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Multiphoton transitions in GaSb/GaAs quantum-dot intermediate-band solar cells are investigated at
variable temperature and excitation intensity. A transition temperature is observed that corresponds to the
crossover between quantum-dot intraband transitions dominated by thermal escape due to infrared
photogeneration. The transition temperature follows an Arrhenius relation with an activation energy of
220 meV that corresponds to the energy barrier observed by holes in the quantum dots. The transition
temperature is in the range of 160-225 K for the temperature range studied, significantly higher than
observed in previous type-I quantum-dot systems. These results illustrate the potential of type-II structures
with deep confinement potentials and strong intraband absorption for future intermediate-band solar cells

and quantum devices.
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Solar-energy conversion via intermediate-electronic
states in the band gap of a semiconductor provides an
opportunity to enhance energy conversion by increasing
current generation, while maintaining a voltage that tracks
the band gap of the semiconductor. The intermediate-band
solar cell (IBSC) approach, considered decades ago by
Wolf [1] and motivated in 1997 by Luque and Marti [2], has
spurred research to identify appropriate materials as
described in several recent reviews [3—5]. Enhancements
in current generation are realized in quantum dots [6,7],
quantum wells [8], and bulk materials [9] due to enhanced
sub-band-gap response. However, efficiency also relies on
the ability to achieve a quasi-Fermi-level splitting that
exceeds the energy associated with the intermediate band in
order to preserve the desired voltage of the solar cell [10].
The common source for voltage reduction in an IBSC is
thermal escape of carriers relative to the rate of optically
induced sub-band-gap transitions [11,12]. Thus far, experi-
ments to demonstrate the proper operation of the inter-
mediate-band solar cell have required solar concentration to
enhance sub-band-gap optical generation rates or operation
below room temperature to reduce thermal-carrier escape
rates [8,11,13]. Among the IBSC approaches utilizing
quantum-confined structures, type-II band alignments are
proposed with expectations of enhanced absorption, more
favorable energetic positioning, or reduced thermal-carrier
escape rates [14—18]. Type-II GaSb/GaAs quantum dots
(QDs) have demonstrated sub-band-gap intermediate-band
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solar-energy conversion and properties that are promising
for enhanced performance relative to type-I structures
[15,19-25].

A common technique used to illustrate sub-band-gap
response in IBSCs is through external quantum-efficiency
spectra. However, since these measurements are typically
performed under monochromatic illumination, they do
not accurately describe the behavior of sub-band-gap
energy-conversion processes via intermediate-band states.
Experiments utilizing multiple sub-band-gap sources pro-
vide a more appropriate measure of intermediate-band
response, with sequential photogeneration across inter-
mediate-electronic states. This technique has been referred
to as two-photon sub-band-gap photocurrent (TPPC) [5],
with several variations on how to conduct the experiments.
In this work, the temperature and illumination-intensity-
dependent TPPC are studied in type-II GaSb/GaAs QDs.
The conditions where intraband transitions transition from
optical to thermal-carrier escape are evaluated.

Solar cells with ten layers of GaSb QDs are studied with
materials-growth and  device-fabrication = procedures
reported previously [22,26]. Spectral measurements of
the external quantum efficiency (EQE) are performed using
a broadband source, a monochromator, a lock-in amplifier,
and comparison with a calibrated detector. Two-photon
measurements are conducted by continuous illumination by
a monochromatic light source as an initial pump to excite
holes into the GaSb quantum dots, and an additional IR
source via a chopped 1550-nm laser with a nominal power
of 20 mW, as shown in Fig. 1. The two-photon technique is
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FIG. 1. Schematic drawing of (a) a measurement setup for
multiphoton quantum-efficiency measurements using a chopped
IR source and (b) an energy-band diagram for the GaSb/GaAs
QD system illustrating optically induced interband transitions,
optical generation via additional IR illumination, and thermal-
hole escape from confined states in the QDs.

referred to as the TPPC1 experiment from Ramiro et al. [5].
Temperature-dependent measurements are conducted using
a closed-cycle cryostat, and variable IR intensity is intro-
duced using variable focus and neutral-density filters.
The electrical characteristics and response under AM1.5
illumination have been previously reported [22], with
nominal power-conversion efficiencies of 12.5% and
18% under AM1.5 illumination for GaSb/GaAs QD cells
and GaAs reference cells, respectively. Single-photon EQE
measurements at room temperature are shown in Fig. 2
comparing the QD solar cell to a reference GaAs solar cell.
Reduced EQE is observed for the GaSb/GaAs QD cell in
the spectral region just above the band gap, and is
consistent with the reduced power-conversion efficiency.
The reduced EQE in this region may be due to recombi-
nation via the QDs or via nonradiative recombination
associated with defects introduced by the QDs [6,25].
The reduced EQE also correlates with a reduced cell
voltage [22], and due to the nonideal behavior, prevents
the ability to draw direct correlations between cell voltage
and QD behavior. Further development of cell design, such
as the inclusion of strain-compensating layers [6], is
ultimately expected to reduce the observed nonidealities.
Alternatively, the sub-band-gap response of the QD cells
can reveal information on key electronic transitions. An
enhanced response is observed below the GaAs band edge
in the range of 900-1240 nm. The sub-band-gap response
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FIG. 2. Room-temperature external-quantum efficiency of a
10-layer GaSb/GaAs QD solar cell and comparison to a GaAs
reference cell. Sub-band-gap photoresponse is observed in a
spectral range consistent with interband optical transitions in the
GaSb quantum dots and wetting layer.

corresponds to transitions previously established from a
combination of low-temperature photoluminescence mea-
surements and eight-band k-p calculations [26]. These
transitions are labeled in Fig. 2 as the GaSb wetting layer
(WL) at 1.36 eV (912 nm) and GaSb quantum dots in the
range of 1.00-1.26 eV (1240-984 nm). The observation of
sub-band-gap current response is a result of interband
photexcitation between the GaAs conduction band and
the confined states of the GaSb quantum dots. In the
absence of additional IR illumination, photoresponse is
achieved via thermal-carrier escape.

Variable-temperature TPPC1 experiments conducted as a
function of wavelength of the pump beam are shown in
Fig. 3. The response reveals photocurrent generated via
sub-band-gap transitions, where the pump beam excites
holes into confined states in the GaSb QDs. The chopped
IR illumination further excites holes from the GaSb QDs to
the GaAs valence band to generate a photocurrent. The
photocurrent response decays for wavelengths longer than
1200 nm, where the energy of the pump beam is insuffi-
cient to generate holes in the GaSb QDs. For temperatures
of approximately 250 K and above, thermal-carrier
escape is dominant and IR illumination does not impact
sub-band-gap photocurrent generation.

The temperature dependence of photocurrent generation
under chopped IR illumination is also shown in Fig. 4 for a
fixed-pump wavelength of 1000 nm. The sub-band-gap
photocurrent is nearly constant at low temperatures, and
decreases rapidly at a temperature where thermal-carrier
escape matches and then exceeds the optical generation
rate provided by the chopped IR illumination. The
transition temperature is defined in this work as the 50%
point of the maximum sub-band-gap photocurrent. The
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FIG. 3. Two-photon sub-band-gap photocurrent response due

to chopped IR illumination at 1550 nm and steady-state mono-
chromatic illumination at variable wavelength. An increased
response is observed at reduced temperature due to reduced-
carrier thermal escape.

temperature-dependent response in Fig. 4 is shown for
several IR-illumination intensities, where the transition
temperature increases with increasing IR power. This
behavior is consistent with increased intraband-optical
generation, and the allowance for higher temperatures
before thermal-carrier escape becomes dominant. The
intensity dependence of the photocurrent produced by IR
illumination is nonlinear, which may result from the
saturation of QD states and/or carrier-density dependence
of nonradiative and radiative generation-recombination
processes.
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FIG. 4. Two-photon sub-band-gap photocurrent response ver-
sus temperature for several cases of chopped IR-illumination
intensity at 1550 nm and steady-state illumination at 1000 nm.
A transition temperature is observed corresponding to the cross-
over from intraband transitions due to IR photogeneration to
thermal-hole escape.

The optical generation rate G, and thermal-carrier
escape rate Gy, are given by

Gopt = Goptqﬁ# (1)
G = omyT? exp(—E4/kgT), (2)

where o, and oy, are the cross sections for optical and
thermal processes, respectively, ¢ is the photon flux, y is
the temperature-independent emission-rate parameter, E 4 is
the activation energy of the transition, and kp is the
Boltzmann constant. The transition temperature 7, where
optical and thermal generation rates are equal results in the
expression

Gopt(ﬁ = Gthythr exp(_EA/kBTtr)' (3)

The transition point follows an Arrhenius relation:

ln<£2> =In <£&y> —i, (4)
Ttr 1 0 Oopt kB Ttr
where the IR photon flux is given by ¢ = XI,/E, I is a
baseline intensity of the IR source, E is the energy of the IR
source, and X is a multiplier for the IR source for variable-
intensity measurements. The baseline intensity of the
source for these experiments is /, = 30 mW /cm?. For a
given material or device, the activation energy may be
extracted by determining the transition temperature 7, Vs
X. The transition temperatures in Fig. 4 are plotted in
Arrhenius form in Fig. 5. The extracted activation energy of
220 meV is consistent with the barrier height for confined
holes in the GaSb QDs [15].

The transition temperature effectively defines the tem-
perature where the solar cell can be operated for a given
infrared intensity (or corresponding solar concentration
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FIG. 5. Plot relating the transition temperature for varying IR

intensity resulting in an activation energy of 220 meV.
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after accounting for the intraband absorption spectrum), to
ensure that optical generation is dominant. This is a
fundamental requirement to ensure that the open-circuit
voltage is not significantly reduced by the low-band-gap
quantum dot. The range of transition temperatures of
160-225 K observed for the GaSb QDs is promising,
where much lower temperatures (approximately 50 K and
below [11]) were required in previous type-I InAs/GaAs
QDs. The increased transition temperature is likely due to a
combination of both increased intraband-optical absorption
(higher 6, ) for the GaSb QDs, and reduced thermal escape
due to the increased confinement potential, as described
previously [15].

The transition temperature will have a strong dependence
on the absolute intensity of the IR source. The baseline
intensity of I, = 30 mW/cm? for the 1550-nm source
corresponds to a photon flux of 2.2 x 10?! photons/m?s.
In comparison, the photon flux for AM1.5 solar illumina-
tion in the 0.2—1.0 eV spectral window that is accessible for
intraband transitions in the GaSb quantum dots provides a
photon flux of 2.4 x 10?! photons/m?s. The X = 1 con-
dition in this study therefore corresponds to approximately
one sun illumination for the accessible spectral window for
intraband transitions. The use of a monochromatic source
in these experiments, however, does not provide a direct
comparison to broadband solar illumination since the
absorption spectrum of the QDs exhibit a narrow spectral
band centered near the energy of the confinement potential.
The optical absorption for intraband transitions in quantum
dots [27], described by o, is expected to be much weaker
for 1550 nm illumination (0.8 eV) than longer wavelength
photons in the broadband solar spectrum that are nearer the
0.22 eV activation energy associated with the quantum dots.
The transition temperature under AM1.5 conditions would
therefore be expected to be higher than the measured value
of 165 K for a similar flux at 1550 nm.

Further quantitative understanding of intermediate-band
solar-energy conversion in GaSb QDs requires a more
detailed understanding of intraband-optical processes. The
significant improvement in transition temperature observed
in this system motivates further efforts for band-structure
engineering to achieve strong optical-absorption transitions
and to approaches such as energy fence barriers [10] to
reduce thermal-escape processes. Furthermore, the two-
photon experiments and analysis of transition temperatures
described here provide an effective method of validating
sub-band-gap response and determining temperature and
illumination conditions where intermediate-band solar-
energy conversion may operate with enhanced power-
conversion efficiency. In addition, the measurement and
observed reduction of thermal-carrier escape in type-II
quantum dots may further impact applications including
inter-sub-band detectors and sources and devices for
quantum information processing.
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