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Quantum dot solar cells have been attractive for solar cell
applications due to their ability to enhance light absorption

via multiple energy levels introduced by quantum dots (QD) and
extend the absorption edge into the infrared range.1�5 Theore-
tical modeling of the intermediate band QD solar cell has
predicted an increase in the efficiency up to ∼64% for a well-
adjusted intermediate band,5 but up to now the experimental
works have shown very limited success.6�10 In contrast to the
expected substantial increase in the photocurrent due to harvest-
ing of infrared energy, the enhanced recombination of photo-
carriers via dots does not allow for a noticeable improvement of
the short circuit current, JSC. Moreover, in many cases even a
small increase of JSCwas accompanied by the deterioration of the
open circuit voltage, VOC.

The analogous concept of the impurity photovoltaic effect has
been studied for many years. In the early sixties, Wolf proposed
to use impurity levels to collect the long-wavelength radiation.10

In response, Shockley and Queisser11 argued that additional
impurity levels drastically enhance the recombination processes
(Shockley�Read�Hall recombination) and consequently dete-
riorate the device performance. Trade-off between IR energy
harvesting and recombination losses due to impurity electron
levels is a long-term problem studied without noticeable success in
a number of theoretical and experimental investigations. However,
compared to the midgap impurities, quantum dots offer more
flexibility for nanoengineering of electron processes via dot size,
correlation of dot positions, and selective doping. Research of QD
solar cell capabilities is seen still far from completion.

In this work, we investigate the effects of the quantum dots
with built-in charge (Q-BIC) on the solar energy harvesting and

recombination processes. Two straightforward ideas that support
this research are related to the expected positive effects of doping
on VOC and IR harvesting. First, we anticipate that, as in
conventional heterojunction devices, doping will avert the dete-
rioration of the open circuit voltage.12 Second, we also expect
that additional carriers in QDs created by doping will enhance
the IR absorption and the photocurrent as shown in Figure 1 for
n-doping. Figure 1a presents the processes in a QD structure
without doping. Figure 1b,c shows the doping-induced process
associated with electrons in the ground state due to intentional
doping of dots. Figure 1c demonstrates a two-step process, where
two electrons are excited by IR radiation to the excited localized
QD state. Consequently, strong electron�electron interaction in
QDs13,14 causes one of these electrons to transfer to some low-
energy state (for example, to the ground state) while another
electron transfers to the conducting state and leaves the dot. The
n-doping enhances electron transitions in QDs shown in
Figure 1b,c without substantially changing the hole kinetics. In
the sameway, the p-doping enhances the hole transitions inQDs.
Comparing electron and hole transitions inQDs, one should take
into account that the electron energy level spacing in QDs is
significantly larger than the spacing for holes due to the large
effective mass of holes. The electron transitions in QDs sig-
nificantly exceed the thermal energy and cannot be induced by
thermal phonons. To stimulate these transitions by IR radiation,
the n-doping should be preferable.
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ABSTRACT: We report a 50% increase in the power conver-
sion efficiency of InAs/GaAs quantum dot solar cells due to
n-doping of the interdot space. The n-doped device was
compared with GaAs reference cell, undoped, and p-doped
devices. We found that the quantum dots with built-in charge
(Q-BIC) enhance electron intersubband quantum dot transi-
tions, suppress fast electron capture processes, and preclude
deterioration of the open circuit voltage in the n-doped
structures. These factors lead to enhanced harvesting and
efficient conversion of IR energy in the Q-BIC solar cells.
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A critical and challenging question that needs to be addressed
is the effect of doping on the photocarrier capture rate and dot
population. Like the quantum well population,15 the dot popula-
tion under a stationary light flux is determined by the condition
of equal capturing for electrons and holes into a dot. Different
electron and hole capture rates lead to an accumulation of the
built-in charge and creation of potential barriers, which impede
fast capture processes and accelerate slow processes. Thus, the
dot population under light is determined by both doping and the
carrier capture rates. There is a strong dependence of capture
rates on the electric field even in relatively small fields.16

Consequently, the built-in charge substantially affects the effec-
tive electric field around the dot thereby modifying capture
processes. Thus, the harvesting of IR radiation (Figure 1b,c)
and carrier capture are strongly interrelated via the built-in charge
and corresponding barriers around dots.

To study effects of the built-in charge on the JSC, VOC, and
efficiency, as well as to understand the IR-induced transitions and
capture processes, we fabricated and investigated p- and n-doped

InAs/GaAs QD solar cells with various doping levels. We
measured the I�V characteristics under light, spectral response,
and photoluminescence. Finally, we present the data that shows
the dependencies of solar cell parameters on doping. Our results
show that n-doping of the interdot space improves solar energy
conversion. For the most heavily doped sample, the photovoltaic
efficiency improves by as much as 50% compared with an
undoped device. Because we have not observed any evidence
of the effect saturating, we can expect an even stronger enhance-
ment of the photovoltaic efficiency for further increase of the
doping level.

Figure 2 illustrates the growth diagram of a delta (δ)-doped
QD structure in which a plane of dopants is placed in the middle
of each GaAs layer that separates the dot layers. The structures
were grown on nþ-GaAs (100) substrates by molecular beam
epitaxy. Following oxide desorption, a 300 nm nþ-GaAs buffer
with a doping density of 1018 cm�3 was grown at 595 �C. The
substrate was cooled down to 530 �C for growth of the solar cell
structure. QD growth occurred following the deposition of 2.1 MLs
of InAs. The structures contain 20 stacks of QD layers separated
by GaAs with dopant sheet densities of 0, 2.4� 1010, 3.6� 1010,
4.8 � 1010, and 7.2 � 1010 cm�2 for providing zero, two, three,
four, and six electrons per QD, respectively (based on average
dot densities measured with transmission electron microscopy).
The thickness of the GaAs spacer layer was 50 nm for all samples.
The spacer thickness was chosen in an effort to dissipate strain
fields in subsequent layers and hence reduce the strain accumula-
tion and dislocations in the multistack samples. These relatively
large spacers completely suppress electron tunneling between
dots and prevent formation of the intermediate band. It will
be shown that the localized levels in QDs provide efficient
IR harvesting. The pþ-δ-nþ structure (where δ refers to the
δ-doped quantum dot layers) was completed by a 100 nm
p-GaAs with a doping density of 1 � 1018 cm�3, 30 nm
p-Al0.45Ga0.55As with a doping density of 5 � 1018 cm�3, and
finally a 50 nm p-GaAs contact layer with a doping density
of 5 � 1018 cm�3.

For characterization of the device performance, 250 μm
circular solar cells were fabricated using standard photolithogra-
phy followed by a phosphoric acid wet chemical etching. The
structure was etched down into the nþ-GaAs substrate. Subse-
quently, an n-type blanket metallization of gold/tin/gold
(15 nm/25 nm/250 nm thicknesses, respectively) was per-
formed in an electron beam vacuum evaporator onto the back
side of the substrate. Following blanket metallization, a rapid
thermal annealing at 375 �C for 60 s was performed. Finally, the
top of each mesa was patterned with a p-type metal ring contact.
A chromium/gold contact layer (25 nm/250 nm thick, re-
spectively) was deposited followed by ametal lift-off. The contact
ring diameter is 200 μm with a 100 μm opening in the center to
allow for top-side illumination. An array of these mesas was
cleaved from the wafer and mounted in a 68 pin leaded chip
carrier (LDCC) using indiummetal. Wire bonds were attached to
the top contact metal and out to a pin connection on the LDCC.

The I�V characteristics of our devices were measured under
light using a Newport Oriel PV calibrated solar simulator, which
provides 1 Sun (AM1.5G) illumination. An Agilent 4156C
precision semiconductor parameter analyzer was used to obtain
the I�V curves that are shown in Figure 3. Solar cell parameters
such as the JSC, VOC, the fill factor FF, and the cell efficiency have
been obtained from the resulting curves. While the p-doped
device with the doping density of 4.8 � 1010 cm�2 shows

Figure 1. (a) Photogeneration of electron�hole pairs into the ground
QD state (E0) and into the excited QD state (E1) followed by either
thermionic emission (Etherm) or intersubband photoexcitation (Eisb)
into the conducting channel; Em is the direct photogeneration in the
GaAs matrix. (b) Process induced by n-doping with IR transition of an
electron from the localized to the conducting state. (c) Another doping-
induced process, where the radiation excites two electrons toQD excited
states, then due to strong interelectron interaction in a QD one of these
electrons transfers to the conducting state and the other transfers to a
low-energy state.

Figure 2. Growth diagram of a delta (δ)-doped QD structure.
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degradation in JSC compared with the undoped device, the
n-doped devices show a monotonic increase in JSC with increas-
ing of the doping level. Table 1 shows that, compared with the
undoped device, the power conversion efficiency increases by
4.5, 30, and 50% for doping levels of 2, 3, and 6 electrons per dot,
respectively.

In order to determine the harvesting role of IR photons in this
radical improvement of the photovoltaic conversion efficiency,
we measured the spectral dependence of the photocurrent under
low illumination conditions using a Nicolet Fourier transform
infrared (FTIR) spectrometer. Figure 4 shows the photore-
sponse of the GaAs reference cell, the undoped QD solar cell,
and the QD solar cells doped to provide 2 electrons per dot. The
band-to-band absorption in the GaAs matrix (Em in Figure 1a) is
observed below 880 nm. Transitions in the range from 880 to
920 nm correspond to the wetting layer.17 Transitions above
920 nm are most likely related to the various excited QD states
(e.g., E1 in Figure 1a).17 Finally, the ground state transition in

QDs is 1100 nm (E0 in Figure 1a). As seen, the photoresponse
due to short-wavelength (above bandgap of GaAs) photons is
reduced due to QDs, while the photoresponse contribution due
to long-wavelength photons is enhanced. Doping further reduces
the short-wavelength photoresponse related to the band-to-band
transitions and transitions in the wetting layer but substantially
enhances the IR photoresponse via QDs. The spectral density of
the photocurrent monotonically decreases when the radiation
wavelength increases up to 4.8 μm. As seen from the inset to
Figure 4b for the sample with six electrons per dot, the spectral
density shows a sharp rise at 4.8 μm (250meV), which is believed
to correspond to the transition from the dot ground state to the
low energy resonance conducting state (Eisb in Figure 1b). In
addition, a broad weak peak is observed between 4.8 and∼8 μm,
which is close to the cutoff of the experiment. This peak decreases
with doping decrease and is completely absent in the reference
cell. Note that the analogous spectral dependencies and depen-
dencies on doping have been observed in absorption of QD
structures.18

To investigate the cumulative contribution of the entire IR
portion of the solar spectrum to the photoresponse of our
devices, we measured the photocurrent under 1 Sun radiation
using a GaAs filter, which eliminates photons with wavelengths
less than 880 nm. The I�V characteristics obtained with this
filter, which were corrected for reflectivity losses, are presented in
Figure 5. As expected, the GaAs reference cell does not show any
photoresponse to the long-wavelength part of solar spectrum.
The photoresponse due to radiation at wavelengths greater than
880 nm significantly increases with doping. In the device doped
to provide two electrons per dot, we observe an increase in the
photocurrent of 7.0 mA/cm2 compared with the reference cell.
The photocurrent from the sample with 6 electrons per dot
increased by 9 mA/cm2.

To study the effect of high energy photons on IR harvesting,
we also investigated the IR photoresponse of QD structures
under short-wavelength radiation. The InAs/AlGaAs QD struc-
tures were doped with Si in the middle of AlGaAs layers with a
doping sheet concentration of 2.7� 1011 cm�2. A red LED with
620 nmwavelength was used for optical pumping. Figure 6 shows
the photocurrent induced by 4300 nm IR radiation that corre-
sponds to intersubband transitions in QDs. The measurements
at 78 K demonstrate the increase of photocurrent by orders of
magnitude due to the short-wavelength pumping. This observa-
tion manifests the strong enhancement of the IR electron
transitions from the localized states in QDs to the conducting
states in the matrix. Let us note that the QD structures used in

Figure 3. I�V characteristics under 1 Sun (AM1.5 G) at 100 mW/cm2

of QD solar cells as a function of doping: p-doped QD cell with 4 holes
per dot, GaAs reference cell, undoped QD cell, n-doped QD cells with 2,
3, and 6 electrons per dot.

Table 1. QD Solar Cell Parameters

dot population JSC (mA/cm2) VOC (V) fill factor (%) efficiency (%)

0 15.1 0.77 77 9.31

2 17.3 0.74 76 9.73

3 18.5 0.79 75 12.1

6 24.3 0.78 72 14.0

Figure 4. (a) Spectral response of the GaAs reference and doped and undoped QD structures. (b) Magnified view of the spectral response in the range
from 1000 to 1150 nm. The inset shows the spectral response of QD structure with 6 e/dot in the range 4�8 μm.
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these measurements were designed for IR photodetectors with
large (up to 100) photoconductive gain, g, which strongly
increases the photoresponse. Effect of optical pumping on IR
harvesting in solar cells (g = 1) deserves special investigation.

To investigate mechanisms of carrier capture and evaluate
effects of doping on the recombination losses, we studied the
room temperature photoluminescence (PL) in our solar cells
under short circuit conditions to match the conditions of previous
I�V measurements. The 532 nm line from a frequency-doubled

neodymium doped yttrium aluminum garnet (Nd:YAG) laser
was used to stimulate PL transitions. The diameter of the laser
spot on a sample was 20 μm. The PL signal from the sample was
dispersed by a monochromator and detected by an InGaAs
detector array. The PL spectra were taken at 0.3 W/cm2

excitation intensities. Figure 7a shows the dependence of the
PL on the doping level in n-doped samples (the data for higher
intensities are presented in the online Supporting Information).
The PL intensity substantially increases with doping. This
observation is associated with enhancing of intradot relaxation
processes via electron�electron and hole�electron scattering in
QDs due to electrons trapped in the dots.19

Figure 7b shows the PL of p- and n-doped samples with the
same level of doping, which corresponds to four carriers per dot.
As seen, the PL intensity from the p-doped sample exceeds that
of the n-doped sample by approximately 8 times. Thus, the
p-doping substantially enhances capture and relaxation processes
and increases the recombination losses. This observation is in
agreement with experimental works in the area of QD lasers and
light-emitting diodes, where it is well established that the
p-doping strongly decreases the photocarrier lifetime and im-
proves the efficiency of light-emitting diodes and modulation
speed of QD lasers. Contrary to these devices, the QD solar cells
require a long photocarrier lifetime. Therefore, n-doping proves
to be more desirable for QD solar cells. In addition, the PL
maximum of the p-doped sample is shifted toward the shorter
wavelength regime with respect to the corresponding maximum
for the n-doped sample. The observed energy shift of ∼10 meV
indicates substantial accumulation of holes in the p-doped QD
structures.20

The most pronounced result of this work is the radical
improvement of the photovoltaic efficiency due to enhanced
harvesting of the IR portion of solar spectrum in n-doped QD
solar cells. As shown in Figure 3, the photocurrent, JSC, increases
from 15.07 to 24.30 mA/cm2with increasing dot population. We
also found that JSC in the undoped QD solar cell is almost the
same as that in the GaAs reference cell. The JSC monotonically
increases with increasing n-doping, but decreases due to p-dop-
ing. The scope of the data shows that the improvement of QD
solar cell due to built-in charge should be associated with the
doping-induced electron intersubband transitions, as presented
in Figure 1b,c. To effectively contribute to the photovoltaic
conversion, an electron and a hole should simultaneously escape
from the dot. The energy level spacing for electrons in QDs is
relatively large. It substantially exceeds the spacing for holes and
the thermal energy. For this reason, it is precisely the electron

Figure 6. Photoresponse to the 4300 nm IR radiation of the QD
structure under the 620 nm optical pumping.

Figure 7. Room-temperature PL measurements at low excitation density for doped and undoped QD solar cells. (a) Dependence of the PL on the
doping level for undoped device and n-doped devices with 2, 3, 4, and 6 electrons per dot and (b) comparison of PL in p- and n-doped devices with the
same level of doping (4 carriers per dot).

Figure 5. The long-wavelength photoresponse for undoped QD solar
cell and n-doped cells with 2 and 6 electrons per dot under 1 Sun (AM1.5
G) light passed through short-wavelength GaAs absorber.
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intradot processes that limit the electron�hole escape from
QDs. Thus, it is critically important to enhance the photoexcita-
tion of electrons rather than holes.

Spectral response measurements in Figure 4 show partial
contributions of the band-to-band, wetting layer, QD ground
state, and QD subband transitions to the photocurrent. In
agreement with the above interpretation, n-doping reduces the
photocurrent generated by the band-to-band transitions and
transitions in the wetting layer but substantially increases the
IR harvesting via electron transitions shown in Figure 1b,c. The
measurements of the photoresponse to IR portion of solar
radiation (Figure 5) and its comparison with the photoresponse
to the entire solar spectrum (Figure 3) demonstrate that even
under a low-power radiation the short- and long-wavelength
contributions are not independent and the total photocurrent is
significantly larger than the sum of two separate contributions.
Let us note that this effect is known for IR QD photodetectors,
where the IR response is significantly enhanced by the optical
pumping.21 In ref 21, optical pumping was limited by relatively
low energy quanta, which could generate only electron�hole
pairs localized in the QDs. It was concluded that in this case the
optical pumping is equivalent to the doping of QDs. The optical
pumping with the energy quanta much larger than the GaAs
bandgap also enhances by orders of magnitude the IR photo-
response (see Figure 6). The high-energy radiation increases the
number of carriers captured into QDs, which in turn significantly
enhances the IR electron transitions from localized states in QDs
to the conducting states in matrix as it is shown in Figure 1b,c. As
we discussed above, the same effect provides a significant
increase in the photocurrent of Q-BIC solar cells.

Besides the effect of doping on the generation of mobile
electron�hole pairs, doping affects the carrier capture and
relaxation processes via the quantum dots with built-in charge.
The photocarrier capture into QDs is usually associated with the
inelastic processes accompanied by the emission of optical
phonons. Despite many potential applications of QD structures
in optoelectronics, there is still very limited and controversial
information about capture rates for electrons and holes.16,19,22

While in bulk materials the hole relaxation via emission of an
optical phonon is faster than the corresponding electron relaxa-
tion, the relation between the capture rates in QDs appear to be
the exact opposite. Experimental works, where both capture
processes have been studied, show in favor of fast electron
capture rate.23�25 In ref 23, the ratio of hole and electron capture
times, τc

p/τc
n, was determined to be 2 ps/0.5 ps = 4, whereas in ref

24 the same ratio was found to be an order of magnitude larger.

As discussed for quantum-well structures by Ridley,15 a differ-
ence in electron and hole capture rates should lead to an
accumulation of a charge in the wells and to a formation of
potential barriers around wells. The same effect is expected to be
even more pronounced in QD structures.

To study potential barriers around QDs as a function of dot
population, we used a simulation tool based on the nextnano3

software,26 which solves self-consistently Schr€odinger and Pois-
son equations. Figure 8a shows the potential profile in QD
structures with the position of dots correlated in QD planes. As
seen, the potential barriers in the QD planes are smaller than
those between QD planes. Therefore, the photoelectron capture
via thermoexcitation is mainly expected to come from the QD
planes. Figure 8b shows the potential barriers around single dots
in QD planes as a function of the quantum dot population.
According to these results, the barrier height is proportional to
the number of electrons trapped in a dot, that is, Vb = ken, where
n is the dot population and ke = 2.5 meV. The coefficient ke
depends on the dot form and increases for smaller dots. The
built-in negative charge suppresses the fast electron capture
processes and accelerates the capture of holes. Taking into
account an exponential dependence of the capture rates on the
built-in charge,27 the corresponding dot population may be
evaluated as nd = (kBT)/(2ke)ln(τc

p/τc
n) (see the online Support-

ing Information) . Therefore, even a relatively small difference in
initial capture rates may provide a significant built-in charge. For
example, for τc

p/τc
n = 4 obtained in ref 23 we get seven electrons

localized in the dot. If the built-in charge is not provided by
doping, the corresponding charge comes from pþ- and nþ-
contacts and changes the potential profile in the active area. To
avoid this negative effect, one should choose the doping level that
provides the dot population nd, which equates the electron and
hole capture rates. Our estimate of the dot population based on
the capture rates from ref 23 is obviously open to refinement,
which will be done in future studies of Q-BIC solar cells with
higher n-doping level.

Our investigations show that effects of doping on processes in
Q-BIC solar cells are complex and interrelated. The undoped
device demonstrates small, 0.5 mA/cm2 increase in JSC with
respect to the GaAs reference cell (Figure 3), while the IR
radiation itself gives an increase in the photocurrent of∼4 mA/cm2

(Figure 5). These data show that in the undoped structures the
significant positive effect of IR harvesting by QDs is eliminated
by the recombination processes generated by QDs. Note that
such small improvements in JSC were observed in a number of
previous works.6�9 The situation radically changes with doping.

Figure 8. (a) The 3D potential profile of the conduction band in the QD solar cell with correlated positions of QDs. (Inset) Potential barriers around
QD suppress the capture of photoelectrons. In the QD plane A�B, the potential between QDs varies from the maximum (D) to minimum (C).
(b) Corresponding potential barriers for electrons in QD plane A�B as a function of built-in electron charge.
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While the recombination processes are enhanced with doping
(Figure 7), the doping-induced IR harvesting prevails over the
recombination losses. The net positive effect increases with the
doping level. At the doping level of two electrons per dot, JSC
increases by∼2.5 mA/cm2 (Figure 3) and the IR radiation itself
gives an increase in the photocurrent of∼7 mA/cm2 (Figure 5).
This shows that the recombination losses related to the conver-
sion of short-wavelength radiation decrease the photocurrent by
4.5 mA/cm2. At the doping level of six electrons per dot, JSC
increases by ∼9 mA/cm2 (Figure 3) and the IR radiation itself
also gives an increase in the photocurrent of ∼9 mA/cm2

(Figure 5). However, this coincidence cannot be interpreted as
additivity of partial spectral contributions to the photocurrent. At
this doping level, the recombination losses related to the con-
version of short-wavelength photons turn out to be compensated
by the effect of optical pumping in the IR harvesting. As seen
from the above discussion, these two effects are significant and
require further investigations, in particular, at higher doping
levels and higher intensities of radiation. One of the limitations
on the doping level may originate due to the Auger recombina-
tion, which at the current doping levels remains substantially
weaker than the Shockley�Read�Hall recombination.

It should be highlighted that in our devices, the strong
enhancement of the photocurrent occurs without deterioration
of theVOC. This important improvement is exclusively due to the
built-in charge. In previous works on structures without doping,
even a small increase in JSC was usually accompanied by a
decrease in VOC.

1�4,7�9 The positive influence of the doping
on VOC is not a specific feature of solely QD solar cells. It is
understood for conventional pn-junction solar cells, that the
minimum doping level is determined by the requirements of
complete energy conversion.12 In this case, the difference
between the Fermi energies of electrons and holes in the active
region under radiation should be smaller than the corresponding
difference at the contacts. This in turn requires the concentration
of majority carriers in the junction area to be at least as large as
the concentration generated by illumination.12 In practice,28 this
condition leads to a doping level of ∼1016 cm�3, which
approximately corresponds to the doping in our structures.

We have established that the quantum dots with built-in
charge enhance harvesting of IR energy. As it is summarized in
Table 1, in Q-BIC solar cells the efficiency of the photovoltaic
conversion increases from 9.3% in devices without doping to
14% in devices with the doping to provide six electrons per dot,
which was the maximal doping level in our investigations. The
photovoltaic efficiency as a function of the bias voltage is
discussed in the online Supporting Information. We would like
to note that the positive effect ofQ-BIC is still far from saturation,
that is, further improvements are expected with higher doping
levels. The improvement of IR harvesting is anticipated to be
even stronger at higher radiation intensities due to optical
pumping effect. This makes the Q-BIC solar cells promising
candidates for use with concentrators of solar radiation.
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