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The characteristics of intermediate band solar cells containing 10, 20, and 50 InAs quantum dot
�QD� layers embedded in otherwise “standard” �Al,Ga�As solar cell structures have been compared.
The short-circuit current densities of the cells decreased and the quantum efficiencies of the devices
showed a concomitant reduction in the minority carrier lifetime in the p emitters with increasing
number of QD layers. Dislocations threading up from the QDs toward the surface of the cells, and
revealed by bright field scanning transmission electron microscopy, are the most likely cause of the
deterioration in the electrical performance of the cells. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2747195�

The intermediate band solar cell �IBSC� is a photovoltaic
concept designed to give a performance exceeding that of
single gap solar cells.1,2 The basic principles behind its op-
eration rely on synthesizing a semiconductor material with
an electronic band located within the band gap �Fig. 1�a��.
This band must be half-filled with electrons to allow the
absorption of below band-gap energy photons and their con-
version into photocurrent without voltage degradation. In ad-
dition, carrier recombination between bands should be much
slower than the relaxation within the bands so that the carrier
concentration of each band is described by its own quasi-
Fermi level. A discussion of how it might be possible to
prevent the intermediate energy centers from becoming non-
radiative recombination ones, which would degrade rather
than enhance the performance of the cell, can be found in
Ref. 3.

Quantum dots �QDs� have been proposed as a way of
both implementing the intermediate band concept4,5 and
studying its principles of operation. In this approach, the
intermediate band would arise from the confined states of the
electrons in the QDs �Fig. 1�a��. Quantum dot intermediate
band solar cells �QD-IBSCs� have been manufactured and
tested in the past,6–8 based on InAs and GaAs for the dot and
barrier materials respectively. The QD-IBSC structures �see
Fig. 1�b�� were grown on 3 in. diameter Si-GaAs�100� sub-
strates in a solid source molecular beam epitaxy �MBE� sys-
tem using As2. The group III fluxes were calibrated by re-
flection high-energy electron diffraction intensity
oscillations, and in the case of In the flux was set to give a
growth rate of �0.032 �ML/s� as measured on an InAs cali-
bration sample. The QDs were formed under the Stransky-
Krastanov growth mode9 by depositing �2.7 ML of InAs,
either with or without a direct As2 flux. A growth interrupt
during the deposition of the GaAs capping layer was used to
introduce Si � doping with an areal density to match the QD
density. All the layers in the QD stacks were grown at
�460 °C, while the �Al,Ga�As layers of the p+ and n+ emit-
ters, and the n base were grown at 580–600 °C. The devices

confirmed that the production of photocurrent from the ab-
sorption of below band-gap energy photons is possible and
that the population of electrons in each band is best de-
scribed by its own quasi-Fermi level, two of the basic prin-
ciples underlying IBSC operation.

The experiments have also shown, however, that the
contribution from the QDs to the photocurrent of the cell is
small. This was attributed to the fact that devices with only
ten layers ��10� of QDs were used in the experiments, im-
plying an insufficient volume of material for significant sub-
band-gap photon absorption. In order to solve this problem,
QD-IBSCs with an increased number of QD layers ��20 and
�50� have been designed and manufactured. The basic com-
mon structure of these cells, shown in Fig. 1�b�, consists of a
p-emitter and n base sandwiching the region that contains the
QDs.

The current-voltage characteristics of the devices were
measured under one sun illumination �100 mW cm−2 Global
spectrum10� with the results shown in Fig. 2. As can be seen,
the performance of the devices worsens when the number of
quantum dot layers increases, contrary to our initial expecta-
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FIG. 1. �a� Schematic diagram showing the intermediate band concept. Pho-
tons �1� and �2� pump electrons from the valence band �VB� to the interme-
diate band �IB� and from the IB to the conduction band �CB�, respectively.
These two photons create one net electron-hole pair that adds to the ones
generated directly by photons such as �3� with enough energy to pump an
electron directly from the VB to the CB. Dashed lines represent the CB and
VB potential wells when the cell is implemented with quantum dots. �b�
Simplified internal structure of the intermediate band solar cells imple-
mented with quantum dots and used in these experiments.
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tion. Moreover, this deterioration is mostly associated with a
degradation of their short-circuit current. An analysis of the
quantum efficiency �QE� of the devices �see Fig. 3� provides
insight into the cause of this degradation.

The internal QE of the devices was determined from a
direct measurement of their external QE by discounting the
shadowing factor, and the residual surface reflectivity arising
from the combined effects of the antireflective coating
�ARC� and the AlGaAs window layer. The latter was calcu-
lated using standard models11 based on the estimated values
of the thickness and refraction index of the layers involved in
the structures �see Table I�. Although it is not the main topic
of the discussion of this letter, note the extended QE re-
sponse provided by the quantum dot layers for wavelengths
exceeding that of the GaAs gap ��GaAs�. Moreover, note also
in Fig. 3 that the contribution to the photocurrent from the
quantum dots increases as the number of layers increases
from �10 to �20. No further improvement is observed
when going to the �50 case due probably to the same gen-
eral degradation phenomenon that is discussed next.

Figure 3 also shows the contribution from the p emitter
to the internal QE of the cells, as calculated using Hovel’s12

model with the parameters summarized in Table I. The re-
sults confirm that the degradation in the short-circuit current
�Jsc� is due largely to a reduction in the contribution from the
p emitter. A similar degradation of Jsc in multiple InGaAs–
GaAs QD layers grown by metal-organic chemical vapor
deposition has been attributed by Norman et al.13 to the pres-
ence of Si � doping, introduced between each layer of QDs

to half-fill the intermediate band with electrons. We have no
evidence to link the degradation to Si � doping in our MBE
grown structures.

It must be pointed out that the values of the parameters
given in Table I are best estimates. Other combinations can
generate similar shapes for the quantum efficiency curves,
but all are consistent with degradation of the p-emitter re-
sponse, as shown in Fig. 4. The measured quantum efficiency
curve corresponding to the the �20 case is also shown for
reference. These results suggest that incrementing the num-
ber of layers causes the appearance of an increased number
of strain-induced dislocations that propagate and accumulate
toward the emitter as the growth proceeds.

Bright field scanning transmission electron microscopy
�STEM� images of the �10 and �50 samples are shown in
Fig. 5. The STEM image for the QD-IBSC with the �10 QD
stack, formed by depositing 2.7 ML of InAs with 10 nm
thick GaAs spacer/capping layers �Fig. 5�a��, shows a verti-
cal alignment of QDs in successive layers and the absence of
dislocations, either within the QD stack or propagating up
into the p-emitter region �top of image�. In contrast, the
STEM image of the QD-IBSC with �50 QD layers �3.2 ML
of InAs with 15 nm GaAs spacer/cap layers, Fig. 5�b��
shows a collapse of QD growth after �34 layers. There ap-
pear to be approximately two QD layers missing and the
final �14 InAs/GaAs periods consist of InAs “wetting” lay-
ers rather than QDs. The presence of a high concentration of
dislocations is evident, both within the QD layers and pen-

TABLE I. Data used in the modeling of the quantum efficiency of the cells and the contribution from the p emitter. �e, minority lifetime; Se, surface
recombination velocity at the AlxGa1−xAs/emitter interface; Le, minority carrier diffusion length; We, emitter thickness; nr, averaged refraction index; t, ARC
thickness; A, cell junction area; FS, shadowing factor �including bus bar�; and FS

*, shadowing factor �excluding the bus bar�.

Sample
No.

Number of
QD layers

Emitter AlxGa1−xAs window ARC Area Shadowing factor

�e

�ns�
Se

�cm s−1�
Le

��m�
We

��m� x nr

t
�nm� nr

t
�nm�

A
�mm2� FS FS

*

A1681 �10 3.5 1.6�106 5.0 0.3 0.8 2.93 50 SiO2 1.44 110 1.21 0.41 0.041
A1938 �20 2.0 1.8�106 2.7 0.9 0.8 2.93 50 SiNx 1.90 75 0.77 0.46 0.124
A2058 �50 0.005 4.0�106 0.3 0.9 0.85 2.91 40 SiNx 1.90 75 4.00 0.13 0.086

FIG. 2. Current-voltage characteristics of quantum dot intermediate band
solar cells consisting of �10, �20, and �50 layers of quantum dots
�100 mW cm−2 AM1.5 Global spectrum�. Current density is referred to the
cell area excluding the bus bar.

FIG. 3. Internal quantum efficiency corresponding to quantum dot interme-
diate band solar cells with �10, �20, and �50 layers of quantum dot
�connected lines�. The dashed lines correspond to the estimated contribution
from the p emitter of the cells. �GaAs is the GaAs gap wavelength and is
shown for reference.
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etrating into the p emitter, leading to a significant nonradia-
tive recombination and a reduction in the overall photocur-
rent delivered by the device.

In summary, we have investigated the performance of
QD-IBSCs as the number of QD layers within the base re-

gion is increased. The QE response for wavelengths exceed-
ing �GaAs is enhanced by the QD layers but overall, the cell
performance degrades due to a reduction in the contribution
to the photocurrent generated by the p emitter. This is ex-
plained by a decrease in the minority carrier lifetime, be-
lieved to be caused by strain-induced dislocations that propa-
gate toward the p emitter from the QD region. The
conclusion of this work is that practical QD-IBSCs, which
require large numbers of QD layers for significant absorption
of photons with energies less than the band gap of the host
semiconductor, need to be grown with strain-relieving layers
to avoid the formation of these dislocations. Such structures
are feasible if InP substrates14 are used.
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FIG. 4. Contribution from the p emitter to the internal quantum efficiency
�dashed lines� for several values of the material parameters. The curve la-
beled �1� corresponds to our best estimate. The measured internal quantum
efficiency of the �20 cell is shown for reference �connected line�.

FIG. 5. �a� Bright field scanning transmission electron microscope �STEM�
image through a stack of �10 QD layers, formed by depositing 2.7 ML of
InAs with 10 nm thick GaAs spacer/capping layers. The p emitter is above
the QDs. �b� STEM image of a QD-IBSC with �50 QD layers �3.2 ML of
InAs with 15 nm GaAs spacer/cap layers�. Note the collapse of QD growth
after �34 layers. There appear to be approximately two QD layers missing,
before the final �14 InAs/GaAs periods which consist of InAs “wetting”
layers rather than QDs. The presence of a high concentration of dislocations
in the p-emitter and elsewhere is evident.
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