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Electrical properties of MOCVD-grown GaN on Si (111) substrates
with low-temperature AIN interlayers*
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The electrical properties of the structure of GaN grown on an Si (111) substrate with low-temperature (LT) AIN
interlayers by metal-organic chemical-vapour deposition are investigated. An abnormal P-type conduction is observed in
our GaN-on-Si structure by Hall effect measurement, which is mainly due to the Al atom diffusing into the Si substrate
and acting as an acceptor dopant. Meanwhile, a constant n-type conduction channel is observed in LT-AIN, which causes a
conduction-type conversion at low temperature (50 K) and may further influence the electrical behavior of this structure.
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1. Introduction

GaN is known as a promising material for the next gen-
eration of power switching devices due to its wide band-gap
nature, high breakdown field, and particular polarization ef-
fect. Semi-insulating GaN is the foundation of lateral con-
duction AlGaN/GaN heterostructure field effect transistors
(HFETsS) that require semi-insulating (SI) material beneath the
device structure to enable sharp current pinch-off and device
isolation.!!?! In general, undoped GaN grown on sapphire and
SiC by metal-organic chemical-vapour deposition (MOCVD)
exhibits n-type conductivity,*! which may result from the ex-
istence of the residual impurities or vacancy.**! By introduc-
ing p-type compensation defects or intentionally doping with
deep level impurities, one can obtain a high-resistivity GaN
with large sheet resistance around 107 Q/C0 ~ 10" Q /0] on
sapphire.[>-!1] While a high-resistivity undoped GaN grown
by MOCYVD on an Si substrate can be naturally obtained with-
out any other special technique, which could easily enable the
pinch-off operation for AlIGaN/GaN HFETs. The mechanism
of achieving this high-resistivity U-GaN on an Si substrate is
still unclear, and until now little attention has been paid to
the electrical behaviors of the GaN/Si epi-structure in spite of
its extensive applications in GaN-based RF and power switch-
ing devices.!'>~13] In the present work, the electrical property
of MOCVD-grown GaN on an Si (111) substrate with low-
temperature (LT) AIN interlayers is investigated. We find an
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AIN interlayer is observed and analyzed.

2. Experimental procedure

The GaN-on-Si structure (sample A shown in Fig. 1)
investigated in this work was grown on a 2-inch diame-
ter Si (111) in an Aixtron 2400G3 MOCVD planetary re-
actor.  First, a high-resistivity Si (111) substrate with a
sheet resistance larger than 10* Q/0 (> 1000 Q-cm) was
chemically cleaned before growth to obtain a hydrogen-
A 20-nm AIN buffer layer was then

grown on the substrate around 1100 °C with short alu-

terminated surface.

minium pre-deposition using trimethylaluminium (TMALI)
Next, a ~ 2-um GaN
layer was grown at 1100 °C and two 15-nm LT-AIN (~

before supplying ammonia (NH3).

700 °C) interlayers were inserted into the thick GaN epi-
layer for the purpose of strain engineering to obtain a crack-

free surface. For studying the electrical properties of the
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abnormal p-type conduction phenomenon in the GaN-on-Si Fig. 1. The schematic structures of different epitaxy layers grown on Si

structure. Meanwhile, a low conduction property of the LT- substrates.
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sample A structure in detail, samples B and C were also pre-
pared for comparison. For sample B, only an 800-nm un-
intentionally doped GaN (U-GaN) layer was grown on the
AIN buffer layer without LT-AIN interlayers. For sample C,
the growth procedure was stopped after the growth of a 20-
nm AIN buffer layer with the same recipe of the sample A.
Meanwhile, an AlIGaN/GaN HFET structure was also grown
on the sample A to verify the resistive property of this struc-
ture. The details of the device process can be found else-
where in the literature.['”) The material electrical properties
were characterized with the temperature-dependent Hall effect
measurement (Lakeshore 7704) and the secondary ion mass

spectroscopy.

3. Results and discussion

The high resistivity property of sample A is confirmed
from the good pinch-off features of AlGaN/GaN HFETs based
on sample A (See Fig. 2), in which the drain current reaches a
general level as low as about ~ 1073 mA/mm (at Vg = 20V,
Ves = —5.5 V). However, the room-temperature Hall effect
measurement data seem to give a contradictive result, in which
sample A presents a rather low sheet resistance (667 /)
with a very high p-type sheet carrier density up to 104 cm—2
(see Table 1). This contradiction may be due to the combina-
tion effect of the multi-current-path in the epi-structure during
the Hall effect measurement (such as the top-GaN layer, the
LT-AIN interlayers, the AIN/Si interface, etc.) rather than only
one current path through the top-GaN layer (see Fig. 3).
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Fig. 2. Schematic structure of an AIGaN/GaN HFET grown on sample A (left), and its drain current /45 as a function of gate voltage

Vi (right).

Table 1. Hall effect measurements of the sheet resistance (Rg,), mo-
bility (1), sheet carrier density (p), and activation energy (Ep/Ea) of
samples A, B, and C.

Sample Type Rg/(Q/0) wp/(cm?/V-s) pglem=2  (Ep/Es)/meV
A p 667 51 1.8x 104 53
B p 1906 155 2.1x 1083 53
c p 5626 193 5.7 x 102 54
0 %
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Fig. 3. The schematic current paths of sample A by Hall measurement.

Meanwhile, it can be figured out through the room-
temperature Hall effect data in Table 1 that sample A grown
on the Si substrate shows an abnormal p-type conduction phe-
nomenon, while the common GaN sample grown on the sap-
phire substrate in the same MOCVD reactor presents a typi-
cal n-type conduction (not shown here). This p-type conduc-
tion phenomenon may possibly result from the GaN/HT-AIN
or GaN/LT-AIN hetero-structure, which can theoretically pro-
duce two-dimensional hole gas at the GaN side due to the po-

larization effect[!6-18]

in sample A. But the p-type conduction
(sheet carrier density ~ 6x 102 cm~2) can also be observed
in sample C, in which there is no GaN/AIN heterostructure
but only an HT-AIN epilayer on a high-resistivity silicon sub-
strate. This comparison shows that the AIN/Si interlayer may
play a significant role in forming p-type conduction.

In order to understand this interesting phenomenon of the
GaN-on-Si sample, the temperature-dependent Hall measure-
ment is carried out. Figure 4(a) shows the plots of the sheet

carrier density versus the reciprocal of temperature (1000/7).
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All the samples grown on the Si substrates present p-type con-
ductions when the ambient temperature is in a range between
50 K and 300 K, in which the logarithms of the sheet carrier
density of all the samples depend linearly on the reciprocal
of temperature. Such a behavior is a typical phenomenon of
impurity doping behavior rather than a phenomenon of two-
dimensional electron gas (2DEG), which should keep a con-
stant hole sheet carrier density with changing temperature.
What is more, 2DEG cannot be observed in all the investi-
gated samples, even at a temperature of less than 50 K, which
means that the GaN/LT-AIN or GaN/HT-AIN heterostructures
in the investigated samples (samples A and B) cannot produce
2DEG. This may be due to the fact that this 15 nm AIN in-
terlayer grown at a relatively low temperature (700 °C) cannot
provide a good-quality surface (AFM images are not shown
here) for the subsequently grown GaN. So the 2DEG can be
excluded from the formation of a p-type phenomenon from
the room-temperature Hall effect measurements of samples A
and B.

From the slopes of the curves shown in Fig. 4(a), the ac-
tivation energy (Ep) of the impurity can be directly extracted
(listed in Table 1). The activation energies of the GaN layers
on AIN/Si (samples A and B), as well as the AIN buffer alone
on the Si substrate (sample C), are all around ~ 54 meV, in-
dependent of the epitaxy structure. Such a value is very close
to the activation energy of the aluminum acceptors (57 meV)
in Si.l"! Thus, we speculate that it is the aluminum atoms
that form the initial AIN layer that might diffuse into the Si
substrate during the high-temperature growth and behave as
an acceptor in Si. Secondary ion mass spectrometry (SIMS)
analyses of samples A and C could further confirm our specu-
lation. Obviously, as shown in Fig. 4(b) with the profile of alu-
minum atom concentration as a function of the detection depth
of the sample, the aluminum elements exist not only in AIN
buffer layer, but also in the Si near the AIN/Si interface, and
the concentration of Al decreases while the detection depth in-
creases into the Si substrate. We consider that during the high-
temperature growth stage of AIN, aluminum atoms can move
into the Si substrate by thermal etching and/or diffusion, incor-
porate themselves into the silicon crystal lattice, and then play
the role of acceptor impurities, which results in a highly p-type
conducting channel near the AIN/Si interface. Moreover, one
can observe that the p-type concentration of the GaN/Si struc-
ture increases with the thickness (growth time) of the epitaxy
layer increasing from 5.7 x10'> cm? to 1.8 x 10'* cm? (see Ta-
ble 1). This reveals that more aluminum atoms may diffuse
into the substrate during the high-temperature growth over a
longer growth time (the SIMS data in Fig. 4(b) also support

this conclusion).

Furthermore, with the measurement temperature decreas-
ing (below 50 K ) (see Fig. 4(a)), it can be observed that the
conduction property of sample A changes from p-type to n-
type and that the sheet carrier density is gradually saturated
to a constant level at low temperatures. It is considered that
such a behavior may result from the competition in the car-
rier quantities between the original n-type carriers (electrons)
in the epilayer and the p-type carriers (holes) gradually dis-
appearing. As the temperature decreases, the activation ratio
of the Al atoms decreases gradually and the original n-type
carriers in the structure become dominant. More interestingly,
such a conduction-type conversion phenomenon could not be
observed in samples B and C, whose epi-structures do not con-
tain LT-AIN interlayers. This indicates that the original n-type
conduction might relate to the LT-AIN interlayers.
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Fig. 4. (a) Plots of sheet carrier density versus the temperature recipro-
cal of samples A, B, and C. The dashed line between the p-type curve
and the n-type curve of sample A is only a guidance for viewing, and
(b) the SIMS profiles of impurity (Al, Si) recorded from samples A and
C.

Taking into account the fact that the electron concentra-
tion of sample A is almost constant at low temperatures, we
speculate that there may exist a 2DEG-like n-channel at the
LT-AIN/GaN hetero-interface due to the spontaneous and/or
piezoelectric polarization effect, which does not need ioniza-
tion energy to be activated. On the other hand, the quality
of GaN below LT-AIN is good enough to form a sharp inter-

face for the formation of a 2DEG-like channel. Meanwhile,
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the SIMS data of sample A in Fig. 5 show that the donor
impurity (Si and O atoms) concentration in the LT-AIN inter-
layer is about two orders of magnitude more than that in the
GaN layers. These impurities may enhance the effect of the
polarization-related phenomenon. Figure 6 shows the plots of
the sheet resistivity versus the temperature of the investigated
samples. In samples B and C the sheet resistivity increases
as the temperature decreases, and finally rises to a value larger
than 108 Q /0O at around 10 K due to the freeze-out effect of the
impurity (Al). However, sample A shows low resistivity at low
temperatures (< 50 K) because of the existence of the original
2DEG-like n-type channel in the LT-AIN/GaN heterostructure.
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Fig. 5. (color online) SIMS measurements of the impurities, Si, C, O,
etc, in the GaN-on-Si structure.
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Fig. 6. (color online) Plots of the sheet resistivity versus the temperature
of the investigated samples.

4. Summary

A p-type conduction phenomenon is observed in an
MOCVD-grown GaN-on-Si epi-structure with LT-AIN inter-

layers. This is considered as being mainly due to Al atom
diffusion into the Si substrate and acting as acceptor dopants
according to the above analysis. It is believed that these p-type
dopings should exist in all the GaN samples grown on Si sub-
strates with HT-AIN buffer layers, which seems to influence
the resistive properties of the GaN grown on them and fur-
ther influence the devices based on this structure. Moreover,
it is shown that the LT-AIN interlayer may introduce a 2DEG-
like conduction current path and further influence the electri-
cal properties of the structure, as well as the power switching
devices based on this structure. This means that the LT-AIN
scheme, which is used for the purpose of strain engineering to
achieve a crack-free and thick GaN epitaxy layer, is not suit-
able for fabricating high-voltage devices.
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