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The photoabsorption characteristics of GaAs:N δ-doped superlattices (SLs) are investigated. Periodic insertion of N δ-doped layers into GaAs
induces the formation of conduction subbands E+ and E%, and each conduction subband forms SL minibands with the GaAs conduction band
between the δ-doped layers. In addition to an optical absorption related to the E% band, an abrupt absorption edge originating from the electron
transition between the valence band and an E+-related miniband is observed at 1.6 eV in a photoluminescence excitation (PLE) spectrum,
indicating that GaAs:N δ-doped SLs are promising candidates for the absorber of intermediate-band solar cells.
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G
aAsN alloys containing up to a few percent of N
have attracted attention as an intermediate-band
absorber material for use in high-efficiency inter-

mediate-band solar cells (IBSCs).1–5) N incorporation in
GaAs leads to the splitting of the conduction band (CB) into
two subbands E+ and E¹ . These conduction subbands and
valence band (VB) are considered to compose an intermedi-
ate-band structure. To date, the observation of the upper
conduction subband E+ in dilute nitride semiconductors
has been mainly performed by reflection-based modulation
spectroscopy such as photoreflectance (PR) and electro-
reflectance (ER).6–10) From the viewpoint of application to
IBSC absorbers, direct investigation of the absorption prop-
erties by transmission spectrophotometry or photolumines-
cence excitation (PLE) spectroscopy should be more im-
portant than that by reflection-based techniques. However,
available reports on the direct observation of a distinct optical
absorption edge originating from the E+ band by such
absorption-based techniques are very limited. Although
Skierbiszewski and co-workers showed absorption spectra
of InGaAsN,11,12) only a modest step associated with the
E+ band absorption was detected in the spectra. In addition,
a relatively elaborate process was required to prepare free-
standing InGaAsN layers used for the measurements. The
difficulty of detecting the E+ band absorption arises from
the small oscillator strength of the E+ band transition, as
indicated by the fact that the PR signal intensity of the E+

transition is generally much smaller than that of the E¹

transition.6–10) Furthermore, the optical absorption by thick
GaAs substrates obscures the spectra of dilute nitride thin
films in the energy range higher than the GaAs bandgap and
makes it difficult to observe the E+ absorption characteristics.

The N ¤-doping technique is often used to explore new
aspects of N-induced effects.13–17) Recently, we proposed
the use of superlattice (SL) structures consisting of N ¤-
doped GaAs and undoped GaAs spacer layers for IBSCs as
alternatives to the homogeneously N-doped GaAsN as an
intermediate-band material because of their excellent optical
properties.18,19) We have demonstrated that, the PR transition
signals associated with the E+ band are strongly enhanced for
the SL structures compared with those for the conventional
GaAsN alloys. In this study, we investigate the absorption

properties of such GaAs:N ¤-doped SLs using PLE, and
demonstrate a direct observation of a sharp optical absorption
edge originating from the electron transitions associated with
the N-induced E+ band in the SL structure.

The samples used in this study were grown on GaAs(001)
substrates by metalorganic vapor phase epitaxy. Trimethyl-
gallium (TMG), trimethylaluminum, tertiarybutylarsine, and
dimethylhydrazine (DMHy) were used as the Ga, Al, As, and
N sources, respectively. A GaAs buffer layer of 1000 nm
thickness was grown on a substrate at 650 °C before the
fabrication of N ¤-doped GaAs SLs. We fabricated two types
of SL sample, the structures of which are schematically
shown in Fig. 1. That is, one has two 50-nm-thick AlGaAs
layers with an Al composition of 0.3, which sandwich
66 pairs of GaAs spacer/N ¤-doped layers (sample A); the
other is with 30 pairs of GaAs spacer/N ¤-doped layers
(sample B). N ¤-doped layers were formed by supplying
DMHy on the growing surface while the TMG supply was

(a) (b)

Fig. 1. Schematic illustrations of the fabricated samples: (a) sample A and
(b) sample B.
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stopped. The SLs were fabricated by alternately forming a
¤-doped layer and a GaAs spacer layer. Both samples were
capped by a thin GaAs layer. The structural parameters of
the SLs, such as the N area density in a ¤-doped layer, the
SL period (almost equivalent to the GaAs spacer thickness),
and the average N concentration estimated by secondary
ion mass spectroscopy or from X-ray diffraction (XRD), are
summarized in Table I. We also prepared an annealed piece
of sample A. The thermal annealing was carried out at
1000 °C for 5min in N2 atmosphere. The annealed sample
was covered with a GaAs wafer to prevent As desorption
during the annealing.

The energy structures and optical properties of the N ¤-
doped SLs were investigated by PR, photoluminescence (PL),
and PLE spectroscopies. In the PR measurements, a diode-
pumped solid-state (DPSS) laser at 532 nm was used as a
modulation light. The monochromatic probe light was ob-
tained from a halogen lamp dispersed through a monochro-
mator. PR signals were detected with a Si photodiode using
a phase-sensitive lock-in amplification system. PL spectra
were measured using a Ti-sapphire laser emitting at 720 nm
as excitation light. PLE measurements were carried out by
detecting PL while the excitation wavelength was scanned.

Figure 2 shows XRD patterns of sample A before and
after annealing, as measured by ª/2ª scan. In addition to
the 0th-order peak from the SL at the high-angle side of
the GaAs(004) diffraction peak, the 1st-order satellite peak is
clearly detected at 32.17° for the as-grown sample, verifying
the periodic insertion of the N ¤-doped layers. The 1st-order
SL satellite peak disappeared after annealing. This indicates
the destruction of the periodic structure owing to the
diffusion of N atoms. Note that the XRD peak from the N-
containing layer of the annealed sample remains at the same
angle of the 0th SL peak of the as-grown sample. Thus,
out-diffusion of N to AlGaAs layers was negligible, and the
average N content in the N-containing layer was maintained
after annealing.

Figure 3 shows a PR spectrum of sample A in the as-
grown state measured at 120K. Energy positions of optical
transitions estimated by fitting the spectrum with the Aspnes
third-derivative functional form20) are indicated by dotted
lines in the figure. The transition observed at 1.80 eV is
attributed to the fundamental transition in the AlGaAs layers.
In addition to the transition associated with the E¹ band at
1.43 eV, several PR signals are observed in the energy range
from 1.55 to 1.75 eV, in which no transitions are generally
observed for homogeneously N-doped GaAsN alloys with N
concentration comparable to the average N concentration of
the SL. These transition energies can be interpreted by taking
into account the SL potentials consisting of the CB of the
GaAs spacer layers and modulated CBs around the N ¤-
doped layers.18,19) The energy structure of a GaAs:N ¤-doped

SL is schematically shown in Fig. 4. The N-induced E+ and
E¹ bands are formed in the vicinity of a N ¤-doped layer, i.e.,
GaAs in the region behaves as a thin GaAsN layer. These
modified CBs contribute to the formation of multiple SL
minibands with the GaAs CB between the ¤-doped regions.
The E+ band around the ¤-doped layers and GaAs CB act as
the barrier and the well, respectively, resulting in minibands
formed above the GaAs CB edge. Therefore, the PR signals
at the high-energy side of the GaAs bandgap energy are
attributed to transitions associated with the minibands in the
E+ band/GaAs CB SL potential, whereas the PR signal at
the low-energy side is due to a miniband in the E¹ band
(well)/GaAs CB (barrier) SL potential.

Figure 5 shows PL and PLE spectra of the GaAs:N ¤-
doped SLs of samples A and B measured at 19K. A spectrum
of sample A after the thermal annealing is also shown in
the figure. Emissions originating from GaAs band-edge and
incorporated N-related states are observed at approximately
1.5 and 1.3–1.45 eV, respectively, in all the PL spectra. The
intensity of the GaAs band-edge emission of sample B is
much weaker than that of sample A. This can be understood

Table I. Structural parameters of GaAs:N ¤-doped SLs prepared in this
study.

Number of N
¤-doping layers

SL period
(nm)

N area density in
a ¤-doping layer

(cm¹2)

Average N
content in SL

(%)

Sample A 66 6.0 1.5 © 1013 0.11

Sample B 30 6.9 2.4 © 1013 0.15

Fig. 2. XRD patterns of sample A in the as-grown and annealed states.
The annealing was carried out at 1000 °C for 5min in N2 atmosphere. The
inset shows a magnified view of the patterns around the GaAs(004) peak.

Fig. 3. PR spectrum of sample A measured at 120K. The vertical dotted
lines indicate transition energies estimated by fitting.
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as follows. Carriers optically generated in the GaAs cap,
buffer layer, and substrate of sample B diffuse into the SL
region, which leads to the dominant emission from N-related
levels because these levels are energetically lower than the
GaAs CB. On the other hand, those carriers in sample A
are blocked by the AlGaAs layers on both sides of the SL
region, and thus they mainly recombine in the GaAs regions,
resulting in the intense GaAs band-edge emission.

The PLE spectra were measured in an excitation energy
range of 1.42–1.72 eV by detecting PL from a N-related state
at 1.39 eV. Energy positions of the E+ and E¹ miniband
bottoms from the VB top estimated from the PR spectrum of
sample A are indicated by vertical dotted lines in the figure.
These energy positions are shifted by 23meV to an energy
higher than the PR transition energies because the difference
in the measurement temperature between the PR and PLE
measurements is taken into account. For both the as-grown
samples, an absorption edge is observed at approximately
1.45 eV, which is attributed to the E¹-related miniband. In
addition, a strong onset of the optical absorption is observed
at about 1.6 eV only in the PLE spectrum of sample A in the
as-grown state. This energy is in good agreement with the
transition energy between the VB top and the lowest E+-
related miniband bottom estimated by the PR measurement.
As mentioned, in sample B, most of the photocarriers gen-
erated in the GaAs cap, buffer, and substrate diffuse into the
SL region and lead to photoemission from N-related states.
Because these carriers affect the photoemission at the detected
energy of 1.39 eV, the PLE spectrum strongly reflects the
absorption properties of GaAs. Therefore, PLE signals from
the SL should be obscured by that from the GaAs regions
for sample B. On the other hand, photocarriers from the
GaAs region of sample A are blocked by the AlGaAs layers
located on both sides of the SL region. Thus, the effect
of GaAs photoabsorption on the PLE spectrum is excluded
for sample A, resulting in the successful detection of the
absorption properties of the SL. This interpretation is also
supported by the fact that the PLE signal of the GaAs
fundamental absorption at approximately 1.5 eV is much
weaker in the spectrum for sample A than in that for
sample B. From these results, the abrupt absorption edge
observed at 1.6 eV in the PLE spectrum of sample A in the as-
grown state is concluded to be direct evidence of the optical
absorption by the E+-related band of the GaAs:N ¤-doped SL.

It is also assumed that the enhancement of the optical
transition intensities associated with the E+ minibands in

(a) (b) (c) (d)

Fig. 4. Energy structure of GaAs:N ¤-doped SL. Energy dispersion relations of (a) GaAs and GaAsN (these are superposed) and (d) GaAs:N ¤-doped SL.
(b) and (c) depict the E¹ band/GaAs CB and E+ band/GaAs CB SL potentials, respectively. The optical transition pathways from the VB top to the E+ and E¹

miniband bottoms are also depicted by vertical arrows in (d), which correspond to the absorption edges observed in PLE spectra in Fig. 5.

Fig. 5. PL and PLE spectra of the GaAs:N ¤-doped SLs measured at 19K.
The vertical dotted lines indicate transition energies associated with SL
minibands for sample A in the as-grown state estimated by PR.
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GaAs:N ¤-doped SLs, which have been confirmed by PR,
contributes to the observation of the absorption character-
istics in the high-energy range. The PLE spectrum of the
annealed sample, in which the periodic distribution of N is
destroyed, as revealed by the XRD measurement, represents
the disappearance of the strong absorption onset at 1.6 eV, as
shown in Fig. 5. The disappearance of the absorption onset
corroborates that the periodic distribution of N plays an
important role in the formation of a SL potential related to the
high-energy E+ band and the enhanced absorption due to the
E+ miniband in the dilute nitride semiconductor.

In conclusion, we have investigated the optical absorption
characteristics of GaAs:N ¤-doped SLs using PLE, and have
successfully shown direct evidence of the strong absorption
due to the E+-related band induced by N incorporation.
A clear absorption edge is observed at 1.6 eV in the PLE
spectrum of the SL that is sandwiched between AlGaAs
blocking layers. The absorption edge energy well corre-
sponds to a transition energy associated with the E+ band of
the SL estimated from a PR spectrum. The AlGaAs layers on
both edges of the SL region block the photogenerated carriers
from the GaAs regions in the sample, and thus the effect from
them on the PLE measurements is suppressed, resulting in
the successful detection of the absorption of the high-energy
conduction subband in the dilute nitride semiconductor. The
excellent absorption properties of GaAs:N ¤-doped SLs as
an intermediate-band material are expected to lead to further
progress in high-efficiency IBSC developments.
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