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Abstract—Techniques to permit in-line characterization during
various stages of solar cell research, development, and manufac-
turing provide a convenient means for optimizing yield, cost, and
efficiency. Photoluminescence measurements are widely used for
material characterization. This paper examines photolumines-
cence excitation spectroscopy (PLE) in which the steady-state pho-
toluminescence is monitored as a function of the wavelength of
the incident illumination. The use of PLE for in-line optical char-
acterization of direct bandgap crystalline solar cells is explored.
With a novel LED-based setup, we measure the PLE response of
a GaAs solar cell. Using drift-diffusion numerical simulations, we
evaluate the relation between PLE and EQE measurements, and
also compare the PLE measurement with the corresponding EQE
measurement in order to establish the correspondence between the
two techniques.

Index Terms—Crystalline materials, photoluminescence, photo-
voltaic cells.

I. INTRODUCTION

HE continuous search for efficient, reliable, and inex-
T pensive solar cell materials and structures demands a
characterization technique with quick feedback for optimizing
solar cell fabrication processes. Hence, in-line monitoring tech-
niques that do not require the fabrication of completed solar cells
can play an important role in solar cell research, development,
and manufacturing. Photoluminescence (PL) measurements,
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especially in the form of time-resolved PL decay are widely
used [1]. The various types of photoluminescence excitation
spectroscopy (PLE) are also widely used for material character-
ization [2]-[4]. In this paper, we examine a technique that has
been used to study GaAs solar cells and that can, under the right
conditions, predict the external quantum efficiency (EQE) of a
complete solar cell for a contacted structure.

To conduct a PLE measurement, a monochromatic light flux
@exc (Aexc ) photogenerates free carriers in the solar cell device
under open-circuit conditions. Some of the free carriers subse-
quently recombine radiatively and emit a PL signal, ¢cyis, that
is collected, while the rest recombines nonradiatively. The PLE
efficiency is defined as

PLE()\exc) = ¢emit /¢exc ()\'exc)~ (l)

Exploiting the fact that the radiative recombination can be spa-
tially dependent, the PLE measurements are useful in deriving
surface and bulk recombination parameters [5], [6].

Another common solar cell characterization technique is the
measurement of the external quantum efficiency. In an EQE
measurement, free carriers are photogenerated with an excita-
tion spectrum as in PLE, and for each excitation wavelength,
the short circuit current, J,., is measured. The EQE is defined
as

EQE(}‘-exc) = Jsc/q¢ex(:()‘-ex(:)- ()

The EQE measurement is a standard, widely deployed tech-
nique in solar cell characterization that can provide information
such as optical losses, surface and bulk recombination, and ma-
terial bandgap. A drawback of the EQE measurement is the
requirement for electrical contacts, which is typically one of the
very last steps in the cell fabrication process, thus, rendering it
unfit for in-line characterization, which the PLE measurement,
on the other hand, is perfectly suited for.

Pettit et al. [5] and Woodall et al. [6] have shown experimen-
tally for a GaAs solar cell, that the PLE and EQE measurements
have similar spectral shape. Subsequent work by Rau [7], [8]
showed analytically that there is a fundamental connection be-
tween EQE and electroluminescent emission, and this relation
has been used by Green [9] to indirectly deduce the external
radiative efficiency of a cell from its measured EQE. If a clear
connection can be established between the EQE and PLE spec-
tra, then the usefulness of the EQE measurement can be extended
into the in-line characterization where it is much needed.
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In this paper, we explore the relationship between PLE and
EQE spectra, describe a simple LED-based instrumentation for
PLE studies, and illustrate this technique by measurement on a
GaAs solar cell. In Section II, we use detailed numerical sim-
ulations of a model GaAs p-n junction solar cell to compare
the EQE and PLE spectra. We study the sensitivities of the two
spectra to transport properties and to bulk/interfacial recombi-
nation, and establish the conditions for which the two spectra
are similar. Section III describes the LED-based instrumenta-
tion, and the corresponding PLE and EQE measurements on
a GaAs solar cell. In Section IV, we comment on the criteria
for a spectral similarity between the PLE and EQE. Finally, we
conclude and summarize the findings in Section V.

II. NUMERICAL STUDIES

A. Simulation Method

To examine the connection between PLE and EQE measure-
ments, the numerical simulations of model structures were con-
ducted. The numerical simulator solves the continuity equations
for electrons and holes, coupled with Poisson’s equation, using
a simple Beer’s law treatment of optical absorption. For these
studies, we used the ADEPT simulation program [10].

From the simulation for a specific wavelength of illumina-
tion, Aexc, the position dependent radiative recombination rate,
Riaa = B(n(z)p(z) — n?), is obtained (here n(x) and p(z)
represent the nonequilibrium carrier densities for electrons and
holes, respectively, and n; is the intrinsic carrier density). The
radiative recombination profile is then numerically integrated
across the device to obtain the total radiative recombination
within the device. The photoluminescence signal Ipy, = f(Aexc)
is assumed to be proportional to the total radiative recombina-
tion within the device. Note that this approach does not account
for self-absorption and photon recycling effects. A fully self-
consistent electrical/optical model that treats these effects [11]
was used to test a few specific cases, and no significant differ-
ences were found, if an effective value of B = 3 x 107'%cm? /s
was used.

B. Device Simulation

A high quality GaAs p-n junction, whose band diagram is
shown in Fig. 1(a), is considered first. The mobilities of electrons
and holes in the n-type absorber are set at z. = 3000 cm? /V -s
and p; = 150 ¢cm?/V-s, respectively, while for the p-type
emitter 1, = 4000 cm?/V s and yj, = 250 cm?/V-s. The ab-
sorption spectrum is obtained from the experimental datain [12],
and front and back surface recombination is assumed to be zero.
A radiative recombination coefficientof B = 3 x 107!* cm?/s
was assumed, yielding a radiative lifetime of 7,9 = 30 ns,
which is considerably shorter than the nonradiative 7gry =
100 ps. With the aforementioned parameters, a diffusion length
of L, ~ 3.4 um is deduced, which is larger than the absorber
thickness, and explains the high EQE values and the good car-
rier collection as observed in Fig. 1(b). Fig. 1(b) also shows
the simulated PLE spectrum under open-circuit conditions
with monochromatic excitation in the range of 400-900 nm.
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Fig. 1. (a) Band diagram of the model p-n junction device under open-circuit
conditions and monochromatic excitation at A = 500nm. (b) Simulated EQE and
PLE spectra of the model p-n junction device, with the PLE spectra simulated
under open-circuit conditions.
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Fig. 2. Simulated PLE and EQE spectra of p-n junction device, with
(@) pp =1 cm?/V-sand (b) 7sgg = 10 ns.

As Fig. 1(b) shows the open-circuited PLE and the short-
circuited EQE spectra are essentially identical for this model
structure.

In order to examine the similarity between EQE and PLE, we
simulate these spectra under three different conditions associ-
ated with transport and surface/bulk recombination.

1) Mobility: Realsolar cell mobilities are often considerably
smaller than those assumed for the model device, especially for
thin film materials. Fig. 2(a) shows the comparison between PLE
and EQE for an absorber with hole mobility i, = 1 ¢cm?/V s,
which corresponds to a diffusion length of L, = 0.28 pm. The
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Fig. 3. Simulated PLE and EQE spectra of g)—n junction device, with surface
recombination velocity set to sy /(s;,) = 10° cm/s at (a) front surface, and
(b) back surface. For the latter case, only the absolute EQE is shown, since the
normalized and the absolute EQE coincide.

main features observed are: 1) the suppression of EQE at longer
wavelengths due to poorer carrier collection, and 2) the insen-
sitivity of the PLE response to mobility degradation. The dif-
ference is readily understood. The low carrier mobility reduces
the diffusion length, which lowers carrier collection and the
EQE, but the low mobility does not affect the internal quantum
efficiency; therefore, the PLE spectrum is unchanged.

2) Lifetime: Nonradiative recombination can significantly
influence both the PL intensity, and the collected photocurrent.
In order to explore the effect of lifetime, we reduced an SRH life-
time to Tsgg = 10 ns. Fig. 2(b) shows the PLE and EQE spectra
simulated for this case. The EQE response is unaffected, because
the minority carrier diffusion length L, ~ 1.7 um is still long
enough for good carrier collection. In this case, the nonradia-
tive lifetime 7,,, = 10 ns becomes comparable to the radiative
lifetime 7, = 30 ns. We see a significant drop in absolute mag-
nitude for the PLE, but no significant difference in the qualitative
shape between the PLE and EQE spectra can be observed.

3) Surface Recombination: Finally, we examine the effect
of surface recombination on PLE and EQE spectra. First, the
front surface recombination velocity was setat sy = 10" ¢cm /s,
and the back at s;, = 0 cm/s. The effect on the PLE spectrum is
shown in Fig. 3(a). A large front surface recombination velocity
leads to an overall degradation of the PLE signal as well as to a
strong suppression for short wavelengths, when the generation
occurs primarily close to the front surface recombination sink.
The short wavelength EQE also shows a similar trend. Next,
the same surface recombination velocity of s, = 107 cm/s was
chosen for the rear surface, and the front surface was set to
sy = 0 cm/s. In this case, as seen in Fig. 3(b), the PLE and EQE
spectra display a similar degradation of overall intensity, but the
intensity suppression now occurs at longer wavelengths.
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Fig. 4.  Structure of the GaAs solar cell.

A discussion of the aforementioned simulation findings with
the use of an analytical model is provided in Section IV.
To summarize, simulation of model structures show that the
short-circuit EQE, and open-circuit PLE spectra display similar
shapes, and, under the right conditions, can even be identical.

III. EXPERIMENTAL STUDIES

To demonstrate that PLE works as the simulations discussed
in Section II suggest that experimental studies were conducted
on a high-quality GaAs solar cell. Considering the application
of this study as an in-line contact-less technique for solar cell
characterization, a novel cost-effective instrumentation, based
on LED sources was developed. This approach coupled with
the simulation techniques provides a reliable characterization
of solar cell devices in industrial and research applications.

A. Sample Preparation

Measurements were carried out on a GaAs solar cell whose
structure is shown in Fig. 4. The cell was designed as an isotype
cell from atriple junction solar cell one. Starting from the top, the
structure consists of a n-type GaAs top contact layer, followed
by an InGaP (E, = 1.87 eV) window layer, which transmits
light for Acy. > 600 nm. The active homojunction consists of a
n-type emitter with a thickness w = 0.05 pm, and doping den-
sity Np ~ 10'®/cm? on the top of a GaAs p-type absorber with
doping density N4 ~ 10'7/cm?, and a thickness w = 3.4 pm.
At the bottom of the absorber is a 0.1 ym AlGaAs back surface
field layer, a 3.3 um GaAs buffer layer, and the Ge substrate.
All layers were epitaxially grown by organometallic vapor phase
epitaxy (OMVPE).

B. Instrumentation

A PLE measurement requires an equal number of optical car-
rier generation at different excitation wavelengths, which means
a constant photon flux at each excitation wavelength. Hence, the
incident radiation power must be inversely proportional to the
excitation wavelength. In addition, a sufficient temporal stabil-
ity of the incident photon flux is desired for a reliable PLE
acquisition. As a source for optical spectroscopy, LEDs possess
all the desired features which the incandescent and arc lamps
lack. With the anticipated increase in brightness and luminous
efficiency [13] (particularly at shorter wavelengths) along with
their small size and low cost, LEDs offer significant improve-
ment over conventional sources for PLE spectroscopy. With
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additional current and temperature tuning of suitable LEDs,
higher intensity can be extended to desired wavelengths in or-
der to obtain improved resolution in the PLE spectra. The PLE
setup shown in Fig. 5 consists of a temperature controlled LED
source [14] containing a set of bright LEDs optically coupled to
a multiplexer which selects the radiation from a desired LED.
The output radiation from the multiplexer is then illuminated
on the cell with an optical fiber. The PL radiation generated
by the sample is then collected and focused on the entrance
slit of a spectrometer for spectral analysis. In contrast with an
EQE measurement, a PLE measurement requires additional in-
strumentation to reliably detect low PL intensity with the back-
ground of scattered excitation light. The LEDs used in this study
easily provide up to 10 mW/mm? of incident radiation density
in order to generate a PL signal with sufficient S/N under a
typical low-level injection condition. Furthermore, lock-in de-
tection was used to improve the detection sensitivity for samples
exhibiting extremely weak PL. In this case, the rapid switching
capability of the LEDs was exploited to eliminate the need for a
mechanical chopper typically used in this technique. The excita-
tion light scattered from the sample along the optical path of the
spectrometer was eliminated with a set of high optical density
bandpass filters placed in front of the spectrometer. In order to
avoid the spectral region overlap of the scattered radiation and
that of the filter passband, appropriate LEDs were used with
temperature tuning.

C. Experimental Results

Fig. 6(a) shows the measured PL spectrum of the GaAs solar
cell with 720 nm LED excitation. A constant photon flux of
9 x 10" photons/s was maintained for all the excitation wave-
lengths. The spectral width of the LEDs varied from 20 nm
FWHM at 440 nm, to 30 nm FWHM at 780 nm. Simulations
indicate that the spectral width of the LED does not have a
significant effect on the measured PL spectrum. Measurements
with excitation wavelengths near the absorption edge are dif-
ficult due to the overlap of the spectral region between LED
radiation and PL emission. Fig. 6(b) shows a comparison of the
experimentally observed PLE and EQE spectra. The PLE data
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Fig. 6. (a) PL spectrum of the solar cell at the 720 nm excitation. (b) Compar-
ison of measured EQE and PLE spectra for GaAs homo-junction solar cell. The
PLE spectra was measured with a constant photon flux of 9 x 10> photons/s.

points represent the intensity of the emitted PL signal at §70 nm
[the peak of the emission in Fig. 6(a)]. In a typical PL experi-
ment, only a fraction of the emitted photons are collected, so the
PLE spectrum is scaled in order to match the magnitude of EQE
spectrum. The constant background in the PL spectrum due to
the combination of detector offset and stray light is subtracted
from the intensity measurements in order to match the zero of
the EQE spectrum. The comparison indicates that the result is
in good agreement with the simulations for a high-quality junc-
tion. The sharp drop near 700 nm in both EQE and PLE is due to
the absorption of InGaP window layer, which inhibits light flux
from reaching the GaAs layer, and consequently affects both
spectra.

IV. DISCUSSION

As discussed in Section II, the short-circuit EQE, and open-
circuit PLE are not always equivalent. For example, in case of
a perfect absorbing solar cell with long and equal nonradia-
tive (7, ), and radiative (7,.) lifetimes, the PLE signal has a
magnitude of 50%, but the EQE signal approaches 100%, since
recombination under short-circuit conditions is minimal, but the
internal quantum efficiency (relevant for PLE under open-circuit
conditions) is 50%. As discussed in Section II, however, there
are similarities between the EQE and PLE spectra, and the dif-
ferences can, in principle, be used to deduce more information
than could be obtained from an EQE or PLE measurement alone.
To better understand the connection between the EQE and PLE,
we start with their definitions (1), and (2).

In terms of the absorbance a(Aexe) = GroT (hexc)/
Geoxe (Mexe)s Where GroT (Aexc) is the total generation in the
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cell, the definition of EQE becomes

Jse/q
GTOT ()Vexc)

= a(hexe) X 50T 3
where 75}y is the internal collection efficiency, the fraction of
the photogenerated carriers that are collected by the junction.

The PLE is evaluated under open-circuit conditions for which
the sum of the radiative (RL9™), and nonradiative recombina-
tion (RTOT) equals to the total generation rate G'ror (Aexc)-

nr

The PLE definition (1) becomes
PLE()‘exc) = a()‘exc) X (RTOT (REI((;T + RTOT)).

rad nr

EQE()\exc) = a()‘eXC) X

“

where ;¢ is the internal quantum efficiency, the fraction of
recombination events that are due to radiative recombination.

Based on equations (3) and (4), the criteria for spectral sim-
ilarity between EQE and PLE can be identified. First, the EQE
depends on the specific value of the lifetime (both radiative
and nonradiative), because the lifetime determines the diffusion
length, which controls the internal collection efficiency n%%lT,
while the PLE signal depends only on the ratio of the nonra-
diative to radiative lifetimes 7, /7. In addition, both EQE and
PLE are approximately equal to the absorbance a(Aeyx.), when
recombination losses are minimal (15w ~ 1), and the internal
quantum efficiency high (i, =~ 1). In this context, we now ex-
amine, how the results in Sections II and III can be explained
with the use of (3) and (4).

1) Mobility: For the case of low mobility, the PLE response
is not modified, since the absorbance a(Xcxc), and the internal
quantum efficiency in (4) are unchanged. For EQE, the mobility
reduction decreases the diffusion length to L,, = 0.11 ym. In
Fig. 2(a), one diffusion length L,, away from the depletion edge
corresponds to 330 nm from the front surface. For most carriers
to be absorbed within that region, an absorption coefficient value
higher than ~3 x 10*/cm is required. This value corresponds to
the typical absorption coefficient of p-type GaAs at ~600 nm,
which explains the significant EQE drop starting at ~600 nm
that we observed in Fig. 2(b).

2) Lifetime: By reducing the nonradiative lifetime from 7,,, =
100 psto 1, = 10 ns, the internal quantum efficiency decreases
from 99.7% to 22.5%, leading to a significant suppression of the
PLE signal. The total lifetime 1 /7o = 1/7, + 1/7,, decreases
from 7. = 30 ns to 7.¢ = 7.5 ns, which reduces the diffusion
length from L, = 3.4 umto L, = 1.7 um. The diffusion length
is relatively long in both cases, and, therefore, no significant
change is observed in the EQE [see Fig. 2(a)].

3) Surface Recombination: In our numerical simulation, sur-
face recombination is modeled as a boundary condition for dif-
fused carriers that recombine at a surface sink. For a doping
density of Np ~ 10'8/cm3, the effect of surface band bending
due to trap states is expected to be negligible [15], and, there-
fore, the surface recombination velocity numerical model should
be sufficient. Correspondingly, in the analytical model, surface
recombination is equivalent to recombination of electron-hole
pairs close to the front surface that are not swept through the

- a()&cxc) X Yint -
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junction, and, therefore, effectively reduce the ~;,¢. In the case
of a bad front surface, we observed significant decrease of the
PLE and EQE in the short wavelength region, with the sup-
pression in the PLE case being more pronounced, since, under
open-circuit conditions, carriers are not collected, and, there-
fore, recombine more effectively at the front surface. In the case
of a bad rear surface, the effect on a(Acx.) is minimal since
the majority of the incoming light has been absorbed before
reaching the back. Therefore, only the PLE suffered an overall
decrease in magnitude due to the lowered iy .

So far, we have analyzed the connection between the PLE and
EQE, and described the conditions for their spectral similarity.
In experiments such as our LED-based setup in Section III and in
previous studies [5] and [6], the normalized PLE and EQE from
a GaAs solar cell are similar. We attribute this general agreement
to the dominance of the absorbance term a(Aex.) in (3) and (4).
In the simulation section of our study, the normalized PLE and
EQE showed similar spectral shape in all scenarios except the
one with low mobility. GaAs and other crystalline materials have
mobility that is typically too high to observe any significant drop
in the Js.. Therefore, it is plausible to conclude that, in the case
of high quality crystalline solar cells, the spectral dependence
of both EQE and PLE largely depends on the absorbance factor
a/()"exc ) .

The absolute magnitude of the PLE efficiency can also pro-
vide useful information about the recombination processes in
the sample, since the radiative recombination intensity measure-
ment fﬂu RRaq dz = fow RRado * (e(qAEf<z)/kBT) —1)dz is
effectively a quasi-Fermi level AE; separation measurement.
In this sense, it performs as a contactless voltage probe. As
observed in Figs. 2(b), 3(a), and 3(b), PL efficiency can be
strongly affected by factors such as surface and bulk recombi-
nation. In our experimental setup, we were unable to monitor
absolute photon flux and, therefore, we did not investigate this
specific aspect. In the case of a relative calibration of two solar
cells with equal EQE efficiencies, the observed differences in
the PLE efficiency should be directly related to changes in V.,
and, therefore, can be used as an important, industrial solar cell
quality test metric [16].

V. CONCLUSION

The results of this study provide additional support to the
conclusion of previous work [5], [6] that PLE is a useful in-line
characterization approach for solar cells. Our experimental stud-
ies, based on a novel LED-based setup, showed that in the case
of a high-quality GaAs solar cell, where the absorption losses
become dominant over recombination losses, the two measure-
ments show remarkable agreement. Drift-diffusion simulations
on a model GaAs solar cell junction, corroborate well with the
experimental observation. Simulation scenarios of suppressed
nonradiative recombination lifetime 7,;, or low mobility, led to
differences between EQE and PLE efficiencies, both in shape
and magnitude. In this context, extension of the study to thin-
film, polycrystalline solar cells may highlight such differences
between the two spectra, and provide a more general validation
of the usefulness of the technique.
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