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Hall electron mobility ��H� and sheet concentration �ns� in AlGaN/GaN heterostructures have been
measured from 77 to 1020 K. The effect of the deposited Al2O3 layer is also investigated with
varying its thickness. It is found that �H decreases monotonously with the temperature �T� and its
dependence is well approximated with the function of �H=4.5�103 exp�−0.004T� in the
temperatures over 350 K. The function is different from the commonly used one of �H=AT−� ��
�1.5�, which indicates that the mobility is not only governed by the polar optical phonon scattering
but also the deformation potential scattering plays a role. The sheet electron concentration �ns� has
a weak dependence on the temperature, that is, slightly decreases with temperature in 300–570 K
and increases gradually up to 1020 K. The decrease is explained by considering the reduction in the
polarization �probably both spontaneous and piezoelectric� charge and the increase seems to be due
to the parallel conduction through the interface between GaN buffer layer and sapphire substrate.
The dependence of sheet resistance �Rsh� in AlGaN/GaN is compared with that of n-GaN. In the low
temperatures, AlGaN/GaN shows a lower Rsh due to its high mobility, however, at the temperatures
higher than 350 K, Rsh of AlGaN/GaN becomes higher than that of n-GaN. This result implies that
AlGaN/GaN high-electron-mobility-transistors are inferior to GaN metal-semiconductor field-effect
transistors in terms of higher source, drain, and channel resistances at high temperature operations,
although further investigations on other performances such as output power and reliability are
needed. The Al2O3 deposited AlGaN/GaN shows about 15% higher ns than without Al2O3 layer for
the whole temperatures. On the contrary, �H at 77 K shows a slight decrease with Al2O3 deposition,
which degree is not affected by the layer thickness. In the temperatures higher than 400 K, �H is
almost the same for with and without Al2O3 layer. © 2010 American Institute of Physics.
�doi:10.1063/1.3514079�

I. INTRODUCTION

AlGaN/GaN heterostructure is an attractive material for
high power and high temperature operation of high-electron-
mobility-transistors �HEMTs�, which is enabled by high
sheet electron concentration induced at AlGaN/GaN interface
and GaN’s wide band gap. In order to extract high perfor-
mance from HEMTs, intensive studies on the electron trans-
port behavior have been made since 1990s. Many theoretical
and experimental results are reported in order to increase
electron mobility and control two dimensional electron gas
�2DEG� density.1–11 Throughout these works, it is found that
Coulomb, interface roughness, and alloy scatterings domi-
nate the mobility in the low temperatures �around 10 K�,
while polar optical phonon scattering plays a major role for
the temperatures higher than 300 K.3–5,7–15 The low tempera-
ture mobility reported so far increased year by year as 7500,1

10 250,4 51 700,5 53 300,8 60 000,9 and 167 000.11 The in-
crease in mobility described above has been achieved by
investigating the scattering mechanisms and improving the
epitaxial layer quality. However, little is known for the trans-
port properties in the high temperatures over 300 K, which
should be investigated for practical device use. The result
reported so far is limited to 870 K �Ref. 20� with measuring

the hall mobility and device characteristics.12–20 In order to
deepen the understanding of the device operation, it is indis-
pensable to measure the transport properties in the higher
temperatures.

In this paper, the results of temperature dependence of
electron mobility and concentration in AlGaN/GaN hetero-
structures measured up to 1020 K are discussed. The Al2O3

layer is deposited by atomic layer deposition �ALD� on
AlGaN/GaN with varying its thickness. The dependence on
the layer thickness is also investigated. In addition, the sheet
resistance difference between AlGaN/GaN and n-GaN is
shown. In Sec. II, the experimental procedure is described.
The experimental results and discussions are shown in Sec.
III. Conclusion is given in Sec. IV.

II. EXPERIMENTAL PROCEDURE

The used sample in the experiment is an epitaxial layer
grown by metal organic chemical vapor deposition method
on three inch sapphire substrate. After the growth of nucle-
ation buffer layer, undoped GaN and undoped Al0.25Ga0.75N
layers with thicknesses of 1 �m and 25 nm, respectively,
were successively grown. Mesa etch was done by reactive
ion etching �RIE� using Cl2 and BCl3 for remaining the ac-
tive region. Ohmic patterns were formed and metals consist-
ing of Ti/Al/Mo/Au with a thickness of 15 nm/60 nm/35a�Electronic mail: htokuda@u-fukui.ac.jp.
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nm/50 nm, respectively, were evaporated in the four corners
to obtain the Van der Pauw configuration. The wafer was
alloyed at 800 °C for 30 s to ensure good Ohmic contact.
The processed wafer was cut into four pieces and Al2O3

layers were deposited on three pieces of them with varying
the layer thickness. The deposition was carried out by ALD
system �Savannah S100-4PVP, Cambridge NanoTech� at
250 °C using trimethyl aluminum and water vapor as pre-
cursors. The thickness and refractive index were measured
by ellipsometry and found to be 110 Å/1.89 �hereafter re-
ferred to as 10 nm�, 318 Å/1.69 �30 nm�, and 526 Å/1.67 �50
nm�, respectively. After opening the window by etching
Al2O3 layer with buffered HF, the pad metals of Ti/Au �10/
100 nm� were evaporated and lifted-off, completed the fab-
rication process. Silicon doped n-type GaN wafer was also
processed with the same pattern for comparison, which did
not deposit Al2O3 layer. Its nominal carrier concentration
was 5�1017 cm−3 with 0.5 �m thick. Each fabricated piece
was cut to 7�7 mm2. The sample was set to the Hall mea-
surement system �Toyo technica ResiTest 8310�. The mea-
surement was carried out with two steps, that is, first from 77
to 300 K and second from 300 to 1020 K. The applied mag-
netic field was 0.55 T. Ohmic characteristics were checked
for each temperature before the measurement to ensure the
reliability and reproducibility. All the measurements could be
done with a current of 2 mA for 77–300 K, 0.2 mA for
300–520 K, and 0.02 mA for 570–1020 K for AlGaN/GaN.
As for n-GaN, the measurements were carried out at 2 mA
for the whole temperatures. The correlation factor �f� was
larger than 0.98 for all the measurements. After the measure-
ment at 1020 K, the sample was cooled down to the room
temperature and measured again to confirm the repeatability.
The room temperature sheet electron concentration and mo-
bility were decreased by 12% and increased by 9%, respec-
tively as compared with those in the first measurement. Simi-
lar phenomena showing the irreversible change by thermal
stress are reported.16,20 The values shown in the followings
are the measured ones in the first for each temperature.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the temperature dependence of the hall
mobility ��H� for 10 nm thick Al2O3 deposited sample. �H is

5200 cm2 /V s at 77 K and decreases monotonously to
54 cm2 /V s at 1020 K. It is well known that the mobility
over 300 K is dominated by a polar optical phonon
scattering12–15,20–22 and it has a temperature dependence ex-
pressed as �H=AT−�,12,14,15,20,21 where A and � are the con-
stants, or �H=A exp�� /T� �� is constant�.22 The reported
values of � scatter from 1.0 to 2.5. The fitting with these
functions, however, is not sufficient and well fitted tempera-
ture regions are relatively narrow. Several attempts are made
for obtaining better fitting function. It is found that the de-
pendence is well approximated with the function of �H

=4.5�103 exp�−0.004T� in the wide temperature range from
350 to 1020 K �see Fig. 1�. In order to make the scattering
mechanism clear, the proportion of the mobility in GaN is
calculated by considering ionized impurity, neutral impurity,
dislocation, deformation potential, piezoelectric, and polar
optical phonon scatterings.23 It is found that polar optical
phonon scattering governs about 70%–80% and deformation
potential scattering 10% at temperatures higher than 350 K.
Other scatterings are negligible at high temperatures. There-
fore, the mobility is not determined not only by the polar
optical phonon scattering but also deformation potential scat-
tering plays a role. The combined these two scatterings show
the temperature dependence and are well fitted with the ex-
ponential function described above.

Figure 2 shows the temperature dependence of sheet
electron concentration �ns� for 10 nm Al2O3 deposited
sample. As can be seen in the figure, ns is almost constant of
9.4�1012 cm−2 in the temperatures 77–300 K. It slightly
decreases in 300–570 K and has a minimum of 8.6
�1012 cm−2 at 570 K. Over 570 K, ns turns to gradual in-
crease and shows the value of 1.5�1013 cm−2 at 1020 K. A
calculation is done for the temperature dependence of ns us-
ing the simple model shown in Fig. 3.2,24 The figure shows
the schematic conduction band diagram and the distribution
of the charges at AlGaN/GaN heterostructure with bias volt-
age of 0 V, where �B is the surface barrier height, VAlGaN is
the voltage across the AlGaN layer, �Ec is the band discon-
tinuity between AlGaN and GaN and �Ei is the potential
difference between the Fermi level �Ef� and conduction band
edge of GaN at the interface. Since AlGaN layer is undoped,
it is assumed that there are no donor charges in AlGaN layer.

Equation �1� is obtained from the voltage relation

FIG. 1. Temperature dependence of hall mobility ��H� for 10 nm thick
Al2O3 deposited sample. �H is well approximated with the exponential func-
tion as shown in the figure over 350 K.

FIG. 2. Temperature dependence of sheet electron concentration �ns� for 10
nm thick Al2O3 deposited sample. ns is almost constant in 77–300 K, then
slightly decreases with temperature in 300–570 K and turns to increase
gradually up to 1020 K.
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�B − VAlGaN − �Ec + �Ei = 0. �1�

The charge neutrality and electric flux continuity relations
give the following Eq. �2� and �3�, respectively

Qs + �p
+ = �p

− + qns, �2�

�p
+ + qns = 	0	AlGaNVAlGaN/dAlGaN, �3�

where Qs is the surface state density �C /cm2�, �p
+ and �p

− are
the polarization charge density �C /cm2, including spontane-
ous and piezoelectric polarization�, ns is the sheet charge
density induced at AlGaN/GaN interface �2DEG�, 	0 is the
permittivity of free space, 	AlGaN is the dielectric constant of
AlGaN, and dAlGaN is a thickness of AlGaN layer �25 nm in
this work�.

ns is calculated by the following equation:

ns = Ns exp�− �Ei/kT� , �4�

where Ns is the density of state at the conduction band edge
of GaN and expressed as Ns=m�kT / �
�2�, k is the Boltz-
mann’s constant, T is the absolute temperature, m� is an elec-
tron effective mass �=0.20m0� and � is a Planck’s constant
divided by 2
. Here, a two-dimensional density of state is
assumed, although it is incorrect at high temperatures.

From Eqs. �1�–�4�, ns is calculated as a function of tem-
perature. In the calculation, �B=1.6 eV is assumed.25 Other
parameters such as �p

+ ��p
−�, �Ec, m�, and 	AlGaN are found in

Ref. 26 and they �including �B� are assumed to be tempera-
ture independent. Table I shows the calculated and measured
ns for several temperatures. As is shown in Table I, the cal-
culated result explains the decrease/increase dependence,
however, the difference of ns at 77 and 570 K �5.5
�1010 cm−2� is too small as compared with the experimen-
tal results �7.5�1012 cm−2�. Therefore, the observed tem-
perature dependence is not explained quantitatively with the
above mentioned simple model. In order to explain larger
decrease in ns, another mechanism such as the reduction in

polarization has to be taken into account. Since the lattice is
expanded with the increase in temperature, the reduction in
the polarization charge seems to be probable.19,27,28 If assum-
ing the reduction in �p

+ and �p
− with temperature, ns has the

decreasing dependence and can be fitted with experimental
results by adjusting the polarization charges at each tempera-
ture. However, the increase in ns observed in the high tem-
peratures is not explained by the reduction in the polarization
charge. A parallel conduction through the interface between
GaN buffer layer and sapphire substrate may play a role
which is often observed.9,18,19,22 Regarding the temperature
dependence of ns, two different tendencies have been re-
ported, that is, monotonous increase with temperature1,4,5,9,13

and decrease/increase dependence similar to Fig. 2.19 The
monotonous increase are observed in the relatively small Al
composition �x�0.20� of AlGaN/GaN structure, while
decrease/increase dependence is observed in high Al compo-
sition of 0.3, which indicates that the polarization is weak
from the beginning in the small Al composition structure.
Therefore, it is plausible that the decrease in ns is not ob-
served in case of low Al composition.

The temperature dependence of sheet resistance �Rsh� is
shown in Fig. 4, where the result of n-GaN is also shown for
comparison. The inset in the figure displays the temperature
dependence of the mobility and sheet electron concentration
of n-GaN. Rsh �=1 /qns�H� of AlGaN/GaN is smaller than
that of n-GaN in the temperatures below 350 K due to
AlGaN/GaN’s high mobility. However, Rsh of AlGaN/GaN
increases drastically in the temperatures over 500 K, while
that of n-GaN has a weak dependence. As a result, almost
four times higher Rsh is observed for AlGaN/GaN as com-
pared with n-GaN at 1020 K. This is because ns in n-GaN
increases monotonously with temperature and �H decreases
with rather weak dependence ��HT−1.3�. The higher Rsh

leads to the higher source, channel and drain resistances and
resulting in the decrease in transconductance in the actual
HEMT devices. Therefore, the result shown in Fig. 4 implies
that AlGaN/GaN HEMTs are inferior to GaN metal-
semiconductor field-effect transistors �MESFETs� in terms of

FIG. 3. Schematic conduction band diagram �upper� and distribution of the
charges �lower� at AlGaN/GaN heterostructure with bias voltage of 0 V.

TABLE I. Calculated and measured sheet electron concentrations, ns calcu-
lations and ns measurements, respectively, for several temperatures. Al-
though the calculated results explain the decrease/increase tendency, the
difference is too small as compared with the experimental ones.

T
�K�

ns calc.
��1012 cm−2�

ns meas.
��1012 cm−2�

77 11.335 9.38
100 11.328 9.37
200 11.306 9.37
300 11.292 9.31
420 11.283 8.97
520 11.280 8.67
570 11.279 8.63
620 11.280 8.73
720 11.282 9.18
870 11.290 11.10
970 11.297 12.90

1020 11.301 15.10
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high channel resistance at high temperature operations, al-
though further investigations on other performances such as
output power, reliability are needed. The crossing tempera-
ture of Rsh can be changed by varying the composition,
thickness, doping concentration of AlGaN layer, however, it
seems to be difficult to obtain a lower Rsh with AlGaN/GaN
structures as compared with properly designed n-GaN layer
in the temperatures higher than 600 K. It is to be noted that
Rsh of AlGaN/GaN is well approximated with a second order
polynomial, Rsh=0.01T2−3.4T+420 for the whole tempera-
ture range �see Fig. 4�. Finding this kind of analytical equa-
tion becomes a useful tool for the design of practical device.

The dependence of the deposited Al2O3 thickness is
shown in Figs. 5�a� and 5�b�. The Al2O3 deposited AlGaN/
GaN shows about 15%–30% higher ns than without Al2O3

layer for the whole temperatures. On the contrary, �H at 77
K shows a slight decrease with Al2O3 deposition, which de-
gree is not affected by the layer thickness. In the tempera-
tures higher than 400 K, �H is almost the same for with and
without Al2O3 layer. The tendencies described above do not
depend on the layer thickness, but dominated by with and
without Al2O3 layer. Several results are reported on the
change in �H and ns with the deposition of insulating
layer.19,27,29–34 The results show that the device performance
is improved by the deposition of insulating layer brought
from the increase in ns, which leads to the reduction in
source and drain resistances. Three hypotheses are presented
as the mechanism of ns increase; �i� �B decrease with the
deposition,32–34,36 �ii� surface state density reduction,19,29,35

and �iii� increase in polarized charge.27,28,35 It is difficult to
determine, whichever the correct origin is, from the obtained
results in this work. This is because the increase in ns can be
explained by assuming proper values of �B, surface state or
polarized charge density.

IV. CONCLUSIONS

Hall electron mobility ��H� and sheet concentration �ns�
in AlGaN/GaN heterostructures have been measured from 77
to 1020 K. The effect of the deposited Al2O3 layer is also
investigated with varying its thickness. It is found that �H

decreases monotonously with the temperature �T� and its de-
pendence is well approximated with the function of �H

=4.5�103 exp�−0.004T� in the temperatures over 350 K.
The result indicates that the mobility is not only governed by
the polar optical phonon scattering but also the deformation
potential scattering plays a role. The sheet electron concen-
tration �ns� has a weak dependence on the temperature, that
is, almost constant in 77–300 K, then slightly decreases with
temperature in 300–570 K and turns to increase gradually up
to 1020 K. The decrease is explained by considering the
reduction in the polarization �probably both spontaneous and
piezoelectric�, however, the reason of the increase is not
clear. The parallel conduction at the interface between GaN
buffer layer and substrate may be the origin. The dependence
of sheet resistance �Rsh� is well approximated with the sec-
ond order polynomial for the whole temperature range. The
dependence of Rsh in AlGaN/GaN is compared with that of
n-GaN. In the low temperatures, AlGaN/GaN shows a lower
Rsh due to its high mobility, however, at the temperatures
higher than 350 K, Rsh of AlGaN/GaN becomes higher than
that of n-GaN. This result implies that AlGaN/GaN HEMTs
is inferior to GaN MESFETs in terms of source, drain, and
channel resistances at high temperature operations, although
further investigations on other performances such as output
power and reliability are needed. The Al2O3 deposited
AlGaN/GaN shows about 15% higher ns than without Al2O3

layer for the whole temperatures. On the contrary, �H at 77

FIG. 4. Temperature dependence of sheet resistance �Rsh� for AlGaN/GaN
�open circles� and n-GaN �diamonds�. The inset shows that of �H and ns for
n-GaN. Rsh in AlGaN/GaN is well approximated with the second order poly-
nomial for the whole temperature range. Rsh of AlGaN/GaN and n-GaN
crosses at 350 K.

FIG. 5. Temperature dependence of �H �a� and ns �b� for different Al2O3

thickness. Open circles, triangles and squares correspond to thickness of 10
nm, 30 nm, and 50 nm, respectively. The diamonds are the results for with-
out Al2O3 layer. The inset in �a� shows the dependence in a magnified scale
in the temperatures 77–325 K.
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K shows a slight decrease with Al2O3 deposition, which de-
gree is not affected by the layer thickness. In the tempera-
tures higher than 400 K, �H is almost the same for with and
without Al2O3 layer. The results obtained in this work will
contribute to the design of AlGaN/GaN HEMTs at high tem-
perature operations.
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