance meas-
urements. If the relative spectral response of the ref-
erence cell, SRy (1), and the test cell SRT(AJ, and the
relative spectral irradiance of the source spectrum, Eg(1),

can be measured, then the spectral mismatch error, M, can be

computed from

JsRa00) Esmad ) & [ SRy00) Eg(1) ax

M= (1)
A
jsaR( ) E;(x) ai anTn) E_ () a
The short circuit current of the test cell, ITK: , can be
corrected for spectral mismatch error to the actual short
circuit current usingl2s13
.
I!-‘-rC 5 Isc ', M (2."

This procedure has been used to correct for spectral
mismatch in a wide variety of cells, reducing the error in
short-circuit current to less than 1% for outdoor meas-
urements and to less than 2% for measurements under a xenon
simulator. A summary comparison of measurments on several
cells using this technique is presented in Table 114, ° The
second procedure omits the two integral involving SRgp(i) in

Eg. 1, and requires absolute E g (») measurements. This pro-
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cedure does not use a reference cell. Using this revised
approach, errors are typically less than 5%.

A typical 1light current-voltage characteristic is pre-
sented in Fig. 4. This cell represents the highest effic-
iency GaAs cell measured at SERI to date. The test condi-
tions are shown on the figure. It should be noted that a
cell temperature of 25 C, rather than the current 28 C, is
being proposed in the new standard procedures. The standard
irradiance is set to 100 lecnz. Automated systems permit
the measurement of light and dark J-V characteristics, the
determination of series and shunt resistances and the evalu-
ation of the diode factor. The spectral response of this
cell is presented in Fig. 5. Unity spectral response is
indicated by the straight line. The spectral response is
derived by measuring the short-circuit current density
(mA/cm?) per incident photon power (mW/cm?) at each wave-
langths. Wavelength separation is gained by either a mono-
chromator or a filter wheel, composed of a set of selected
bandpass filters to cover the wavelength range of interest.
The latter method is usally desirable since it allows a
greater light transmission ontoc the sample. The gquantum-
efficiency of a cell (i.e., the electron-hole pairs created
per incident photon) can also be measured. Either repre-
sentation provides diagnostic information on the cell's
behavior that is useful for device engineers. Typically,
absolute spectral responnse can be measured with an accuracy
of + 58 and repeatability of + 1%.

0f the errors encountered in measuring the efficiencies
of research cells, that relating to the determination of
cell area is the most severel?. The converstion efficiency
of a solar cell is inversely proporticnal to the cell area
(through the illuminated current density). Thus, in order
to measure efficiency accurately, it is necessary to have an
accurate measurement of the cell area. If the cell sub-

strate does not define the area (i.e., more than one cell is
fabricated on a single substrate), the active cell area and
efficiency are open to question. For measuring the perform-
ance of cells, the best (undisputed) method is to use the
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total cell area, including the area covered by grids or

contacts. "Active area" cell efficiencies are sometimes
quoted, and seems acceptable only if the researchers are
attempting to compare material quality and their own fab-
rication technologies (e.g., gridding) are not state-of-
the-art. However, the problem comes when the researcher
"inadvertently"” fails to report that his cell efficiency is
an active area one in his publication. This is misleading
to the reader and unfair to the particular cell technol-
ogylo. Current collection beyond the “geometrically-
defined" area of a cell also provides error. This error can
be substantial for small area (i.e., < 1 cm?) research-type
devices. Laser scanning systems that determine the photo-
response of a cell as a function of position are utilized to
precisely determine cell areas.

3. Electro-Optical Measurements

The electrical and optical characterization of semicon-
ductor materials and junctions are utilized both for diag-
nostic purposes and for baseline indications of cell perfor-
mance?. Electro-optical measurements can range from routine
techniques developed for the semiconductor electronics in-
dustry (capacitance-voltage, current-voltage, conductance-
voltage), to more sophisticated ones developed specifically
for photovoltaics. Current, capacitance and conductance vs.
voltage characteristics provide important information on
carrier concentrations, doping profiles, and electronic
junction location. Analogque and digital techniques have
been developed to provide information as a function of
frequency, with measurements beyond 50 MHz now common.
Combining these results with current-voltage character-
izations, precise determinations of contact resistance and
barrier heights (for junctions and defects) arepossible.

Although these measuremnts are considered “textbook-type®,
the interpretation of the data requires a great deal of
experience. Misinterpretation of C-V results is probably
the most common mistake found in the literature, since
multiple models can be used to explain a given character-
istic. variations of capacitance measurements, such as
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deep-level transient spectroscopy (DLTS) and photocapaci-
tance can be used to provide information of the density-
of-states within the bandgap and the diffusion length of
minority carriers. These fundamental measurements indicate
problems with open-circuit voltage and short-circuit current

parameters in cells.

The basic optical properties of materials are very im-
portant to the modeling engineer/scientist. Because recent
photovoltaic research has been directed toward new materials
or semiconductor alloys, little or no information on their
exact optical parameters is found in the literature. The
basic optical properties of materials are determined through
a wariety of technigues, including ellipsometry, spectro=-
photometry and photoluminescence. Ellipsometry is used to
measure the optical parameters of materials, and the thick-
nessees of thin films?>. Ellipsometric technigues have been
developed to determine these properties individually for
multiple layer thin-film structures. Transmission, reflec-
tion and adsorption coefficients are determined from both
ellipsometric and spectrophotometric techniques. Addition-
ally, the optical bandgaps of semiconductors can be eval-
uated via these methods.

Photoluminescence, or the emission of light due to el-
ectronic transitions from and ot specific states resulting
from characteristic laser excitation, is used to evaluate
the quality of a photovoltaic material. Pholuminescence

provides information on electronic transitions, including
band-to-band and impurity levels. Thus, the bandgap can be
determined. However, photoluminescence provides the most
sensitive tool to measure the presence of low-level impur-
ities in a material. Impurities in semiconductors such as
GaAs and InP have received much attention in the literature,
and levels associated with common impurities are more easy
to identify. However, less investigated semiconductors such
as new photovoltaic materials have had wvery littlé photo-
luminescence research. The interpretation of such spectra
is more difficult--especially in semiconductors controlled

by intrinsic defect mechanisms. A series of photolumin-
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Si-Ge-GaAs structure. (From
ref. 23.)
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escence spectra for n- and p-type CulnSe; single crystals
are shown in Fig. 616:17, Each of the peaks is associated
with a specific transition. Photoluminescence provided the
first information on the differences in defect structure
between these crystal types that was not possible by other
methods.

The decay of the photoluminescence signal has been uti-
lized to measure an important and fundamental parameter of
the photovoltaic semiconductor--the minority carrier life-
timel®, By using a picosecond pulsed laser, the decay in
the signal can be determined utilizing fast photon-counting
techniques. This decay relates to the lifetime of the min-
ority carriers. The minority carrier lifetime is the most
fundamental indication of the quality of a given material to
be utilized in the fabrication of an efficient solar cell.
Thus, an evaluation of the suitabiltity of the starting ma-
terial can be made before subjecting it to the time-con-
suming and costly ensemble of cell fabrication processes.
Lifetimes as low as 10 ps can be determined by this method
in direct bandgap semiconductors. Information of this type,
especially on the III-V semiconductory alloys, is very im-
portant to device modeling scientists for predicting cell
efficiency and providing direction for high-efficiency cell
improvements.

Another laser spectroscopy that is becoming common in
semiconductor diagnostic laboratories is Raman spectros-

copy‘g. This is not a new technique, but one that is
finding new applications. It provides information on com-
position, interactions at interfaces, crystallinity and
impurities. Micro-Raman techniques have been developed

which permit the examination of small areas and regions near
the surface of a device.

4. Materials Characterization

The crystallographic, electronic, defect, topographical,
chemical and compositional properties of materials and in-
terfaces, all of which can be controlling entities for cell
operation, can be determined using advanced microscopy and



235

micro-spectroscopy technigques. These can generally be cat-
egorized into two considerations: (1) volume or bulk anal-
ysis; and, (2) Surface analysis. These methods have recent-
ly been reviewed specifically for photovoltaic applications
in the literature, and the reader is referred to this mater-
ial for a more complete examination20.

Especially for materials being developed for photovol-
taic applications, a determination of the stoichiometry is
important. This determination can be used to adjust mater=-
ials growth techniques in order to bring about desired com-
position. Electron probe microanalysis (EPMA) is wused to
determine the chemical composition of the top 0.5 to 2.0 um
of a material?l. 1n EPMA, X-rays characteristic of the ele-
ments in the sample are generated from excitation by an
energetic electron probe. Energy despersive spectroscopy
(EDS) provides a semi-quantitative determination of ele-
mental composition. Wavelength dispersive spectroscopy
(WDS) has superior sensitivity, better peak resolution and
is less disturbed by background noise. Thus, WDS provides
better gquantitative analysis. With computer control, as
many as 50 samples can be examined per day--providing rapid

analysis. Elemental sensitivity wvaries due to matrix ef-
fects and element type, but typically concentrations to 0.1
at.-% can be measured.

The applications of scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) have been widely
publicized??. [n their common applications, SEM (with ap-
Proximately 30 A spatial resolution) is wused to provide
three-dimensional information on topography, and TEM (with
better than 3 A spatial resolution), information on defects
within materials and devices. A cross-sectional TEM mic-
Tograph of a Si/Ge/GaAs structure grown by molecular beam
epitaxy is presented in Fig. 723, This structure is used
in the fabrication of multiple-junction solar cells, with
the Ge layer providing a lattice match for the growth of the
GaAs, and inhibiting the propagation of dislocations into
the ITI-v layer.



236

AES Signal

In
[b] dNIEI/dE -E
1 L ¢l } bk s 1 L 1
146 438 T30 1022 1314

Auger Electron Energy (eV)

Fig. 8. AES survey scans of CulnSe, thin film; (a)
direct (N(E)-E) Auger electron spectrum; (b)
differentiated spectrum.

104
o WP o (B0
2 ! TS
$ 10° 4 1285, 14" 130, "
=
;1m_ p
= 129g; gl
7] 4
L, 1285 ps
1o 4 J
g > l P 3
Mass

Fig. 9. SIMS spectra of amorphous Si:H cell layer
doped with P. High mass resolution enables
separation and identification of the iso-mass peaks.
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Electron-probe instruments, such as the EMPA and SEM,
can be used for complementary microelectrical character-
ization techniques. Electron-beam inducea current (EBIC)
utilizes the scanning of the focussed electron beam across a
sample, while monitoring the induced electronic current.
Changes in current collection can be spatially-resolved?4.
These changes in current collection locate the position of
depletion regions, such as junctions and grain boundaries.
References to EBIC data applied to photovoltaics are common
in the literature20:25, However, the researcher should be
careful since (as with many techniques employing energetic
electron probes) it is possible to create artifacts that are
not device inherent.

An expanding area of materials and device character-
zation is that of surface analysisQG. These technigues
examine the topmost 3-50 A of a meterial for elemental com-
position. They utilize a variety of input probes (elect-
rons, ions, X-rays, and photons) and detect several output
particles (electrons, ions)20, The common technigues are
Auger electron spectroscopy (AES) (electrons in - electrons
out), X-ray photoelectron spectroscopy (XPS or ESCA) (X-rays
in - electrons out), secondary ion mass spectrometry (SIMS)
(ions in - ions out) and ultraviolet photoelectron spectros-
copy (UPS) (ultraviclet radiation in - electrons out). The
output of these techniques provide fingerprints that are
indicative of the eledmental species being examined. A rep-
resentative AES spectrum for CulnSe, is presented in Fig. 8.
The energy location of each peak represents an energy tran-

sition for a given atom. Handbooks are available to help

interpret such data. Each surface analysis technique has
its own particular strength20. AES uses an incident elec-
tron probe, and thus can provide high spatial resolution and
mapping of impurities on surfaces. XPS is the least dam-
aging, since it employs X-rays as the input probe. Addi-
tionally, chemical bonding information is gained since core
electrons are analyzed. SIMS provides the most sensitivity
to trace elements. For example, B in Si can be detected to
about 1014/cm3, (This compares to about 0.1 at.-% using
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either AES or XPS.) SIMS can also provide high mass resolu-
tion. Fig. 9 shows the mass 31 peak for an amorphous hydro-
genated Si cell. The P dopant and the various Si-H peaks
can be resolved. This allows for the quantification of H in
amorphous Si, an important determination for that solar cell
technology- Depth-profile information can be gained with
these technigques. For AES and XPS, sputter etching can be
combined with the relevant spectroscopy to determine the
depth profile of the elemental species. In SIMS, the
sputtering is inherent to the process. Recently, wvolume-
indexing of the SIMS data has been accomplished, and
provides for the first time the ability to view maps of ele-
mental impurities and molecular species on internal inter-
faces using a single dynamic SIMS anhlysiazs.

5. Summary

The purpose of this paper has been to provide a survey
of characterization techniqgwues used in photovoltaic re-
search and development. This survey is not exhaustive, but
representative of common methods in each of the defined

measurement areas. Two observations should be emphasized.
FPirst, the techniques themselves are not sufficient to the
solution of a problem. Expertise is required for the proper
application of the method and the interpretation of results.
Second, the complementary application of two or more diag-
nostic technigques is wusually required for the unambiguous
solution of a materials/device problem.
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