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The InNxAs1–x alloy is a very promising, although so far almost completely unexplored, novel material for mid-IR emitters

and detectors. InNAs/GaAs multiple quantum wells were grown by MOCVD on GaAs substrates, using dimethylhydrazine

(DMHy) as nitrogen precursor. The crystalline quality and solid phase composition were evaluated by high-resolution x-ray

diffraction. The nitrogen content in InNAs wells was determined to be 18%. The measurements indicate high quality of quan-

tum-well structures. The peak photoluminescence emission wavelengths of ~6.5 µm at 30 K and ~7.2 µm at 193 K are the

longest reported so far for dilute nitride semiconductors.
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Semiconductor lasers and detectors operating in the mid-IR
(2–8 µm) wavelength range are important for a variety of
applications. Mid-IR sources are needed for remote detec-
tion of chemical vapours and liquids, environmental sens-
ing, and trace gas monitoring. Many of these applications
may require low cost solutions and operation over wide
temperature range, ranging from cryogenic to room tem-
perature, or at the very least, an operation temperature con-
sistent with thermoelectric cooling (greater than ~240 K).
Due to their compactness, ruggedness, reliability, and high
efficiency, semiconductor lasers are by far preferred over
any other types of lasers.

Most of the prior work on mid-IR diode laser emitters
focused on using group-III-antimonide-based materials.
Unfortunately, due to small band offset in this material sys-
tem, operation of antimonide-based mid-IR diode lasers
has been limited to cryogenic temperatures. While
non-cryogenic operation up to 290 K is achievable with op-
tical pumping [1], the maximum cw operation temperature
of electrically pumped devices is only 195 K [2]. An alter-
native approach, relying on intersubband transitions in
GaAs/AlGaAs quantum cascade lasers [3], requires very
complicated multilayer structures with very stringent re-
quirements of epitaxial growth precision, which results in
high cost of these devices and makes it practically impossi-
ble to reach high output power levels. Moreover, even
though the cw operation of quantum cascade lasers at room
temperature has been reported very recently [4], the optical
output power is still very small (3 mW at 312 K), and the
output wavelength is very long (9.1 µm), longer than re-
quired for most mid-IR applications.

The InNxAs1–x alloy is a very promising, although so
far almost completely unexplored, novel material for
mid-infrared (2–8 µm) emitters and detectors. The
room-temperature bandgap of InAs is 0.36 eV (3.44 µm).
As with other dilute nitrides, incorporation of nitrogen into
the host InAs crystal was predicted [5] to cause a signifi-
cant shrinking (giant bowing) of the fundamental bandgap,
although prior to our work this has been confirmed experi-
mentally only for x < 6% [6,7]. Our recent results extend
this range considerably to x � 18% [8–10].

InNxAs1–x can be lattice-matched to GaAs when x =
38% [11]. The large band offset between InNAs wells and
GaAs barriers makes it particularly attractive for increasing
the maximum temperature of cw operation and reducing
temperature sensitivity of mid-IR lasers. If needed, even
larger barriers can be obtained in the InNAs/AlGaAs sys-
tem lattice-matched to GaAs.
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With a single exception of recently reported MOCVD
growth of InNAs using plasma cracked ammonia source
[12], all studies of InNAs growth utilized plasma-source
MBE [11,13], and related techniques, such as gas-source
MBE with an rf-coupled plasma nitrogen source [7,14].
Recently, we have succeeded in growing InNAs on GaAs
by MOCVD, using for the first time the dimethylhydrazine
(DMHy) as nitrogen precursor [8].

Our material was grown in a Thomas Swan vertical
MOCVD reactor at 60 Torr. Arsine and trimethylgallium
were used during the growth of GaAs buffer, barrier, and
cap layers. InNAs films were grown using trimethylin-
dium, tertiarybutylarsine and DMHy as source materials.
The metalorganic precursors were transported into the reac-
tor chamber using hydrogen carrier gas. Before the growth,
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epi-ready (100) n+-GaAs substrates were deoxidised at
760�C for 5 minutes. 500 nm GaAs buffer layer was grown
at 680�C. Subsequently, the growth temperature Tg was
lowered to 500�C for the growth of InNAs/GaAs multiple
quantum well (MQW) structures and the GaAs capping
layer.

The growth rate was kept constant at 7.5 �/s and
1.25 �/s for GaAs and InNAs films, respectively. The mole
fraction of DMHy to total group-V sources in the vapour
phase was maintained between 0.95 and 0.975, correspond-
ing to DMHy flow rate of 600–900 sccm.
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We have investigated crystalline quality, composition, and
thicknesses of grown layers using high-resolution x-ray
diffraction (HRXRD) Philips MRD triple axis apparatus.
The system is equipped with a computer-controlled motor-
ized goniometer, which enables the optimisation of all scat-
tering angles with angular step sizes of 10–4 for the angles
of incidence and reflection. A four-bounce Ge(220)
Bartels-type monochromator was used to collimate the Cu
K�1 x-ray incident beam with an angular divergence �� =
12 arcsec. In order to maintain the �(2�) = 12 arcsec reso-
lution at the detector, the diffracted beam was passed
through a triple-bounce channel-cut analyser crystal.

Figure 1 shows HRXRD spectra of two multi-
ple-quantum-well (MQW) structures grown under other-
wise identical conditions, except for the presence of DMHy

during the well layer growth. Sample DE218 (top scan)
contained InAs/GaAs well layers, while sample DE315
(middle scan) contained InNAs/GaAs MQWs. Both sam-
ples were capped with 234-nm-thick layer of GaAs. Com-
parison of the two scans clearly reveals vast improvement
in quality of the nitrogen-containing sample, which we at-
tribute to a reduced lattice-constant mismatch between
InNAs and GaAs, compared to InAs/GaAs system.

The FWHM of the m = 0 InNAs peak in Fig. 1 (middle
scan) is 43 arcsec, which together with a clearly resolved
spectrum displaying up to 14 diffraction orders indicates
high crystalline quality of the sample. The FWHM of the
m = –3 satellite peak of sample DE315 is 47 arcsec, com-
paring very favourably to 280 arcsec in InN0.06As0.94/
InGaAsP MQWs grown on InP [7]. The satellite peaks
wash out in the case of InAs/GaAs MQWs (top scan), re-
vealing poorer interface flatness and partial relaxation.

The HRXRD spectra of sample DE315 were analysed
using Bede Scientific Instruments RADS dynamic simula-
tion software, assuming cubic InN and InAs lattice parame-
ters, validity of Vegard’s law, and fully coherent, pseudo-
morphic growth. As shown in Fig. 1, the nitrogen composi-
tion of 18.5% resulted in a very good fit. Using the same
simulation, the well and barrier layer thicknesses were de-
termined as 1.1 nm and 35 nm, respectively.

In order to determine whether the assumption of fully
strained InNAs/GaAs quantum wells was correct, we per-
formed state-of-the-art two-dimensional x-ray reciprocal
space mapping (2D-RSM) on the same sample DE315.
2D-RSM is a powerful defect-sensitive technique that can
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Fig. 1.�-2� scans of (004) reflections for 15-period MQW samples with InAs wells (top scan) and InNAs wells (middle scan). The bottom
scan represents the simulated HRXRD spectrum.



determine the degree of relaxation in strained heterostruc-
tures [15,16]. It involves a series of double-crystal rocking
curve scans in �/2� with an offset in � value. The projec-
tion of the intensity along the k[001] direction provides in-
formation regarding growth-direction lattice constant,
chemical inhomogeneity, and epilayer thicknesses. The
width of in-plane projection along k[hh0] provides struc-
tural information about in-plane lattice constant and crys-
tallographic misorientations.

Figure 2 shows the results obtained for 2D-RSM around
the asymmetric 224 reciprocal lattice point (RSM 224 re-
flection). High quality of the specimen is evidenced by the
very small size of the broadened intensity features.
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High quality of InNAs/GaAs MQWs is also confirmed by
cross-sectional TEM measurements, illustrated in Fig. 3.
The thicknesses of InNAs wells and GaAs barriers derived
from the x-ray diffraction analysis are consistent with those
shown in Fig. 3.
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Fig. 2. Reciprocal space mapping around the 224 reciprocal lattice point for sample DE315. Two diffuse elliptical disks of very small
intensity on either side of the [00l] rod along the direction are due to a defective region in the sample, not to strain relaxation.

Fig. 3. Cross-sectional bright-field TEM image of 15-period
InNAs/GaAs MQW sample DE315.



A direct confirmation of the presence of nitrogen in
quantum wells can be obtained using the electron en-
ergy-loss spectroscopy (EELS) in our high-resolution
transmission electron microscope (HRTEM). EELS in-
volves an analysis of the energy distribution of electrons
that have interacted inelastically with the specimen. These
inelastic collisions can reveal important information about
the electronic structure of the specimen atoms, including
their identification, their bonding and nearest-neighbour
distributions, and their dielectric response. EELS can be
applied with several techniques, but always involves the
bombardment of a sample with a monoenergetic beam of
electrons. The electrons impinging on the sample may lose
energy by a variety of mechanisms. These losses can reveal
the composition of the sample in TEM or STEM. Plasmon
losses are a frequent cause of energy loss. Plasmons are
collective excitations of the electron gas in the material and
are typically several eV in energy. Phonon losses can also
occur, but they are much smaller, and the energy spread of
the monoenergetic beam must be particularly small to de-
tect such losses.

In order to determine the electron energy spectrum, we
use a magnetic prism spectrometer which, when interfaced
to a TEM, creates another form of analytical electron mi-
croscope (AEM). The magnetic prism is a simple, but
highly sensitive, device with resolving power of approxi-
mately 1 eV, even when the energy of incident electron
beam is as large as 400 keV. Using this setup, we per-
formed composition mapping of sample DE315. Figure 4
shows perfect coincidence of bright lines tracing the re-
gions rich in nitrogen and indium inside the quantum wells.
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The photoluminescence (PL) setup used to characterise the
InNAs/GaAs quantum wells included a Coherent Innova
300 Ar-ion laser source, with combined 514 nm and 488
nm lines pumping a Schwartz Electro-Optics Titan-ML

tunable Ti:sapphire laser, a Nicolet Magna-IR 760 Fourier
Transform infrared spectrometer, and a Nicolet MCT-B
cooled detector. The output power from the argon-ion laser
was 7.5 W, while the output power incident on the sample
from the Ti:sapphire laser tuned to 890 nm was 320 mW,
illuminating a spot with ~1 mm diameter. Rather than rely-
ing on temperature-controller readings, we used a bulk
InSb sample for in-situ temperature calibration of illumi-
nated sample.

Our initial experiments with as-grown InNAs/GaAs tri-
ple QW samples resulted in no detected PL signal. The
samples were then annealed at 550�C for 5 min using a
rapid thermal annealer, which activated the PL. Some sam-
ples, however, did emit a PL signal even without anneal-
ing. During the measurements, both InNAs and bulk InSb
samples were located in close proximity inside the cryostat.
Within the temperature range where InSb emitted a PL sig-
nal (up to 110 K), we assumed the actual temperature of
InNAs sample to be the same as the temperature of InSb.
The data taken at 39, 510, and 110 K were then used to es-
timate the Varshni parameters for InN0.18As0.82, yielding
the following results: Eg(0) = 0.1953 eV, � = 2.2�10–4

eV/K, and � = 64 K. We then extrapolated the Varshni re-
lationship beyond 100 K. By fitting the PL emission peak
wavelengths to the wavelength vs. temperature curve, we
determined the actual sample temperatures to be 115 K,
143 K, 161 K, and 193 K.

Figure 5 shows the measured PL spectra for as-grown
triple QW InNAs/GaAs sample DE233 not subjected to
any annealing. At 39 K, the peak emission wavelength was
~6.5 µm (190 meV), and the FWHM of the PL spectrum
was ~3.5 µm (110 meV). Clear PL signals centered at ~7
µm, with FWHM narrowing down to ~2 µm (~65 meV),
were observed up to 193 K. The peak emission wavelength
of ~7 µm is the longest reported so far for dilute nitride
semiconductors.

The distinct features shown in the spectra in Fig. 5 are
due to absorption of the infrared light emitted by the sam-
ple as it passes through ambient air from the cryostat to the
detector inside the FTIR spectrometer. The dip at 4.26 µm
is due to CO2 absorption, while the broad minima near 5.9
and 6.5 µm are caused by water vapour absorption in the
ambient atmosphere. The maximum at 6.3 µm coincides
with the water vapour transmission window.
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Recently, InNAs band structure calculations were reported,
considering various possible arrangements of group-V at-
oms around an In atom [17]. For 17.6% nitrogen content,
bandgaps ranging from 8 meV for maximally nitrogen-rich
clusters to 251 meV for maximally As-rich clusters were
predicted. Although the results in Ref. 17 are valid only for
bulk unstrained InNAs, this wide bandgap range is consis-
tent with our observation of broad PL emission spectra
(Fig. 5). It is also very promising for widely tunable
mid-IR lasers.
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Fig. 4. Electron energy loss spectroscopy (EELS) analysis of
sample DE315. (a) Nitrogen mapping; (b) Indium mapping.
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We have successfully grown InNAs/GaAs multiple-quan-
tum-well structures by MOCVD using dimethylhydrazine
(DMHy). The crystalline quality and solid phase composi-
tion were evaluated by high-resolution x-ray diffraction.
The nitrogen content in InNAs wells was determined to be
18%. High-resolution transmission electron microscopy
(HRTEM) was used to study crystalline quality and to map
the spatial distribution of indium and nitrogen using elec-
tron energy-loss spectroscopy (EELS). All these measure-
ments indicate high quality of quantum-well structures. PL
measurements confirm that the bandgap energy of InNAs is
significantly lower than that of InAs. The peak emission
wavelengths of ~6.5 µm at 30 K and ~7.2 µm at 193 K are
the longest reported so far for dilute nitride semiconduc-
tors.
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