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Abstract. Having shown some demonstration of two photon absorption and multiband emission
processes in quantum dots (QD), multiquantum wells (MQW), and highly mismatched alloys,
intermediate band solar cells are currently the subject of numerous studies. To better understand
the underlying mechanisms, our objective is to experimentally probe the multiband operation of
this device. We used photoluminescence recorded with a calibrated hyperspectral imager which
provides spectrally resolved images with a spatial resolution of 2 μm and spectral resolution of
2 nm on proof of concept QD and MQW solar cells samples. Device emission can be described
with the generalized Planck’s law from which the quasi-Fermi level splitting of the three bands
can be determined. The advantage of the technique is that it can be used to investigate the inter-
mediate band material without the need to make contacts or a full device structure. We also
discuss the usefulness of a dual-beam method. © 2015 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JPE.5.053092]
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1 Introduction

Intermediate band solar cells (IBSC) or intermediate level solar cells, depending on whether the
midgap states are localized or not, have been proposed1–3 as a way to overcome the Shockley–
Queisser limit4 of solar cell efficiencies. An IBSC would be able to provide the same conversion
efficiency as a triple junction, in principle, due to the three allowed interband optical transitions
in the material (Fig. 1). All the generation paths also work, of course, as recombination path-
ways, but when optical cross sections of the transitions are larger than the nonradiative ones, and
if the transition energies are well chosen, this configuration leads to a net efficiency gain as is
well documented.5,6 Systems proposed to be able to display IBSC photovoltaic conversion
include III/V hetero-structures like multiquantum wells (MQW) and quantum dots (QD),
where some partial evidences of such an effect has been found in the form of evidence for
two photon absorption both in QW7 and in QD solar cells,8–10 and highly mismatched alloys.11

As it turns out, these effects are relatively small (several orders of magnitude smaller than the
direct band to band absorption), and can be mixed with other effects such as induced temperature
variations, charging/discharging of trap states or even second harmonic generation. This makes it
very difficult to nonambiguously characterize that a material or device is operating as an IBSC.
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A long searched hallmark for IBSC operation is the identification of the three transitions
where the quasi-Fermi level (QFL) separation of carriers corresponding to the high energy
transition is the sum of the two others, as in, for example, Refs. 3 and 12:

Δμ1 þ Δμ2 ¼ Δμ3; (1)

whereΔμ denotes the QFL (that is the chemical potential of radiation in this case) and the indices
refer to the transition (as in Fig. 1). Such a measurement can be performed by using photolu-
minescence (PL), and therefore, does not involve the completion of the device: the IBSC
absorber alone can be characterized. This differs from approaches relying on electrolumines-
cence to assess the QLF splitting in similar structures13,14 and that have attracted criticism
for application to QD solar cells.15

The present work associates state of the art quantum confined heterostructures with a cali-
brated hyperspectral imager able to map QFL splitting of transitions in the NIR-visible range.
Using this unique tool, the QFL corresponding to the various transitions has been measured in
several samples and is discussed. This work shows how, in principle, IBSC operation could be
studied in materials even in the absence of a complete device. To show the proof of principle of
the IBSC operation measurement, we use a MQW solar cell with three possible interband or
intraband transitions.

2 Method Principle

To perform the analysis, we took advantage of the luminescence emission of the sample.
This one can be described by the generalized Planck’s law16,17 for an infinitesimal volume
element

φðℏωÞ ¼ αðℏωÞ n2

4π3ℏ3c20
ðℏωÞ2 1

exp
�
ℏω−ΔμðℏωÞ

kT

�
− 1

; (2)

ϕðℏωÞ is the luminescence emission per volume unit, ω is the photon energy, α is the absorption
coefficient, Ω is the solid angle of emission, n is the optical index, ℏ is the reduced Planck’s
constant, c0 is the speed of light in vacuum, ΔμðℏωÞ is the local QFL splitting, and T is the
temperature. Since the observed photon energy is sufficiently larger than the QFL splitting, we
will use the Boltzmann approximation. To simplify the notation, we also introduce the black
body emission flux

φbbðℏωÞ ¼
1

4π3ℏ3c20
ðℏωÞ2 1

exp
�
ℏω
kT

�
− 1

: (3)

Fig. 1 (a) Band diagram of an intermediate band material and electrical equivalent circuit of an
IBSC device illustrating the transitions in an intermediate band device. Additionally to the normal
band to band transition (3), transitions (1) and (2) are also conducive to the promotion of an
electron. All the generation paths indicated work also of course as recombination pathways.
(b) Equivalent circuit of the IBSC with three diodes.
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Experimentally, only the emission from the surface can be measured so that Eq. (2) must be
integrated over the emitting volume. Considering the emission normal to the surface, in a sample
of thickness d

ΦðℏωÞ ¼ φbbðℏωÞ
Zd

0

αðℏω; zÞPðℏω; zÞ exp
�
Δμðℏω; zÞ

kT

�
dz; (4)

Pðℏω; zÞ is the probability for a photon of energy ℏω, emitted at a depth z, to be emitted from the
surface, taking into account absorption, reflection, and eventual interferences. This probability is
the same as the probability for a photon of energy ℏω incident on the surface to be absorbed at
the depth z. The equation is simplified in case Δμ is constant throughout the sample, which is
true in solar cells that exhibit sufficiently long diffusion lengths. We can write

ΦðℏωÞ ¼ AðℏωÞφbbðℏωÞ exp
�
ΔμðℏωÞ

kT

�
; (5)

where AðℏωÞ is the absorption probability of a photon of energy ℏω incident on the surface.
Indeed, AðℏωÞ ¼ ∫ d

0 αðℏω; zÞPðℏω; zÞdz. Eventually, the QFL splitting can be determined from
the luminescence

ΔμðℏωÞ ¼ kT ln

�
ΦðℏωÞ

AðℏωÞφbbðℏωÞ
�
: (6)

We note here that with a relative measurement of the luminescence, the QFL splitting can
only be determined with an unknown offset.

In some cases, especially in low performance devices, Δμ could be not uniform in the depth
of the sample. For generality, we will consider the QFL splitting determined from luminescence
as an effective splitting, noted Δμeff . Nevertheless, even in the worst cases where the QFL split-
ting strongly fluctuates, Δμeff is close to the maximum value taken by ΔμðzÞ. This is due to the
exponential dependence of the luminescence on the QFL splitting, as will be discussed in Sec. 5
for our samples.

We also note that the absorption AðℏωÞ is not the total absorption, but only the absorption in
the regions where Δμ ≠ 0 eV, i.e., the active parts of the cell. This value does not contain para-
sitic absorptions (e.g.,in a window layer) and is experimentally difficult to access. However, in a
high performance cell in which the collection probability is one in the active parts, AðℏωÞ ¼
EQEðℏωÞ with EQE being the external quantum efficiency, which is much easier to measure.
As we will see, this assumption is valid for the samples studied in this communication.

3 Experimental Setup and Samples

3.1 Experimental setup

In order to record the samples’ luminescence emission, we used a hyperspectral imager devel-
oped by Photon, etc (Montreal, Quebec, Canada). Either a Nikon objective of 0.4 numerical
aperture or an optical lens of 70 mm focal length is used to image the samples, and a silicon
CCD camera from Tucsen is used to record the luminescence. The microscope objective was
used to image the center part of the cell [Fig. 5(b)], whereas the lens allowed monitoring the full
surface [Fig. 5(c)]. It is worthwhile to note that the system can be easily modified to investigate
cells from the micrometer scale to the centimeter scale. Indeed, surfaces recorded here represent
a hundred fold increase over the previous demonstration.18 A Keithley 2635B is used for the
electric measurements. This setup acquires spectrally resolved images with a spatial resolution of
2 μm and spectral resolution of 2 nm. A method for the absolute calibration of the setup was
previously published,18 so the signal will be measured in photons emitted per second, surface
unit, and energy interval. In the photoluminescence experiment, the excitation is performed with
a 532 nm CW laser from Coherent. When the sample is contacted (as here), electroluminescence
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can be used as long as series resistance effects are negligible. The whole setup is described
in Fig. 2.

Hyperspectral imaging combines both the spatial and spectral dimensions of the lumines-
cence. With various kind of photovoltaic technologies, such acquisitions were reported using
either a scanning confocal microscope and a spectrometer,19 or a line-scanning hyperspectral
imager.20–22 Nevertheless, none of these methods allowed an absolute calibration of the lumi-
nescence as reported here, which is necessary to determine the QFL splitting in absolute values.

From the above described setup, the luminescence can be obtained in the 400 to 1100 nm
range, which allows us to study transitions from the valence band to conduction band, both in the
QW and in GaAs layers. Intraband transitions cannot be studied.

3.2 Samples

In the present study, for proof of principle purposes, we have mainly used an MQW strain-
balanced test device prepared by MOCVD, in epitaxy on GaAs, and comprising 20 wells in
a pin structure, as described in Fig. 3. This sample is well studied23 and performs as a standard
MQW solar cell as shown in Fig. 4.

Fig. 2 Principle of hyperspectral imaging: experimental configuration for uniform sample excita-
tion, a hyperspectral imager, and a CCD detection. A hypercube of data (x; y; λ, intensity) is
acquired with a CCD camera as explained in the text. At each spatial location, a luminescence
spectrum with calibrated data is obtained. Conversely, maps of luminescence intensities for each
wavelength can be extracted.

Fig. 3 Description of the multiquantum wells (MQW) sample. The composition well/barrier is
In0.2Ga0.8As∕GaAs0.8P0.2 for the 20 periods’ well/barrier with respective thicknesses 8/12 nm.

Rale et al.: Quantitative optical measurement of chemical potentials. . .

Journal of Photonics for Energy 053092-4 Vol. 5, 2015

Downloaded From: http://photonicsforenergy.spiedigitallibrary.org/ on 06/30/2015 Terms of Use: http://spiedl.org/terms



Preliminary experiments have been also carried out on InAs QD solar cells samples
embedded in an Al0.2Ga0.8As matrix, similar to those described in Ref. 9, with 10 periods of
QD. These samples have recently shown two photon absorption features.9 In contrast, the
absorptivity of the QD layers is difficult to measure or model, and the transport of charge is
quite complex, which makes the validity of Eq. (6) questionable in this case.

4 Results

First, the MQW cell was illuminated either locally (1% of the total area in its center) or on its
whole surface, and its luminescence signal has been collected by the hyperspectral imager. In
Fig. 5 are shown the PL emission at 986 nm. We obtained open-circuit voltages and short-circuit
current densities of 1.017 V and 280 mA∕cm2 for the local excitation, and 0.970 V and
170 mA∕cm2 for the global excitation. The illumination intensity was uniform at �10%

over the illuminated area in each case. The grid of the cell is clearly visible as it is shadowing
the luminescence emitted from the inside of the device.

When the cell is fully and uniformly illuminated, the PL emission is also very uniform as is
expected from such a sample. In contrast, partial illumination results in a nonuniform PL signal,
decaying toward the grid and the edges of the image. The reason for this will be discussed below,
but one can already understand the importance of a uniform illumination over the full sample for
the acquisition of useful calibrated data.

The hyperspectral setup could also be used to test the uniformity of the sample. Under
complete illumination, PL intensities were found to be very uniform, except for those at the
absorption edge close to the PL emission peak, in which a gradient in peak maximum was
found across the sample (6 meV over the 4.2 mm diagonal, Fig. 6), indicative of a slight
shift of MQW thickness or/and composition, although this is of no consequence here.

The transformation given by Eq. (6) is illustrated in Fig. 7, where only the central 1% of the
cell is illuminated to allow for a higher flux and, therefore, a better signal to noise ratio of the
measurement (meaning a larger energy range can be accessed). The photons can be sorted in two
ranges, those clearly originating from the wells (between 900 and 980 nm) and those with an
energy above that of the GaAs bandgap (<870 nm) that may correspond to transitions either in
the well material or in GaAs. Below and above the transition, for several excitation intensities,
the QFL splitting determined experimentally (Fig. 7) is found to be pretty constant, with a varia-
tion of only about 10 meV. We note some bumps that are experimental artifacts because the EQE
and the PL were not acquired with the same spectral resolution (10 and 2 nm, respectively).
Therefore, the excitonic features and other variations of the absorptivity where the bumps
are found are not taken into account.

Finally, another type of investigation could be attempted using the same setup by providing a
double beam excitation. This is similar to previous experiments,7,9–12 where two photon absorp-
tion was probed by EQE measurements under an additional IR irradiation bias to assess whether
the carriers generated in the wells could be collected thanks to the absorption of low energy

Fig. 4 External quantum efficiency of the MQW sample, compared to a reference GaAs pin solar
cell of the same structure, but without the (a) QW and the (b) corresponding J-V curves.
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photons by an intraband transition. In our experiment, we aim at finding the signature of two
photon absorption in the PL signal rather than in the electric current.

A low power additional IR laser (1.5 μm) was accordingly pointed at the sample. The PL has
been repeatedly measured with and without this additional excitation source to ensure the reli-
ability of the data. In this case, it has not been possible to provide a uniform illumination of
the full sample by both lasers as in the previous experiments, so that only a part of the device
was seeing the IR illumination. Here, a full calibration of the measurements was not attempted
and the PL data are displayed in arbitrary units. The results are presented in Fig. 8(a). It is seen
that the IR illuminated sample sees a slightly reduced PL emission in the well region as com-
pared to the GaAs region.

Fig. 5 (a) Optical image of the MQW solar cell. The device size is 3 × 3 mm2. The dashed squares
represent the imaged area for (red) local and (blue) global illumination. (b) and (c) Displayed
the photoluminescence (PL) emission at 986 nm for respectively the local and global excitation.
The boxed area in (b) corresponds to the area of averaging for the spectrum displayed in Fig. 7.
In points A, B and, C in (c) are extracted the spectra displayed in Fig. 6(a).
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Preliminary experiments have been also carried out on QD solar cells samples similar to
those described in Ref. 9. We present here only the double beam experiment on the QD device
on Fig. 8(b): this sample also shows an influence on the lower energy transitions of the IR addi-
tional source in the spectral region corresponding to the wetting layer (780 to 820 nm), but
curiously, not in the spectral region corresponding the QD (>820 nm). In the high band gap
material spectral region, a slight decrease of the PL is also observed.

5 Discussion

As for the interpretation of the determined QFL spectra, it is important to discuss the validity and
the consequences of the hypothesis made in Sec. 2. The assumptions were that (1) A ¼ EQE and
(2) Δμ is constant throughout the sample depth.

Fig. 6 (a) Spectra extracted at points A, B, and C (see Fig. 5) for the global illumination, on which
we observe a drift of the PL maximum position. Plotting the PL peak position for each spatial point
(b) shows a small gradient of 5 nm of the well depth across the cell.

Fig. 7 PL spectrum (solid line) in logarithmic scale averaged on the red square [see Fig. 5(b)] and
values of the quasi-Fermi level separation (dashed line) deduced from the application of the gen-
eralized Planck law.
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With respect to (1), the EQE presented in Fig. 4 takes values around 0.2 in the wavelength
range of the QW absorption. Since the cell contains only 20 QW, this is a rather large value,
implying that the collection is close to unity. Nevertheless, because the absorption necessarily
takes values between the EQE and 1, the maximum error would be a factor of 5. Due to the
exponential dependence of the luminescence on the QFL splitting, this factor of 5 results in a
maximum error of about 40 meVon Δμ, i.e., between 3 and 4% of the determined Δμeff in our
case, depending on the excitation intensity.

With respect to (2), in real devices, the QFL sliptting is not uniform within the device and can
vary, especially with depth.24 Moreover we should make the difference between the emission
above the GaAs bandgap, which can be emitted at any position in the device, and the emission at
lower energies, which must originate from the QW. Let us first consider the QW emission. We
should again take into account that the cell contains only 20 wells. This is a favorable case for
error estimation, since one can estimate the most inhomogeneous ΔμðzÞ profile possible, which
would be that it takes a value different from 0 eV in only one well. In that extreme case, the
difference between Δμeff and the ΔμðzÞ maxima would be only 80 meV, i.e., around 7% of the
determined values. This illustrates that Δμeff mainly reflects the maximum of the QFL splitting.
Nevertheless this extreme depth profile is highly improbable since the EQE from the QW was
shown to be large, reflecting efficient carrier transport in the QW region, which implies uniform
QFL splitting. Considering the emission above the GaAs bandgap, the EQE is close to unity in
that wavelength range, which implies good carrier transport properties in the absorption region
of those photons. Since the good transport properties imply uniform carrier distribution and the
absorption and emission region are the same, assumption (2) holds in that wavelength range.

To summarize, we can state that, in our samples, Δμ cannot have a strong depth dependence
and the EQE is a good approximation of the absorption. This is due to efficient carrier transport.
As a consequence, the experimentally monitored Δμeff reflects the value taken by Δμ with high
precision. Moreover, we have seen that, even in much less favorable cases where assumptions (1)
and (2) are not strictly true, Δμeff is a good approximation of the Δμ maximum. Those reasons
explain why, experimentally, a good agreement is found between Δμeff measured by this tech-
nique and Voc.

18,24,25

As for the samples investigated in this paper, we can now draw conclusions from the QFL
splitting spectra in Fig. 7. It appears that Δμeff takes similar values above and below the GaAs
bandgap. This means that the QFL splitting corresponding to the carrier population in the con-
fined state is the same as that for everywhere else in the sample. Therefore, this sample, in these
operating conditions at least, does not work as an IBSC device.

As is clear from the importance of the grid pattern and edges, the nonuniformity in the images
taken over a partially illuminated cell is due to lateral transport toward the nonilluminated part of
the cell. Indeed, a gradient in QFL of the carriers has to result in carrier transport. This gradient
results from the creation of a large number of electron-hole pairs in the illuminated area while
none is created in the nonilluminated area. In the presence of highly conducting layers in a pin
structure, pairs are collected at the contacts before they recombine. The conducting layers, and

Fig. 8 PL (a) of the MQW solar cell and (b) of the QD solar cell with and without additional IR
excitations.
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especially the grid, tend to restore the equipotential character of the contacts that the nonuniform
photocarrier generation has been disrupting. The final distribution is the result of the competition
between local generation and transport.

For the localized excitation, after integration on the photon energies, we found QFL splitting
values ranging from 1.11 eV (close to the contacts) to 1.13 eV (at the image center). To the best
of the authors’ knowledge, this is the first time that an absolute determination of the QFL split-
ting with spatial resolution is demonstrated on a sample used for IBSC proof of concept.

Finally, as is well known, intermediate band materials will not enable an efficiency gain unless
the optical processes are faster than the nonradiative ones.5,6 Indeed, intermediate bands or levels
would induce losses through additional carrier recombination as well as gains from additional
generation. The balance is clearly associated with the strength of the optical transitions between
levels. If the optical transitions’ oscillator strength is large enough, optical pumping between levels
results in a QFL splitting, that is, the conversion of radiative energy into electrochemical free
energy that can then be collected as electrical work.17 It is the purpose of the double beam experi-
ments that have been carried out to probe the optical rates. This experimental approach is inter-
esting in that it enables us to probe the system optically only without the need for electrical contacts
or to complete the device. The investigation can be done at the material level only.

In both of our samples, these experiments consistently showed a distinct and repeatable in-
fluence of the IR probe beam on the PL. In the framework of an IBSC operation, the IR beam,
pumping electrons from the well states into the conduction band, should ideally manifest itself
by a reduction of the PL signal from the wells (because the carrier density is slightly reduced),
which is observed experimentally, and by a simultaneous increase of the PL from the conduction
band states (because the carrier density of these states is slightly increased), which is not
observed. It may be that the IR probe, however weak, is inducing some heating of the sample
which reduces the PL yield. Moreover, the QD do not appear, in contrast to wells (in the MQW
sample and in the wetting layers), to show a reduced PL under IR bias. This is probably indica-
tive of their weak optical cross section.

6 Conclusion and Perspectives

In summary, the originality of the work lies in the utilization of a unique method developed in
one of the participating institutes to directly measure a key property of solar cells: their QFL
splitting under illumination. Based on this measurement setup, we have proposed a method and
shown that assessing materials for their suitability for an application in IBSC devices could be
done without having to actually make and optimize the full device. This is an important advan-
tage for a relatively immature technology such as IBSC devices. The samples used for the proof
of principle were not found to exhibit the required QFL splitting for IBSC operation.

Finally, we have also proposed a double beam experiment to optically probe the optical rates
for inter or intraband transition. Our samples exhibited a weak, but measurable, influence on the
PL signal from the IR probe. This influence cannot be completely explained as yet. As a possible
perspective, this double beam experiment could, in principle, be calibrated, yielding quantitative
data on the optical transition rates between the bands.
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