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The fundamental band gap of InN has
been thought to be about 1.9 eV for a long
time. Recent developments of metalorganic
vapor phase epitaxy (MOVPE) and RF-molec-
ular beam epitaxy (RF-MBE) growth technolo-
gies have made it possible to obtain high-
quality InN films. A lot of experimental results
have been presented very recently, suggesting
that the true band-gap energy of InN should
be less than 1.0 eV. In this paper, we review
the results of the detailed study of RF-MBE
growth conditions for obtaining high-quality
InN films. The full widths at half maximum
(FWHMs) of w-mode X-ray diffraction (XRD),
w-20 mode XRD and Ez (high-frequency)-
phonon-mode peaks in the Raman scatter-
ing spectrum of the grown layer were 236.7
arcsec, 28.9 arcsec and 3.7 cm™', respectively.
The carrier concentration and room tempera-
ture electron mobility were 4.9 x 10'%m
and 1130 cm?/Vs, respectively. Photolumines-
cence and optical absorption measurements
of these high-quality InN films have clearly
demonstrated that the fundamental band
gap of InN is about 0.8 eV. Studies on the
growth and characterization of InGaN alloys
over the entire alloy composition further sup-
ported that the fundamental band gap of InN
is about 0.8 eV.

KEYWORDS: InN, InGaN, band gap, RF-
MBE, characterization, PL, op-
tical absorption, XRD, EXAFS,
Raman scattering

1. Introduction

InN is a very attractive material for future
optical and electronic devices. This is because
of its outstanding material properties such as
smallest effective mass, largest mobility, high-
est peak and saturation velocities, and small-
est direct band gap in nitride semiconductors.
However, until now, InN has been the least
studied of nitride semiconductors. This is
mainly due to the difficulty in obtaining high-
quality InN crystals, which is due to the low
dissociation temperature, high equilibrium
vapor pressure of nitrogen molecules and the
lack of suitable substrates for InN.

Studies on InN started in the beginning
of the 20th century with an attempt to grow
bulk InN from a melt.” The attempt was not
successful because of the low dissociation
temperature and high vapor pressure of nitro-
gen molecules.?

The next step in growing InN moved be-
yond the equilibrium approach to the non-
equilibrium approach using various substrate
materials by various growth methods includ-
ing DC, RF, and magnetron sputtering.>™
The InN films obtained by these methods in
the 1970s and 1980s were all polycrystalline,
some with an aligned orientation along the
c-axis; the films also contained an extremely
high defect density.

The physical parameters of InN were de-
termined using these crystals. The first esti-
mated direct band gap was about 1.9 eV.®
However, other studies reported values rang-
ing from 1.7 to 3.1 eV.>”"" The most com-
monly cited measurement on optical ab-
sorption is that of Tansley and Foley;'? they
reported band gap energy of 1.89 eV at room
temperature.

In the late 1980s, improvements in
growth techniques have made it possible to
obtain single-crystalline InN. Single-crystalline
InN was reported by Matsuoka et al.'> for the
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first time in 1989 using metalorganic vapor
phase epitaxy (MOVPE). Subsequently, several
efforts'™ were made to improve the qual-
ity of InN and high-quality films with carrier
concentrations on the order of 10'® cm* and
mobilities of 730 cm?/ Vs'® were obtained.
Growth by MOVPE, however, has an inher-
ent disadvantage because it must satisfy the
conditions for NHs pyrolysis and InN dissocia-
tion, which impose conflicting temperature
requirements.

In contrast, molecular beam epitaxy (MBE)
equipped with an RF plasma source has an
essential advantage over MOVPE for obtain-
ing high-quality InN. In this growth method,
neutral and ionized excited-state nitrogen
atoms and molecules can be generated sepa-
rately by plasma sources. Thus, the crystal
growth temperature can be set independent-
ly without considering the nitrogen source.

The first attempt to grow single-crystal-
line InN by the RF-MBE method was reported
by Hoke et al. in 1991." Improvements in
crystal quality were realized by various tech-
niques such as insertion of low-temperature
GaN,'® AIN,' and InN?? buffer layers. Within
a relatively short period of time, MBE growth
studies produced high-quality films with re-
sidual electron concentrations of 1.6 x 108
cm? and a room temperature mobility of
1180 cm?/ Vs."® Such rapid progress is proba-
bly due to the inherent advantage of the MBE
growth method.

Photoluminescence (PL) and optical ab-
sorption were used to study single-crystalline
InN films that were grown using MOVPE and
MBE. These studies revealed that the funda-
mental band gap of single-crystalline InN was
about 0.8 eV?'?? instead of 1.9 eV, deter-
mined by optical absorption using polycrystal-
line InN.

In this paper, we review the detailed
studies of InN and InGaN growth by RF-MBE.
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First, fundamental studies on basic growth
processes are reviewed; these include the
initial growth stage, two-step growth pro-
cesses, the precise control of V/ Il ratio, and
the resultant crystal properties of the grown
films. Then we describe how precise control
of growth temperature and insertion of low-
temperature intermediate layers can be used
to grow higher-quality InN films. Our group
used a wide variety of techniques to deter-
mine the crystallographic, electrical, and op-
tical properties of high-quality InN films. The
techniques include X-ray diffraction (XRD), in
situ reflection high-energy electron diffrac-
tion (RHEED), extended X-ray absorption fine
structure (EXAFS), Rutherford backscattering
(RBS), atomic force microscopy (AFM), coaxial
impact-collision ion scattering spectroscopy
(CAICISS), Hall effect measurements, PL, cath-
ode-luminescence (CL), optical absorption,
photo modulated reflectance, infrared spec-
troscopic ellipsometry, and Raman scattering.
Typical results are described in §4.

Finally, InGaN films were grown over the
entire range of alloy composition on sapphire
substrates by inserting InN buffer layers. Re-
sults on optical absorption, CL, and PL mea-
surements are presented.

2. Fundamental Study of
Growth Process

The growth of InN by RF-MBE was carried
out in an MBE growth chamber equipped
with a high-speed turbo-molecular pump
(1500 liter/s) that evacuated the chamber
up to 1 x 107° Torr. This MBE system is also
equipped with a SVTA radical cell (model 2.75)
to serve as the nitrogen source. The sub-
strates used were mainly (0001) sapphire sub-
strates. The back surface was coated with a

Table I. Lattice mismatch values of I1I-N semiconductors and sapphire substrates.

[1 120]III-N ” [1 12O]sapphire

AIN -34.6%
GaN -33.0%
InN -25.4%

1-um-thick layer of molybdenum. They were
set on an In-free molybdenum holder after
being cleaned with organic solvents. High-
purity (6N) In and Ga were used as group |lI
materials and were evaporated from standard
effusion cells. High-purity N> gas (6N) was
supplied to the RF plasma cell after passing
through a Saes Getter purifier (model Mono-
torr Phase Il 3000) to eliminate impurities
including H20, Ha, O, CO, and CO; gases.
Nitrogen gas of 2 sccm, which produced a
pressure of 1 x 10 Torr, was supplied for InN
growth. The typical growth rate of InN was
approximately 500 nm/h. Growth tempera-
tures were carefully monitored with a pyrom-
eter at each growth run.

In contrast to GaN and AIN that grow
on sapphire substrates with their a-axis ori-
entation rotated 30° to become [1010]canan
|| [1120]sapphire, INN tends to grow with both
[1010]inn [| [1 120]sapphire and [1120]inn Il
[1120]sapphire and easily form polycrystals.?®
This is due to the fact that lattice mismatch

[10T00n || [1120]sapphire
+13.3%
+16.0%
+29.2%

values of these two cases are very close,
which is not the case for GaN and AIN, where
lattice mismatch is much smaller when the
a-axis rotates by 30° to become [1010]canan
|| [1120]sapprire. The lattice mismatch values
of nitride semiconductors and sapphire sub-
strates for these two cases are compared in
Table I.

Figure 1 shows the X-ray diffraction
(XRD) pole figure of InN measured using
asymmetric {1012} reflection. The InN film
was grown at 550°C directly on a (0001) sap-
phire substrate without nitridation. This InN
film has three domains: (A) the main domain
with [1010]inn || [1120sapphire, (B) the domain
with [1120]imn || [1120]sapphie, and (C) another
domain rotated by approximately 19° in the
opposite direction from the main domain.
The detailed atomic arrangements for these
three cases are shown in ref. 27.

The ratio of domain (A) to domain (B) is
very sensitive to growth temperature. Domain
(A) is dominant when the films are grown
at higher temperatures (540°C). Domain (B)
is dominant when they are grown at lower

Fig.1. X-ray diffraction (XRD) pole-
figure of the InN grown directly at 550°C.
Asymmetric InN {1012} reflections are
used.
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Fig.2. XRD ¢ scan measurement
for InN grown with growth tem-
peratures of (a) 520°C, (b) 530°C
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temperatures (520°C), as shown in Fig.2. A
steeper transition from domain (A) to domain
(B) occurs when the V/ Il ratio is low. This is
probably due to the greater migration of In
under these conditions.?®?? Thermodynami-
cally stable conditions can be realized more
easily if the V/IIl ratio is low, as can be eas-
ily produced in GaN RF-MBE growth experi-
ments.

These results imply that InN tends to in-
clude a multidomain structure and form poly-
crystals if the optimum growth conditions
such as growth temperature and V/IIl ratio
are not carefully selected in the initial growth
stage.?®?9 The nitridation of the sapphire
substrates prior to InN growth is a very effec-
tive way of determining the a-axis direction to
[1070]nn || [1120]sapphice at all growth temper-
atures (Fig.3). We assume that nitridation re-
sults in the formation of an AIN or AION layer
on the substrate. This layer has the [1010]an

|| [1120]sspphire OFientation, which results in the
[1010]inn || [1010]ai || [1120]sapphire-oriented
film.2”

2.3 Two-step growth

To grow high-quality InN films, obtaining
atomically flat surfaces is essential. The appli-
cation of the two-step growth method, which
involves low-temperature buffer growth
at about 550°C prior to the main epitaxial
growth at about 1000°C, is very effective for
growing flat and high-quality GaN and Al-
GaN films on sapphire substrates by MOVPE.
Studies on the surface morphologies of InN
MOVPE films, however, have indicated that
flatter surfaces can be obtained when the
growth temperature is higher. A reduction
in the growth temperature to approximate-
ly 550°C makes the surface less flat.3® The
growth of InN at temperatures below 500°C
is effectively impossible for MOVPE because

of the limitation of the pyrolysis temperature
of NHs gas.

In this RF-MBE growth study, InN buf-
fer layers of about 30 nm thick were grown
at 300°C for 10 min and then annealed at
550°C.3" Figure 4 shows the RHEED patterns
and surface morphologies of an InN buffer
layer grown at 300°C (a) before and (b) after
annealing at 550°C. This figure indicates that
the surface morphology was improved by an-
nealing at 550°C.

When the InN film is grown directly on
the sapphire substrate at higher temperatures
near 550°C, the film easily forms three-di-
mensional morphology, as shown in a typical
cross-sectional SEM image in Fig.5.2

The crystal quality of the buffer layer
grown at 300°C is poor due to inadequate In
migration on the surface. However, the crys-
tallinity as well as surface flatness of the InN
film was remarkably improved by consecutive
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Fig.3. Result of ¢ scan measurement of the InN film after the nitridation pro-
cess. The solid line shows the peaks for the asymmetric InN {1122} reflections,
whereas the dotted line shows the peaks for the asymmetric sapphire {1123} re-

flections.
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(b) after annealing

Fig.4. RHEED patterns (e || [1120]) and surface morphology obtained by SEM observation
of InN buffer layer; (a) before and (b) after annealing at 550°C.
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Fig.5.

annealing. Improvement in crystal quality is
evident from the RBS results before and after
annealing at 550°C. Figure 6 shows a com-
parison of RBS yield between (0001)-aligned
and random directions from low-tempera-
ture-grown InN buffer layer without (a) and
with (b) annealing at 550°C. The y,;, values
of InN buffer layers with and without anneal-
ing were 14% and 66%, respectively. The
quantity y,,;, varies from near 0 for nearly
perfect single crystals up to 100% for amor-
phous or polycrystalline materials. Based on
these studies, the two-step growth temperature
diagram shown in Fig.7 was fixed as the dia-
gram for a standard growth process of RF-MBE.

Cross-sectional SEM image of InN grown at 550°C.

2.4 V/lll ratio and crystal polarity
The control of V/IIl ratio is by far the

most important issue to obtain high-quality
InN by MBE. At temperatures below the dis-
sociation temperature of InN (approximately
550°C), the vapor pressure of nitrogen mol-
ecules over InN is much higher than the In va-
por pressure over In metal.>? To suppress the
dissociation of InN films, one should have a
nitrogen pressure higher than the equilibrium
pressure during the entire growth process.
Once the beam equivalent pressure of
In exceeds the equivalent nitrogen pressure
from surface stoichiometry, In droplets should
form on the surface. They cannot evaporate
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(a) Low-temperature-grown InN buffer layer without annealing at 550°C.
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from the surface at the selected growth tem-
perature below the dissociation temperature.
This implies that InN should be grown under
N-rich conditions.

On the other hand, high-quality GaN can
be grown under slightly Ga-rich conditions
due to the enhanced migration of Ga. This
should be the case also for InN growth by
MBE, as was implied in the experiment pre-
sented in §2.2.

Considering all these limitations for InN
MBE growth, V/ Il ratio should be controlled
as close as possible to stoichiometry from the
N-rich side. Also, to guarantee sufficient mi-
gration of In, the growth temperature should
be set at the highest possible temperature
without noticeable dissociation of the InN
film. By keeping the growth temperature,
beam equivalent pressure of In, and N, flow
rate all constant at 550°C, 3.2 x 107 Torr,
and 2.0 sccm, respectively, the effective V/1II
ratio on the growing surface was carefully
controlled by changing the RF-plasma power
between 230 and 250 W.

450 500 550
Channel

ot T T T
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(b) Low-temperature-grown InN buffer layer with annealing at 550°C.
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Fig.6.
nealing.

RBS results of low-temperature-grown InN buffer layers (a) without and (b) with an-

Fig.7.

Two-step-growth temperature diagram.
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240-W growth

250-W growth

Fig.8. RHEED patterns of InN epilayer. (e || [1120]).

Figure 8 shows the RHEED patterns of
the InN films grown for 1 h with RF-plasma
powers of 240 and 250 W.3® These films are
about 250 nm thick. The RHEED patterns
have clear streaks, indicating that the InN sur-
faces are smooth at the atomic level. The root
mean square (RMS) roughness characterized
by AFM for these two surfaces of an area of
1 um x 1 pm were 1.5 and 3.6 nm, respec-
tively, which confirmed the excellent surface
morphology of these two samples. The InN
grown at an RF-plasma power of 230 W,
however, did not show any RHEED patterns,
due to its surface having many In droplets.

The cross-sectional SEM images of these
InN films are shown in Fig.9.2% A high den-
sity of In droplets is observed for the sample
grown under an RF-plasma power of 230 W,
apparently due to a lack of an active nitrogen
source. The pit size of the InN grown at 240
W is much smaller than that of the 250-W
sample. Presumably, the 240-W sample was
grown under a condition closer to surface
stoichiometry, and the 250-W sample should
have been grown under a deeper N-rich con-
dition.

Figure 10 shows a comparison of the
w-26 scan XRD of InN between the 240-W
and 250-W samples. Diffraction peaks cor-
responding to the (0002) and (0004) from
Waurtzite InN and the (0006) diffraction peak
from sapphire are observed for the 250-W
sample. A very small peak corresponding to
the In metal occurs in scan for the 240-W
sample, which is probably due to the slightly
In-rich condition.?® The full widths at half
maximum (FWHMs) of the InN (0002) peak of
these two samples were approximately 300
arcsec. Figure 11 shows a comparison of

8 JSAP International No.9 (January 2004)

(a) Grown at plasma power of 230 W.

InN film
Substrate

InN film
Substrate

(c) Grown at plasma power of 250 W.

Fig.9. Surface morphology of InN grown at plasma powers of (a) 230 W,
(b) 240 W and (c) 250 W.

the w-scan X-ray diffraction rocking curve of
(0002) InN between the 240-W and 250-W
samples. These two curves are similar in terms
of their FWHM of 25 arcmin. The carrier den-
sity and room temperature mobility of these
films were approximately 3 x 10'° cm™ and
760 cm?/ Vs, respectively. Thus, the precise
control of V/ Il ratio is needed to obtain high-
quality InN by RF-MBE ¥

The polarity of InN grown by RF-MBE was
characterized by CAICISS and it was found
that the polarity of InN is much more sensi-
tive to growth temperature than that of oth-
er nitride semiconductors.>® N polarity was
observed for the low-temperature growth of
InN at 300°C, whereas the high-temperature
growth of InN over 550°C primarily showed
In polarity.>

This result is consistent with that of a
GaN decomposition experiment by an in situ
gravimetric monitoring (GM) method using
free-standing GaN (0001), in which the etch-

ing rate of the GaN (0001) surface is reported
to be higher than that of the GaN (0001) sur-
face at high temperatures. The relationship is
opposite in the low-temperature region.*

The above experimental results are ex-
plained as follows.? The decomposition of
GaN is limited by the Ga surface in the high-
temperature region where each topmost
Ga atom on the GaN (0001) surface com-
bines with three N atoms (three back bonds)
whereas Ga atom on the GaN (0001) surface
each forms one back bond with only one N
atom in the bulk. On the other hand, the
limiting surface is the N surface in the low-
temperature region. Thus the decomposition
rate of GaN (0001) is faster than that of GaN
(0001) because each N atom on the GaN
(0001) surface combines with one Ga atom
in the bulk (one back bond), whereas each
N atom on GaN (0001) form back bonds to
three Ga atoms in the bulk.>

The condition of the InN surface in the
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Fig.10. w-26 scan XRD curves for InN grown at plasma powers of 240 W

and 250 W.

etching mode should be the same as that of
the GaN surface, and InN (0001) is thus more
stable than InN (0001) at high temperatures.
Also InN (0001) should become more stable
than InN (0001) at low temperatures.

Considering the discussion of V/IIl ratio
control and the polarity mentioned above,
more stable growth is expected on InN (0001)
surfaces, as InN growth should be carried out
at low temperatures. The study of InN growth
on the substrate with well-controlled polarity
is under way and the result will be presented
in a separate paper.

3. Improvement of Crystal
Quality

We carefully controlled growth tempera-
ture and monitored the corresponding Raman
scattering spectra to improve the crystalline

250 W.

quality of InN. The raman spectra obtained
are shown in Fig.12 for InN films grown at
550, 530, 520, 500, and 460°C. The theoreti-
cally expected E; (high-frequency)-mode, Ez
(low-frequency)-mode and A; (LO)-mode are
clearly observed at 491, 88, and 589 cm™, re-
spectively.?”

The peak positions and FWHM of domi-
nant Ez (high-frequency)-phonon-mode peaks
are summarized in Table Il. The dependence
of peak position on growth temperature may
be due to the difference in residual stress
between the films. An FWHM as narrow as
3.7 cm™ for the Ez (high-frequency)-phonon-
mode peak was obtained for the film grown
at 550°C. This FWHM is the narrowest value
ever reported for InN films.?® These results
indicate that the crystalline quality was im-
proved by increasing the growth temperature
within the dissociation limit of InN.
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Fig.12. Raman spectra for InN films grown at 550°C, 530°C, 520°C, 500°C

and 460°C.

Fig.11. w-scan XRC of (0002) InN grown at plasma powers of 240 W and

The thickness of the layer grown by RF-
MBE presented in 82.3 and §2.4 was about
250 nm. InN in and around the buffer layer
on the sapphire substrate should contain a lot
of defects and the electrical and optical prop-
erties in the region of defects are expected to
be very poor.

To improve the overall quality of the InN
films, thicker layers should be grown. The
growth of thicker InN layers, however, is not
easy because once In droplets are formed
during growth, it is very difficult to remove
them, thus one cannot achieve continuous
stable growth.

We found that low-temperature-grown
intermediate layers are very effective in ob-
taining thicker (>250 nm) and higher-quality
INN layers. The details of this technique are
given in ref. 36.

Table II. Peak positions and FWHM of dominant Ez (high)-phonon-mode peaks.

E2 (high) peak position  FWHM of E; (high) peak
[em™] [em™]
491.9 3.7
491.4 4.0
491.2 4.4
491.1 4.4
491.2 4.1
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Fig.13. Optical microscopy images of InN grown (a) without and (b) with

intermediate layers.

Figure 13 shows a comparison between
optical microscope images of 600-nm thick
InN layers grown with and without interme-
diate layers. Two intermediate layers 10 nm
thick each were inserted into sample (B).
The surface of this InN was mirror-smooth,
whereas the surface of InN grown without an
intermediate layer (A) has black and white ar-
eas. Here, areas with In droplets look white.

By growing films with thicknesses up
to 1500 nm, we studied the dependence of
electrical properties on film thickness. The
results are shown in Fig.14. Much improve-
ment in electrical properties is obtained with
an increase in film thickness.

4. Characterization

Here, we summarize the crystallographic,
electrical, and optical properties of 1.5-pym-
thick InN layers. For crystallographic charac-
terization, the w-scan X-ray diffraction rock-
ing curve (XRC) and w—26 scan XRD results
were used. A typical XRC is shown in Fig.15.
The FWHM of this curve is 236.7 arcsec. Fig-

ure 16 shows a typical w—26 XRD curve, which
gives an FWHM of only 28.9 arcsec, indicat-
ing an excellent crystallographic quality of the
film.

The local atomic structure near In at-
oms was investigated using EXAFS oscilla-
tion of the In K edge.>” The signals from the
first-nearest neighbor atoms (N) and second-
nearest atoms (In) from In atoms were clearly
observed. The atomic bond lengths of In-N
and In-In were estimated to be din-n=0.215
nm and din-n=0.353 nm, respectively. The
In-In bond length of 0.353 nm is close to the
a-axis lattice constant of 0.3536 nm, which
was calculated using XRD. Thus, the obtained
local atomic structure agreed with the ideal
structure of sp® hybridation bonds.>”

A series of data obtained by Hall-effect
measurement are summarized in Fig.17.
Samples of various thicknesses grown under
various conditions are also shown in this fig-
ure. The best 1.5-um-thick film obtained so
far in this study has a carrier concentration
of 4.9 x 10'® cm™ and a room temperature

Fig.14. Dependence of electrical properties on film thickness.

mobility of 1130 cm?/ Vs. The source of this
high-level residual carrier concentration, how-
ever, remains unclear.

The room-temperature PL spectra of a
250-nm-thick film grown with precisely con-
trolled temperatures, as described in §3.1,
are shown in Fig.18. Here, Ar* laser at 514.5
nm with a power density of 2.2 W/ cm? was
used as an excitation source. An InGaAs pho-
todetector with a cutoff wavelength of 2.05
um was used. The wavelength of the PL peak
position did not show any noticeable change
even if the excitation power was changed
over two orders of magnitude from 65 mW/
cm? t0 6.5 W/ cm?.

The PL spectra at room temperature
and 77 K observed for 1.5-pm-thick InN are
shown in Fig.19. Very strong and sharp lu-
minescence was observed at 77 K with an
FWHM of 24 meV. The FWHM at room tem-
perature was 38 meV. This PL should origi-
nate from the fundamental interband transi-
tion of the InN film. No PL corresponding to
1.9 eV transition could be observed from any
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Fig.15. w-scan XRC of (0002) InN for the sample with film thickness of

1500 nm.
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Fig.16. w-26 XRD curve for InN sample with film thickness of 1500 nm.
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Fig.18. Room-temperature PL spectra of the InN film grown at 460-550°C.
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Fig.19. PL spectra both at room temperature and 77 K for relatively thick

InN film.

InN films grown in this study.

The optical absorption of InN grown at
550°C was also studied at room temperature.
The optical absorption coefficient squared
versus the photon energy is shown in Fig.20.

All of these results obtained by optical
measurements suggest that the fundamental
band gap of the high-quality single-crystalline
InN grown by RF-MBE is approximately 0.8 eV
at room temperature. This supports the most
recent proposal?'?° that the fundamental
band gap is about 0.8 eV, which is much low-
er than the commonly accepted value of 1.9
eV.

The InN samples grown in this study
were sent to UC Berkeley so that their optical
properties could be characterized by optical
absorption, PL, and photo-modulated reflec-
tance techniques. The results were essentially
the same as those presented in this paper.?¥

Measurements by infrared spectroscop-
ic ellipsometry and micro-Raman scattering
were also used to study the vibrational and
electronic properties of the high-quality InN
obtained in the study. Combining the results

Fig.20. Room-temperature optical absorption coefficient squared of InN

grown at 550°C versus the phonon energy.

of the ellipsometry data analysis with those of
the Hall-effect measurement, the isotropically
averaged effective electron mass in InN is 0.14

m0.38>

5. InGaN Growth and
Characterization

InGaN films with the entire alloy compo-
sition were grown on (0001) sapphire sub-
strates at 550°C by RF-MBE after a low-tem-
perature buffer layer was grown at 280°C.

The In beam flux was varied from 1.0 x 10®
to 4.0 x 10 Torr so that the In composition
of InGaN could be adjusted between x=0 (for
GaN) and x=1 (for InN).3?

The solid composition of the grown layer
was determined by XRD. Here, all the lay-
ers are assumed to be fully relaxed. The solid
composition versus In beam ratio (In flux to
total flux ratio) is plotted in Fig.21. Unlike
in the case of MOVPE, the solid composi-
tion was simply determined by the In-to-Ga

Fig.21. Solid composition versus In beam
flux-to-total flux ratio. Solid composition

1 S L | ‘:?
t| ® without phase separation
0.8/ ™ with phase separation ]
s |
Z 06] o ]
2 )
§ 04l ]
v L
< [
0.2[ i
F 1]
[/ S P R A
0 0.2 0.4 0.6 0.8
In/(In+Ga)

' 1 of the grown layer was determined by

XRD. Samples shown by @ have not phase
separation in w-20 XRD, whereas sample
shown by B has a slight phase separation
in w260 XRD.
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CL spectra at 77 K for the In,Ga:.xN samples (x=0, 0.16, 0.37-0.47).
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Fig.22. w-26 XRD curves for In,GaixN (x=0.16, 0.37-0.47, 0.53, 0.63, 0.68, 0.73, 0.94, 0.97).

flux ratio. A large difference between solid
composition and vapor phase composition
were reported when high-quality InGaN lay-
ers were grown at 800°C by MOVPE.“? All
the InGaN layers with various solid composi-
tions grown at 550°C in this study have suffi-
ciently good crystalline quality to emit strong
PL at 77 K, which will be shown later in this
section. The easy control of InGaN solid com-
position is another advantage of the RF-MBE
growth method.

Figure 22 shows the w—26 XRD curves
for InyGarN (O<x<1). We confirmed that we
can successfully grow In,GaixN films over the
entire composition range (x=0.16, 0.37-0.47,
0.53, 0.63, 0.68, 0.73, 0.94, 0.97). Phase
separation did not occur in InxGaixN films
with x>0.53.3% This is probably due to the
relatively low growth temperature and the in-
sertion of an InN buffer layer.

Because of the slow atom migration at
low temperature, complete equilibrium might
not have occurred during growth. In addition,
the thermodynamical calculations by Kanga-
wa et al.*" showed that the mixing enthalpy
of InGaN is much smaller on an InN substrate
than on a GaN substrate. They reported that
the mixing enthalpy of InGaN became even
smaller than that of free-standing InGaN
when they were grown on InN. These effects
can probably explain why we could grow In-

12 JSAP International No.9 (January 2004)

Intensity (arb. units)

GaN over the entire alloy
composition range.
Figures 23 and 24
show the CL and PL spec-
tra obtained at liquid-nitro-
gen temperature, respec-
tively. CL and PL emissions

X=0.37-0.47

600

;
1000 1200 1400
Wavelength (nm)

I
800 1600

were observed for all sam-
ples, confirming their good
crystalline quality.

Figure 25 shows the
absorption and PL spectra of 10 samples
with different alloy compositions ranging
between x=0 and x=1.0. The luminescence
peak position and absorption edge roughly
agree for all the samples over the entire al-
loy composition range. Figure 26 shows
peak energies obtained from the CL and PL
spectra as functions of In composition. This
figure also includes the results reported by
other authors.***¥ The plots of the lumines-
cence peak positions in Fig.26 can be fit to
a smooth curve £,=3.48-2.70x-bx(1-x) with
a bowing parameter b=2.3 eV.>® Here, the
Moss—Burstein effect is not taken into ac-
count.

These results on the optical properties of
InGaN over the entire alloy composition range
are consistent with the InN bandgap energy
of about 0.8 eV.

Fig.24. PL spectra at 77 K for the In,Gai..N samples (x=0.37-0.47, 0.53, 0.63,
0.68, 0.73, 0.94, 0.98, 1).

6. Conclusions

Recent developments in growth and
characterization of InN and related alloys are
reviewed. InN and InGaN growth on (0001)
sapphire was studied by RF-plasma-excited
molecular beam epitaxy. In this growth meth-
od, neutral and ionized, excited nitrogen at-
oms and molecules are generated using a
plasma source. Thus, the crystal growth tem-
perature can be set independent of the re-
quirements for pyrolysis of a nitrogen source.
This enabled us to grow InN at a relatively
low temperature without noticeable dissocia-
tion of the InN surface.

It was shown that nitridation of the sap-
phire substrates prior to growth is very effec-
tive for producing single crystals. It was also
suggested that an atomically flat surface is
essential for obtaining high-quality InN films.
The two-step growth method involving low-
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Fig.25. Absorption and PL spectra at room temperature of In,Ga:..N samples with different
alloy compositions between x=0 and x=1.0. Dashed line shows CL or PL spectrum. Dotted

line shows absorption spectrum.

temperature buffer layer growth at around
300°C and consecutive annealing at 550°C
was shown to be very effective in obtaining
smooth surfaces.

The control of V/IIl ratio and growth
temperature is also extremely important. To
obtain high-quality InN films, the growth
temperature should be set as high as possible
within the dissociation limit of InN. V/III ra-
tio, on the other hand, should be controlled
as close as possible to stoichiometry from the
N-rich side.

The growth of thick InN without In drop-
lets is very difficult. Once the beam equiva-
lent pressure of In becomes higher than the
equivalent nitrogen pressure, In droplets

form which do not evaporate from the sur-
face. This degrades film quality. The insertion
of low-temperature intermediate layers was
found to be effective in obtaining relatively
thick InN. As the crystal quality is poor in and
around the low-temperature buffer layer, the
overall InN crystal quality improved with in-
crease in InN thickness.

Thick, high-quality InN with an XRC
FWHM of 236.7 arcsec and w—26 XRD FWHM
of 28.9 arcsec was obtained. As for its electri-
cal properties, a carrier concentration of 4.9
x 10'® cm™ and a room temperature mobility
of 1130 cm?/ Vs were obtained. Optical ab-
sorption and PL were also studied using high-
quality InN. A very strong, sharp lumines-

Fig.26. Peak positions of CL and PL spectra at 77 K as functions of In com-
position. This figure also includes the results reported by other authors.

42-44)

cence was observed both at 77 K and room
temperature; the corresponding FWHMs were
24 meV and 38 meV, respectively.

These results obtained by optical mea-
surements suggest that the fundamental
band gap of high-quality single-crystalline InN
is about 0.8 eV at room temperature.

InGaN films with an entire alloy composi-
tion were grown at 550°C without noticeable
phase separation. The plots of the band gaps
of these InGaN films against In composition
also suggest that InN fundamental band gap
should be approximately 0.8 eV.

Thus, this study offers a series of suf-
ficiently convincing results to unequivocally
state that the fundamental bandgap of InN is
about 0.8 eV rather than long-believed value
of 1.9 eV. This finding also suggests that the
optical application field of nitride semiconduc-
tors covers the range from ultraviolet (6.2 eV)
to infrared (0.8 eV), which correspond to the
wavelength used for optical communications.
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