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In this work we report the stacking of 50 InAs/GaAs quantum dot layers with a GaAs spacer
thickness of 18 nm using GaP monolayers for strain compensation. We find a good structural and
optical quality of the fabricated samples including a planar growth front across the whole structure,
a reduction in the quantum dot size inhomogeneity, and an enhanced thermal stability of the
emission. The optimized quantum dot stack has been embedded in a solar cell structure and we
discuss the benefits and disadvantages of this approach for high efficiency photovoltaic
applications. © 2008 American Institute of Physics. �DOI: 10.1063/1.2978243�

Quantum confinement of carriers in quantum dots �QDs�
has been proposed as a possible means to materialize the
intermediate band solar cell and hot exciton extraction
concepts.1–3 The objective is to increase the short circuit cur-
rent without decreasing the open circuit voltage of the de-
vices. Due to the small volume of the nanostructures, their
contribution to the total photocurrent is generally small, so
stacks of tens of QD layers are usually needed. However, this
is well known to also increase the accumulated stress of the
material during growth generating dislocations and nonradi-
ative recombination centers.4 Introduction of strain compen-
sation �SC� to reduce the accumulated stress is a promising
way of improving the material quality and the efficiency of
devices based on QDs.5,6 Several materials have been used
for SC of the InAs/GaAs QD system such as GaP,5 GaInP,7

or GaNAs.8 In this work we report the stacking of 50 InAs
QD layers using 2 GaP ML for SC and a stack period of only
18 nm. We preferred a “digital” SC by the introduction of
single monolayer of GaP instead of a GaAsP alloy due to the
difficulty to control the phosphorus to arsenic incorporation
ratio during growth of the stacked QD structure.

Our samples were designed to meet the zero-stress
condition as stated by Ekins-Daukes et al.9 under the follow-
ing assumptions: �a� the InAs and GaP layers grow pseudo-
morphically on GaAs, �b� the layer thicknesses do not de-
pend on the in plane strain �1 ML�GaP�=0.273 nm and
1 ML�InAs�=0.303 nm regardless of the in plane strain�,
and �c� there is only biaxial stress during growth. The calcu-
lation predicts a ratio of 0.9 ML of GaP to 1 ML of InAs to
fully compensate the stress. However, we round up this
quantity to 1 ML in an attempt to compensate for the low
incorporation ratio of phosphorus in GaAs. The QD stack
was grown by molecular beam epitaxy �MBE� at 510 °C on
GaAs �001�. For each QD layer, 2 ML of InAs were depos-
ited at a low growth rate �0.021 ML/s� to improve QD size
homogeneity,10 with 1 ML of GaP 1.53 nm below and an-

other one 12.6 nm above as shown in Fig. 1�a�. The top GaP
layer was placed farther from the QDs than the bottom one to
avoid the formation of an undesirable InP phase due to In
outdifussion. We used 1 ML+1 ML of GaP instead of just
2 ML of GaP to keep the barriers as thin as possible and
facilitate the tunneling of carriers through them. The spacer
layer thickness �GaAs+GaP� between QD layers was 18 nm.
The critical thickness for QD nucleation, as deduced from
the two-dimensional to the three-dimensional �3D� transition
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Emitter 900 nm, p-GaAs 2x1018 cm-2

FDL 170 nm, n-GaAs 1017 cm-2

Barrier 100 nm, Undoped GaAs
Base 3 µµµµm, n-GaAs 5x1017 cm-2

BSF 1 µµµµm, n-GaAs 2x1018 cm-2

FIG. 1. �Color online� �a� Structure of the 50 stacked QD solar cell with SC
layers. Each GaP layer has a nominal thickness of 1 ML=0.273 nm. �b�
Cross-sectional TEM image of the 50 stacked QD layers. The arrows indi-
cate the defects observable in the image.
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in the reflection high energy electron diffraction �RHEED�
measurements, was very stable for the 50 QD layers of the
stack at 1.62�0.04 ML. On the contrary, no 3D transition
can be observed beyond the fourth layer in a reference
sample without SC due to the blurred RHEED signal as a
consequence of the increased surface roughness.11 With the
aim of controlling the amount of SC, we began each GaP
monolayer by first depositing 1.2 ML of Ga on the �2�4� As
rich reconstruction with the As cell fully closed �we use a
custom built As cell�, and then opening the P cell at a beam
equivalent pressure of P2=2.3�10−7 Torr for 2.7 s. The re-
sults of the x-ray characterization of the grown samples are
compatible with the incorporation of 1 ML of GaAs0.6P0.4 per
each nominal GaP monolayer �equivalent to a 44% of SC�.
This 50 QD stack layers are further introduced in a solar cell
structure. The complete epitaxial layer sequence of the solar
cell is shown in Fig. 1�a�. Standard optical lithography and
wet etching techniques were used to define mesas and metal
contacts.

A representative cross-sectional transmission electron
microscopy �TEM� image is shown in Fig. 1�b�. The image
reveals that the structure is almost defect-free with some de-
fects in the very last few layers �indicated by arrows in the
image�. These defects seem to be produced by the interaction
of very close or especially large QDs. The image also reveals
columnar growth of the QDs along the structure. We measure
in the image a tilt for the columns of 7° with respect to the
growth direction. This kind of growth suggests the existence
of strain around the nanostructures that propagates to the
following layer, creating spots of increased nucleation prob-
ability. Moreover, it has been reported that a certain asym-
metry in the composition of the stacked nanostructures leads
to the tilting of the columns.12,13

Figure 2�a� shows the photoluminescence �PL� spectra
of the solar cell structure recorded at 30 K. The other two
spectra correspond to simplified epitaxies containing only
10+1 �uncapped� stacked QD layer growth in the same con-
ditions but with �sample A� and without �sample B� SC lay-
ers. Up to three Gaussian contributions can be clearly ob-
served in sample B, at 1.11, 1.17, and 1.21 eV. The analysis
of the excitation power dependence and the atomic force
micrographs of the uncapped layer �not shown� suggests a
broad multimodal distribution of QD sizes in this sample. On
the other hand, a much narrower spectrum characterizes the
emission of the solar cell and sample A, with peak energies
at 1.16 and 1.13 eV, respectively. Although the full width at

half maximum of 60 meV is still too large to consider a
monomodal distribution in all layers, our results clearly dem-
onstrate the improvement of the material quality as a conse-
quence of the introduction of GaP layers. The solar cell in-
tensity cannot be compared here given the different capping
layers present in this case. It should be noticed that the PL
emission of the solar cell is blueshifted by 30 meV with
respect to sample A despite having the same nominal struc-
ture. We believe that this is due to sample annealing during
the growth of the solar cell emitter at 580 °C. It is well
known that this annealing favors the In–Ga interdifussion
between the dots and the matrix increasing the PL emission
energy as observed.14 A similar blueshift has been obtained
by annealing sample A in the same conditions used for the
epitaxial growth of the emitter. The three samples exhibit
room temperature �RT� PL as shown in the inset of Fig. 2�b�,
the PL intensity of sample A being 2.4 times more intense
than that of sample B. Moreover, the temperature depen-
dence of the emission spectrum reveals an additional conse-
quence of the SC process. As shown in Fig. 2�b�, an
Arrhenius-type plot of the integrated PL intensity yields a
carrier thermal activation energy for sample A of 431 meV,
double than that obtained for standard InAs/GaAs QDs.15 In
view of our results, the GaP incorporation in the matrix re-
sults in a decreased number of nonradiative defects around
the dots and an enhanced thermal stability with great interest
in light detection and emission applications of this kind of
nanostructures.

We have evaluated the performance of our structure as a
solar cell measuring its external quantum efficiency �EQE�.
As shown in Fig. 3�a�, the QD solar cell has an extended
spectral response of up to 1.2 �m due to interband light
absorption in the nanostructures. However, our results also
indicate a very poor response of the device in the short wave-
length range. Several effects may contribute to this reduction
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FIG. 2. �Color online� �a� Low temperature PL at 808 nm. b� Evolution of
the integrated PL intensity of sample A with temperature. The inset shows
the comparison of the RT PL of the three samples.
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FIG. 3. �Color online� �a� EQE at RT. �b� Photocurrent measurements at low
temperature as a function of the applied bias.
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in the above gap photocurrent. First, it is well known that
solar cells’ blue response is greatly affected by recombina-
tion of carriers at the surface of the structure. Passivation
treatments and thin GaInP or AlGaAs barriers are commonly
used to reduce the recombination rate and to keep the elec-
trons away from the surface. In the design of this cell we
chose AlGaAs as the barrier material, but its tendency to
oxidize, especially in Al rich alloys may have canceled its
benefits. Second, although the TEM image and the PL mea-
surements indicate good structural quality, defects present in
the last few layers of QDs in the field damping layer �FDL�
and in the emitter region may act as nonradiative recombi-
nation centers and traps for electrons. Since we only
achieved partial SC according to the x-ray diffraction mea-
surements, this problem could be solved in the future by
increasing the GaP content of the sample to the estimated
optimum value. Finally, carrier lifetime in the QDs is smaller
than that in bulk GaAs, meaning, the minority carriers that
have to cross the junction through the QD region will tend to
recombine instead of being collected in the base and the
emitter. Moreover, such undesirable recombination effect in
the QDs could be enhanced by two factors: �a� the GaP bar-
riers that prevent the free movement of carriers and �b� the
low electric field in the region due to the screening of the
FDL. At RT the impact of the former in the photocurrent
should be minimum, taking into account the small thick-
nesses of the GaP barriers. The latter could be avoided sim-
ply by removing the FDL. This was originally included in
the design to keep the QDs of the whole stack in the same
state of charge and allow the formation of a half-filled inter-
mediate band. However, if stacking a very large number of
QD layers is possible, this condition is automatically satis-
fied by most of them and the FDL would not be necessary.16

Finally, to further investigate the effect of the nanostructures
in the EQE, we have performed photocurrent measurements
of the solar cell at 16 K as a function of the applied bias. Two
distinct evolutions can be observed in Fig. 3�b�. First, illu-
minating below the GaAs gap at the wetting layer �WL�
wavelength �region labeled as �1��, the photocurrent in-
creases smoothly with the reverse bias as more carriers con-
tribute to the signal by tunneling through the WL and the
GaP barriers.17 A similar evolution is found for the contribu-
tion labeled as �2� corresponding to absorption in the GaAs
spacer layer between QDs where some amount of In has
been incorporated as a consequence of the unintentional an-
nealing stated before. The position of the absorption edge
coincides with the expected edge position for an InGaAs
alloy with 1.5% In. On the other hand, illuminating above
the GaAs edge, labeled as �3�, the photocurrent exhibits a
sudden increase at around −2.5 V, becoming almost con-
stant after that point. This increase is observable for the
whole wavelength range above the GaAs edge. Since most of
the short wavelength light is absorbed in the emitter, we
believe this is indicative of the presence of defects in the
upper part of the cell that act as electron traps. An increase in
the field allows the ionization of deep level centers contained
in the FDL until the signal saturates when all available traps
are ionized.18 Light with a wavelength below the GaAs edge

and absorbed in the QD region is not affected by this phe-
nomenon, as observed in Fig. 3�b�.

In conclusion, we have studied the effect of digital SC
with GaP in samples containing up to 50 stacked InAs/GaAs
QD layers grown by MBE. Good structural and optical quali-
ties have been found by the analysis of TEM images and PL
spectra. The GaP barriers produce an excellent thermal sta-
bility of the optical properties of the QD stacks by increasing
the activation energy for carrier escape. Furthermore, the op-
timized QD stack has been embedded in a solar cell struc-
ture. Extended absorption has been observed beyond the
GaAs edge due to the nanostructures together with a poor
blue response of the cell. This is partially ascribed to the
particular solar cell structure design, but also due to the high
carrier recombination in the QDs and trapping by defects
associated to the introduction of the QD layers. Further work
must be done to fully understand this phenomenon and the
benefits and disadvantages of SC methods in photovoltaic
applications using nanostructures.
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