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GaAs:N δ-doped superlattices (SLs) consisting of alternating layers of undoped and N δ-doped GaAs were fabricated by molecular beam epitaxy
(MBE) as possible candidates for the light-absorbing material of intermediate-band solar cells (IBSCs). Since the energy gaps in IBSCs need to be
adjusted to optimum values to achieve sufficiently high conversion efficiency, it is important to control precisely the band configuration of
intermediate-band (IB) materials. In this study, we demonstrated the control of the IB energy configuration in GaAs:N δ-doped SLs by changing
their structural parameters. Optical transitions due to the SL minibands related to the N-induced conduction subbands E+ and E% were clearly
observed and the transition energies depended systematically on the N area density and period length of the SLs. Conversion efficiency
calculations based on the detailed balance model indicated that IBSCs with an efficiency of nearly 60% are achievable by using the fabricated
GaAs:N δ-doped SLs. © 2015 The Japan Society of Applied Physics

1. Introduction

The development of intermediate-band solar cells (IBSCs) is
an attempt to improve photovoltaic power generation
efficiency.1–12) GaAsN is a possible candidate light-absorbing
material of IBSCs because the N-induced conduction
subbands E+ and E− formed in GaAsN are considered to
compose an intermediate-band (IB) structure with the valence
band (VB).13–18) However, in general, the optical transition
originating from the E+ band is not as clearly observed as
one from the E− band.19–23) In our previous work, we found
that superlattice (SL) structures consisting of alternating
layers of undoped and N δ-doped GaAs show stronger optical
transitions originating from SL minibands related to the E+

band than those from the E+ band in conventional GaAsN
alloys.24–26) In such GaAs:N δ-doped SLs, each of the E+ and
E− bands formed around the N δ-doped layers composes SL
potentials with the conduction band (CB) of spacer GaAs,
resulting in the formation of minibands related to E+ and E−
bands above and below the GaAs CB edge, respectively.24)

These E+ and E− minibands are originally from energetically
separated conduction subbands, and thus are considered to
compose an ideal IB structure. On the basis of their superior
optical properties, we propose the SLs as more promising
candidate IB absorbers.25)

According to the detailed balance theory of IBSCs, the
energy gaps in the IB absorber need to be optimized to
achieve a sufficiently high conversion efficiency.1) Therefore,
it is important to control precisely the band energy
configuration in IB materials. The IB energy configuration
in GaAs:N δ-doped SLs is determined on the basis of the SL
potentials originating from the N-induced conduction sub-
bands and therefore is expected to show systematic de-
pendence on structural parameters such as the N area density
in δ-doped layers and period lengths of the SLs.25) In this
report, we experimentally demonstrate the control of energy
configuration of the IB structure in GaAs:N δ-doped SLs by
adjusting structural parameters.

2. Experimental methods

GaAs:N δ-doped SLs with nominal SL periods of 9, 6, and

4 nm were fabricated by molecular beam epitaxy (MBE) on
GaAs(001) substrates. Metal Ga and As were used as the Ga
and As sources, respectively. A valved cracker cell was used
to supply As and was operated in the As2 mode. Active N
was supplied by an rf plasma source. A GaAs buffer layer
was grown on a substrate at 580 °C followed by the growth
of a 20-period SL of GaAs:N δ-doped layers at 500 °C. A N
δ-doped layer was formed by supplying active N during the
growth interruption and the following GaAs growth. The area
density of N in a δ-doped layer was controlled by changing
the duration of the N supply. A 20-nm-thick GaAs cap layer
was grown on top of the SL. The sample structures were
evaluated by cross-sectional transmission electron microsco-
py (TEM) and X-ray diffraction (XRD). The SL period and
average N composition in the SLs were measured by θ–2θ
XRD scans, and the N area density in a δ-doped layer was
estimated from these data. Photoreflectance (PR) measure-
ments were carried out at 120K to investigate the energy
configuration of the SLs. In the PR measurements, a diode-
pumped solid-state (DPSS) laser at 532 nm was used to
provide the pump beam. A probe light was obtained from
a halogen lamp, the emission from which was dispersed
through a monochromator. PR signals were detected by a Si
photodiode. To investigate the origin of the enhanced optical
transitions related to the E+ band in the SLs, some samples
were subjected to rapid thermal annealing in N2 atmosphere
at several temperatures, and structural and optical character-
izations were carried out.

3. Results and discussion

XRD measurements revealed that the N area density in a
δ-doped layer of the obtained SLs was well controlled in the
range from ∼4 × 1013 to 2 × 1014 cm−2 by changing the N
exposure time during the formation of N δ-doped layers. The
SL period was estimated from the 1st-order satellite peak
positions in the XRD patterns around the GaAs(004) peak,
and the deviation from the nominal values was within 0.3 nm
for all the samples. A cross-sectional TEM image of a
GaAs:N δ-doped SL with a period of 6.2 nm and N area
density of 1.9 × 1014 cm−2 is presented in Fig. 1. The average
N composition in the SL region of this sample was 1.36%.
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No misfit dislocations were observed throughout the SL
structure, and fine formation of a periodic structure in the
growth direction was confirmed, as shown in the figure.

Figure 2 shows PR spectra of GaAs:N δ-doped SLs with
the nominal SL period of 4 nm. The N area density in a
δ-doped layer of these samples was in the range from
0.38 × 1014 to 1.8 × 1014 cm−2. Aside from the GaAs
bandgap transitions near 1.5 eV originating from the cap
layer, buffer layer, and=or substrate, several transitions were
observed in the PR spectra for all the SLs. The PR signals
above and below the GaAs bandgap energy were due to
optical transitions from the VB to SL minibands related to the
E+ and E− bands, respectively. The arrows in Fig. 2 indicate
the energy positions of the E+ and E− miniband bottoms
estimated from fitting with Aspnes’ third derivative func-
tional form.27) As the N area density increased, the transition
energy related to the E+ miniband increased, and that to the
E− miniband decreased. As stated in the introduction, the SL
potentials are composed of N-induced conduction subbands
in the vicinity of the N δ-doped layers and the CB of spacer
GaAs. Since the E+ and E− bands locate above and below the
GaAs CB, respectively, the E+ band behaves as the barrier
whereas the E− band behaves as the well in the SL potential.
In either case, the dependence of the SL miniband energy on
the N content should have a tendency similar to that of the
conduction subband that composes the SL. The energies of
the E+ and E− bands in GaAsN increases and decreases with
increasing N content, respectively. Therefore, the behaviors
of the miniband energies observed in the PR spectra are
considered reasonable.

The signal intensity of the E+ band transitions of con-
ventional GaAsN alloys in modulation spectroscopies is
typically one order of magnitude lower than that of the E−
band transition.19–23) Thus, the oscillator strength deduced
from the PR signal intensity for the E+ miniband transitions
in the SLs is relatively larger than that for the E+ band
transitions in conventional GaAsN alloys. To investigate the
origin of the enhanced optical transitions related to the E+

band in the SLs, annealing characteristics were evaluated.
Figure 3(a) shows XRD patterns of as-grown and annealed
SLs with a SL period of 6.2 nm and a N area density of
1.1 × 1014 cm−2. The annealing was carried out at 800 and
900 °C for 5min. As the annealing temperature increased,
the intensity of the SL satellite peak decreased, implying
that the abruptness of N distribution in the δ-doped layers
was decreased owing to the thermal diffusion. Note that
the position of the 0th-order satellite peak did not move after
the annealing, and thus the total N content in the SL was
maintained. Figure 3(b) shows corresponding PR spectra of
these samples. Moderate thermal treatments often improve
the crystal quality and optoelectronic properties of dilute
nitride alloys,28–32) and this can account for the increase in the
PR signal intensities for E−-related transition at about 1.2 eV
after the annealing at 800 °C. The slight increase in the
transition energy of the E−-related transition after 900 °C may
originate from changes in the SL potential owing to the
broadening of the N distribution profile. The E+-related
transition signals in an energy range from 1.55 to 1.8 eV for
the as-grown SL are more intense than the E−-related
transition signals. The E+-related signals became significantly
weaker or disappeared after annealing. Therefore, it can be
assumed that the abrupt distribution of N in δ-doped layers
contributes to the enhancement of the E+-related transitions
and that the oscillator strengths of these transitions are
much more sensitive to the N distribution than those of the
E−-related transitions.

Finally, the energy positions of the miniband bottoms of
the SLs estimated from PR transition signals are plotted in
Fig. 4 as a function of the N area density in a δ-doped layer.
The results for the SLs with nominal periods of 4, 6, and
9 nm are indicated in the figure. Both transition energies
related to the E+ and E− minibands depended on the N area
density, as shown earlier. In addition, although the difference
is not as large, the shorter SL period causes the lower

Fig. 1. Cross-sectional TEM image of a GaAs:N δ-doped SL with a period
of 6.2 nm and a N area density of 1.9 × 1014 cm−2.

Fig. 2. (Color online) PR spectra of GaAs:N δ-doped SLs with a nominal
period of 4 nm. The PR measurements were carried out at 120K.

(a) (b)

Fig. 3. (Color online) (a) XRD patterns and (b) PR spectra of a GaAs:N
δ-doped SL with a SL period of 6 nm and a N area density of 1.1 × 1014 cm−2

measured before and after annealing. PR measurements were carried out at
120K.
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transition energies of the E−-related miniband and the higher
transition energies of the E+-related miniband. Therefore, it
is demonstrated that the energy configurations in GaAs:N
δ-doped SLs are successfully controlled by adjusting the SL
structures such as the N area density and SL period. Figure 5
shows the calculated conversion efficiency of IBSCs as a
function of the CB–VB gap energy and the CB–IB gap
energy. The calculation was based on the detailed balance
model under the assumption of fully concentrated black-body
(5760K) irradiation. The closed symbols plotted in the figure
indicate the energy gap relation of the fabricated SLs in
which the bottom energies of the E+ and E− minibands
estimated by PR are assumed to correspond to those of the
CB and IB, respectively. From the figure, it is expected that
IBSCs with a conversion efficiency of nearly 60% are
achievable using the fabricated GaAs:N δ-doped SLs.

4. Conclusions

We have fabricated GaAs:N δ-doped SLs and demonstrated

the control of energy configuration in the SLs by adjusting
the structural parameters. Optical transitions due to the SL
minibands related to the E+ and E− bands are clearly
observed in the fabricated SLs. These miniband energies
systematically depended on the N area density and period
length of the SL, in other words, they were well-controlled.
Conversion efficiency calculations based on the detailed
balance model indicated that IBSCs with an efficiency of
nearly 60% are achievable using the fabricated GaAs:N
δ-doped SLs. In addition, annealing characteristics suggested
that the abrupt distribution of N in δ-doped layers contributes
to the enhancement of the E+-related transitions in the SLs.
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Fig. 4. (Color online) Dependence of the miniband (MB) bottom energies
of GaAs:N δ-doped SLs on the SL period and N area density. The dotted
lines are a guide to the eye.

Fig. 5. (Color online) Calculated conversion efficiency of IBSCs as a
function of the CB–VB gap energy and the CB–IB gap energy. The closed
symbols indicate the energy gap relations of the fabricated SLs in which the
bottom energies of the E+ and E− minibands estimated by PR are assumed to
correspond to those of the CB and IB, respectively.
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