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Pulsed metal organic chemical vapor deposition is introduced into the growth of InGaN channel heterostructure for
improving material qualities and transport properties. High-resolution transmission electron microscopy imaging shows the
phase separation free InGaN channel with smooth and abrupt interface. A very high two-dimensional electron gas density
of approximately 1.85 x 10'3 cm~2 is obtained due to the superior carrier confinement. In addition, the Hall mobility
reaches 967 cm?/V s, owing to the suppression of interface roughness scattering. Furthermore, temperature-dependent Hall
measurement results show that InGaN channel heterostructure possesses a steady two-dimensional electron gas density over
the tested temperature range, and has superior transport properties at elevated temperatures compared with the traditional
GaN channel heterostructure. The gratifying results imply that InGaN channel heterostructure grown by pulsed metal
organic chemical vapor deposition is a promising candidate for microwave power devices.
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1. Introduction

The application of AlIGaN/GaN heterostructures in fab-
ricating high electron mobility transistors (HEMTSs) has re-
ceived much attention since 1993 because of their outstand-
ing electrical properties.!'=>! So far the studies have entered
into a more mature stage, and the research effort is shifting
to the higher frequency microwave power device.*l However,
there are still some limitations of the GaN-based HEMTs, such
as the low-frequency 1/f noise and the RF-current collapse,
which are attributed to the inferior confinement of the high-
density two-dimensional electron gas (2DEG) in channel.!!
To address this limitation and spatially confine the channel
electrons, InGaN channel is proposed as a substitute for the
traditional GaN channel. In comparison with GaN, InGaN
channel has a narrower band gap and forms a deeper quan-
tum well with a wide band gap barrier.[®”] On the other hand,
due to the large electron affinity of InN (5.8 eV),[®! the In-
GaN channel forms a large discontinuity of conduction band
at the interface between InGaN channel and GaN buffer lay-
ers. Hence the employment of the InGaN channel effectively
increases the carrier confinement in the channel layer. As a
consequence, the InGaN channel heterostructure shows better
performances in suppressing the 1/f noise!”! and RF-current
collapse!>!l than the GaN channel.!'!l In addition, the In-
GaN channel is theoretically superior to the conventional GaN
channel in such aspects as the higher saturation velocity and
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sheet carrier density attainable,'?! which are beneficial to the
improvement of 2DEG mobility and density.!'?! Furthermore,
according to the previous research, HEMT with InGaN chan-
nel operates well in suppressing the virtual gate effect.!!¥]
Therefore, InGaN channel heterostructures have a great po-
tential in fabricating microwave power devices.

Some achievements have been obtained in demonstrating
the outstanding properties of InGaN channel heterostructures
and devices.!">~18] However, from the epitaxial point of view,
it is still a challenge to obtain high-quality InGaN channel ac-
cording to the state-of-the-art epitaxial technology. The main
issues are the phase separation!') and composition inhomo-
geneity, resulting from unfavorable thermodynamic reactions.
In this paper, pulsed metal organic chemical vapor deposition
(PMOCVD) is used to grow InGaN channel, and satisfactory
material qualities and heterostructure properties are obtained.
The microstructure of InAIN/InGaN heterostructure grown by
PMOCYVD is detected by high-resolution transmission elec-
tron microscopy (HR-TEM). The HR-TEM image shows the
phase-separation-free InGaN channel with smooth and abrupt
interface, indicating the superiority of PMOCVD and well-
controlled growth technology in our experiments. Besides,
according to the fact that little attention has been paid to
the transport properties of InGaN channel heterostructures at
high temperature, temperature-dependent Hall measurement is
also carried out, and the results show the InGaN channel het-
erostructure is superior compared with the conventional GaN
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channel heterostructure at elevated temperatures.

2. Experimental procedure

The samples investigated in this paper were grown on
the two-inch c-plane sapphire substrates in a home-made ver-
tical low pressure metal organic chemical vapor deposition
(MOCVD) system. The sectional view of the InAIN/InGaN
heterostructure sample is shown in Fig. 1(a). Firstly, 20-
nm-thick low temperature AIN nucleation layer and 160 nm
high-temperature AIN nucleation layer were deposited on the
sapphire substrate successively. Their growth temperatures
were 620 °C and 1070 °C. Then, 1600 nm nominally undoped
GaN buffer was grown at 940 °C. Afterwards, the carrier gas
was switched from hydrogen to nitrogen, and the growth tem-
perature dropped to 720 °C. A 7-nm InGaN channel layer was
deposited followed by a 1-nm AIN interlayer. Finally, 19-
nm InAIN barrier layer was grown. According to the previous
report, the application of pulsed growth mode has a positive in-
fluence on the material qualities of InN, which is attributed to
the better surface mobility of indium adatoms.”! The method
of PMOCVD was introduced into the growth of InGaN chan-
nel in our experiments. The growth sequence of unit cells
for InGaN channel is shown in Fig. 2. As can be seen, the
unit pulses of 6-second TEGa, 6-second NH3, and 12-second
TMIn were introduced into the MOCVD reactor successively,
and the metal organic pulses were always followed by the
NHj3 pulses. That is to say, the growth process of the InGaN
channel was divided into a serious of GaN/InN short period
superlattice structures. This change in growth mode makes it
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180 nm AIN nucleation 180 nm AIN nucleation

sapphire substrate sapphire substrate

(b)

19 nm Ing17AIN(g3 barrier

180 nm AIN nucleation 180 nm AIN nucleation

sapphire substrate

sapphire substrate

() (d)
Fig. 1. (color online) Epilayer structures for (a) InAIN/InGaN het-
erostructure, (b) 45-nm InGaN layer, (c) 7-nm InGaN channel layer,
(d) InAIN/GaN heterostructure grown by (pulsed) MOCVD.
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Fig. 2. Growth sequence of PMOCVD for InGaN channel layer.

easy to control the accurate thickness of the InGaN channel
layer. The pulse cycle was repeated 40 times for InGaN chan-
nel layer.

3. Results and discussion

Figure 3(a) shows the cross-sectional TEM image of the
entire epilayer structure as shown in Fig. 1(a), which is taken
near the [1-100] zone axis (under the two-beam bright field
imaging condition). It can be seen that a great deal of dis-
locations exist in the AIN nucleation layer and at the bottom
of the GaN buffer, which relates to the lattice mismatch stress
relief. With the deposition of GaN buffer, the density of the
dislocations reduced evidently, and only a very small quantity
of dislocations extend into the top InAIN/InGaN heterojunc-
tion. In order to detect the detailed information about the top
InAIN/InGaN heterojunction, HR-TEM image with a higher
magnification of the InAIN/InGaN heterostructure is shown
in Fig. 3(b). Abrupt and smooth interfaces between the GaN
buffer, InGaN channel and InAIN barrier layers can be clearly
observed. The thickness of the InGaN channel and InAIN bar-
rier are 7 nm and 19 nm, respectively. Unlike the previous
result,?!) there is no obvious phase separation nor threading
dislocation in the InGaN channel layer. The result indicates
that the growth procedure in our experiment is well-controlled
and the application of PMOCVD significantly improves the
material qualities and uniformity of the InGaN channel layer.
As a consequence, the high-quality InGaN channel will be
helpful to improve the transport properties of heterostructure.

The typical high-resolution x-ray diffraction (HR-XRD)
®-20 scan of the InAIN/InGaN heterostructure from the sym-
metric (0 0 0 6) reflection is shown in Fig. 4(a). The diffraction
curve is dominated by three peaks located at 126.0°, 130.3°,
and 137.3°, which correspond to the GaN buffer, InAIN bar-
rier, and AIN nucleation layer, respectively. Like the result in
a previous report,[*?! the InGaN channel is much thinner than
other layers and no distinct diffraction peak for it can be ob-
served. However, as shown in the magnifying spectrum scan
from 124° to 127.5° in the inset, there is an obvious slope at
the small angle side of the GaN main peak, which is due to the
diffraction of InGaN channel. The Lorentz fitted result shows
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Fig. 3. (a) Overview two-beam bright field cross-sectional TEM image of the entire epilayer sample, taken near the [1-100] zone axis.
(b) High resolution TEM cross-sectional image of the top InAIN/InGaN heterostructure grown by PMOCVD.
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Fig. 4. (color online) High-resolution XRD triple-axis (0 0 0 6) w26

scans of (a) InAIN/InGaN heterostructure and (b) 45-nm InGaN film on
GaN buffer.

two distinct peaks corresponding to InGaN and GaN, respec-
tively. This phenomenon was not observed in the previously
reported result with even thicker InGaN channel. >3] Taking
the layer thickness of 7 nm into consideration, the XRD re-
sults demonstrate the high diffraction intensity of the InGaN
channel layer, suggesting the favorable material quality of In-
GaN grown by PMOCYVD. Furthermore, in order to judge the
accurate indium composition in the InGaN channel, 45-nm-
thick InGaN film on GaN buffer as shown in Fig. 1(b) is grown
by PMOCVD under the identical conditions as that in the In-
GaN channel, and the HR-XRD scan of ®w-26 from symmet-

ric (0 0 0 6) reflection is shown in Fig. 4(b) (the spectrum scan
from 124° to 127.5° is provided for clarity). Two unambigu-
ous peaks corresponding to InGaN and GaN can be observed
at 125.5° and 126° respectively, and they are in agreement
with the Lorentz fitted results. Furthermore, it is noted that no
peaks are observed except those corresponding to GaN, InGaN
layers in the entire 260 range, suggesting that the InGaN film
is grown pseudomorphically and strained on the GaN buffer
layer without phase separation. The indium molar fraction, x,
based on the chemical formula In,Ga;_,N, can be determined
from Vegard’s law (as shown in Eq. (1)) based on the HR-XRD

results24

= CInGaN — €GaN
CInN — €GaN

, 0<x<1, (H

where cinGaN, cgaN, and cpN are the actual c-plane lattice con-
stants of InGaN, GaN, and InN, respectively. Finally, the in-
dium molar fraction in InGaN channel is calculated to be about
5%.

According to the previous studies, interface roughness
scattering in InGaN channel heterostructures is more serious
than those in conventional GaN channel samples,'>>! which is
the most acute issue that impedes the improvement of 2DEG
mobility. In addition, interface roughness scattering becomes
even more serious at room temperature.>2”! Therefore, for
improving the 2DEG mobility, it is of great importance to
make a smooth interface in InGaN channel heterostructure.
In order to detect the interface morphology between the In-
GaN channel and barrier layers in a straightforward way, an
additional sample as shown Fig. 1(c) is also grown. The addi-
tional sample has a similar structure to the sample in Fig. 1(a),
but without the 19 nm InAIN barrier nor 1 nm AIN inter-
layer. Figure 5 shows the atomic force microscopy (AFM)
surface images of the InGaN channel with scan areas of (a)
5x5and(b)2x2 urnz, respectively. As can be seen, the sur-
face morphology of InGaN channel differs significantly from
the previously reported result grown by the standard MOCVD
process.?”] There is no crack nor trench on the smooth sur-
face, and clear atomic steps can be seen. The flat surface is
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accompanied by small pits that are known as V defect, which
is related to the surface termination of expanded dislocations
generated in the GaN buffer.[*®! The pit density is approxi-
mately 8.5 x 108 cm™2 in a 2 x 2 um? scan area, indicating the
high material quality of the InGaN channel with few regen-
erative dislocations. In addition, the root mean square (rms)
surface roughness is measured to be as low as 0.26 nm for the
2 x 2 um? scan area. This value is better than the result re-

Opm 1 2 3 4 5

5

ported previously.l?”! We attribute the improvement in surface
morphology to the application of PMOCVD method. The re-
active atoms are separately supplied to the reactor at different
times. This growth mode enlarges the mobility of the adatoms
and enables them to find energetically favorable sites. The im-
provement in interface morphology will be beneficial to the
suppression of roughness scattering and also the improvement

of carrier mobility.

Fig. 5. (color online) AFM images of surface morphology of InGaN channel with scan areas of (a) 5 x 5 and (b) 2 x 2 pm?.

We first measure the transport properties of InAIN/InGaN
heterostructure by room temperature (RT) Hall measurement.
The 2DEG density reaches 1.85 x 10'> cm~? with an elec-
tron mobility of 967 cm?/V-s. Sheet resistance and resis-
tance uniformity of the two-inch wafer are also measured by
the contactless eddy current sheet resistivity mapping. As
shown in Fig. 6, the InAIN/InGaN sample presents resistance
from 335.0 to 361.1 /0. The average sheet resistance is
346.7 /0 with a nonuniformity of 1.95%. The results are
indicative of the high material quality and good uniformity of
InGaN channel layer across the whole wafer. Therefore, In-
AIN/InGaN heterostructures grown by PMOCVD are promis-
ing candidates for microwave power devices.

For additional electrical information,
sheet carrier concentration and 2DEG confined position,

such as the

capacitance—voltage (CV) profiling technique is applied and
operated at room temperature with a test frequency of 100 kHz
and an Hg probe with a contact area of 600 um?. For con-
trast, the result of conventional InAIN/GaN heterostructure as
shown in Fig. 1(d) is also presented. As displayed in Fig. 7,
for the heterostructures with InGaN and GaN channel, the
2DEG peak density is located about 20 nm away from the sur-
face, which offers hints towards a confinement close to the
AIN/InGaN interface, considering the InAIN barrier thickness
of 19 nm and AIN interlayer thickness of 1 nm. The peak
carrier density in InGaN channel is 1.45 x 10%° cm~3, much
higher than 0.39 x 10%° cm ™3 in the GaN channel. In addi-
tion, the carrier distribution in InGaN channel heterostructure
is much steeper than that in GaN channel, implying that there
is excellent carrier confinement in InGaN channel heterostruc-

ture. This improvement is attributed to the larger band offset
between the InGaN channel and InAIN barrier layers and the
good InGaN channel material quality grown by PMOCVD.

In order to meet the needs of different applications,
HEMTs should operate steadily and reliably in a wide tem-
perature range. The transport performances of InGaN channel
heterostructures at low temperature and room temperature
have been demonstrated.[?>?32] For the further investigation
of the 2DEG transport properties of InAIN/InGaN heterostruc-
tures in a wider temperature range, extended temperature-
dependent (120-580 K) Hall measurement, conducted on a
1 cm x 1 cm sample in van der Pauw geometry using four

Fig. 6. (color online) Sheet resistance mapping of 2-in InAIN/InGaN
heterostructure wafer.
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Fig. 7. (color online) Profiles of the carrier concentration as a function
of the depth for InAIN/InGaN and InAIN/GaN heterostructures, mea-
sured by CV method.

indium dots as Ohmic contacts, is carried out. For contrast, the
results of traditional InAIN/GaN heterostructure over the same
temperature range are also shown. Figure 8 shows the tem-
perature dependences of the Hall mobility (u), sheet carrier
density (ns), and sheet resistance (Rs) of InAIN/InGaN, and
traditional InAIN/GaN heterostructures. Both the heterostruc-
tures with InGaN and GaN channel show the typical 2DEG
properties in the whole temperature range. At low tempera-
ture, the conventional GaN channel sample has higher elec-
tron mobility than the InGaN channel sample. We attribute
the relatively high carrier mobility of the GaN channel sam-
ple to the absence of alloy disorder scattering from the ternary
InGaN alloy compared with the InGaN channel sample. As
the temperature increases, the carrier mobility in each sam-
ple decreases, owing to the enhanced influence of polar op-
tical phonon scattering.[*°! However, 2DEG mobility of GaN
channel sample decreases more rapidly than the InGaN chan-
nel sample, and InGaN channel sample shows the better result
when the temperature exceeds 400 K. On the other hand, the
2DEG density in InGaN channel sample is higher than that
in the GaN channel sample in the whole temperature range.
At elevated temperatures, the 2DEG density in GaN channel
presents a fluctuation trend. We attribute the fluctuation to the
inferior carrier confinement: the electrons possess higher en-
ergy at high temperature, and more easily spill out into the ad-
jacent layers,! leading to an unstable 2DEG density in chan-
nel layer. However, for InGaN channel sample, the 2DEG den-
sity is stable in the whole temperature range due to the better
carrier confinement. It is noteworthy that the R; value of In-
AIN/InGaN heterostructure is a little higher than that extracted
from the sheet resistance mapping. It might be related to the
modification of the potential of the bare InAIN barrier surface
during the Ohmic contact electrode processing steps, and this
deviation also appears in the GaN channel sample. In con-
clusion, it is speculated that the application of InGaN channel
is promising to improve the transport properties of HEMTs,
especially at elevated temperature.
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Fig. 8. (color online) Variations of Hall mobility (), 2DEG density
(ns), and sheet resistance (Rs) for InAIN/InGaN and InAIN/GaN het-
erostructures with temperature.

4. Conclusions

In this work, PMOCVD is used to grow high-quality In-
GaN channel heterostructure, which is proven to be rewarding
to the improvement of InGaN material quality, and further to
the transport properties of heterostructure. The microstruc-
ture and satisfactory transport properties in this paper indicate
that InGaN channel heterostructure grown by PMOCVD is a
promising candidate for microwave power devices.
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