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Abstract

The electron transport mechanism in GaN/AlGaN HEMT (High Electron Mobility Transistors) struc-
tures grown with MBE on sapphire substrate was investigated by using the temperature dependence of
the Hall coefficient, resistivity, carrier density and Hall mobility. Hall measurements were carried out
using Van der Pauw geometry. From the LO-phonon-scattering-limited component of the mobility, we
obtain LO phonon energy hw ~ 90 meV and the momentum relaxation time of 7,,, &~ 4 fs. Also, from the
temperature dependence of the 2D carrier density, we obtain the donor activation energy F, =~ 29 meV.
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1. Introduction

Gallium nitride (GaN), a III-V semiconductor, has increasingly become of interest for use in many
semiconductor device structures. Due to its very large band gap (3—4 eV), GaN offers some important
advantages in various applications. In particular GaN is a candidate for high power, high temperature, and
high-frequency electronic applications. In order to utilize GaN to its fullest potential in these applications,
a good understanding of the transport properties of the charge carriers in GaN is essential. The most
important and widely material transport parameters are the temperature dependence of the mobility and
the field dependence of the carrier drift velocity [1].

In this paper, we report the temperature dependence of the Hall coefficient, resistivity, 2D carrier density
and Hall mobility. Then, we compare the obtained LO phonon energy fiw =~ 90 meV, momentum relaxation
time 7., &~ 4 fs and the donor activation energy E, ~ 29 meV with existing observations.

2. Experimental Technique

The sample investigated in this work was grown using MBE on tungsten-backed sapphire substrates.
Tungsten is evaporated onto the sapphire to act as a heat sink to dissipate excess thermal energy at high
electric fields. The thickness of the GaN buffer layer is 3 um, and the Al concentration of the 250 A
thick GaAIN layer is 30% as determined from PL measurements. The Van der Pauw geometry was used
for performing Hall and resistivity measurements. A sample with Van der Pauw type geometry is shown in
Figure 1. The sample is square-shaped and has four ohmic contact in the corners. Indium was annealed onto
both samples to provide ohmic contacts. The contacts must be at the very edges of the sample and much
smaller than the sample area. In the Van der Pauw measurements, a constant current of 1 pA was applied
between two of the four contacts, e.g. the current enters through contact A and leaves through contact B,
and a magnetic field between 0.35 T and 3 T was applied perpendicular to the sample surface. Then, the
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voltage between the contact C and D was measured. The measurement was done at lattice temperatures
between 4.2 and 300 K.
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Figure 1. Van der Pauw Geometry used for Hall measurements.

If by Rap,cp one denotes the ratio of the voltage Vop between contacts C and D, to the current/sp
flowing between A and B, then Van der Pauw has shown that [2]

wd wd
exp <_7RAB,CD> + exp <—7RBC,AD> =1 (1)

If the contacted wafer is completely symmetrical as in Figurel, resistivity are given by

wd Vep
p= ) (2)
In2 IAB
where d is the thickness of the sample.

Also, the relations for the sheet carrier concentration and Hall mobility for the Van der Pauw geometry
are written by [2]

Blsp
— : 3
" GVCD ( )
and
_ 4 AR (4)
U = Bp AB,CD;

where B is the magnetic field applied perpendicular to the sample surface, ARap cp is the compared value
to Rap,cp’s zero magnetic field value.
From Eq. (3), the Hall coefficient can be written as

1
Ry = —
ne
or
Ry = pp. (5)
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3. Experimental Results

Figure 2 shows the temperature dependence of the Hall coefficient. For the GaN/AlGaN HEMT structure,
at T;, = 4.2 K the Hall coefficient is Ry = 4.13 x 1075 m?/V-s. It decreases very little with temperature
up to T, = 80 K, then decreases rapidly down to Ry = 3.06 x 107° m?/V.s at T;, = 300 K. The resistivity
versus 17, is shown Figure 3. Also, at Ty, = 4.2 K the resistivity is p = 1.46 x 10~* ohm-m. It increases
very little with temperature up to T;, = 80 K, then increases rapidly up to p = 4.08 x 10~™% ohm-m at T},
= 300 K.
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Figure 2. Hall coefficient versus lattice temperature.
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Figure 3. Resistivity versus lattice temperature.

Figure 4 shows the two-dimensional carrier density and Hall mobility between lattice temperature T, =
4.2 K and 300 K, respectively. The two-dimensional electron density at 77, = 4.2 K isn = 1.5 x 10%cm 2.
It remains constant up to 7;, = 150 K, then increases rapidly to n = 2.1 x 102cm~2 at T, = 300 K. The
high density of electrons is due to large spontaneous and strain-induced polarization in the GaN/AlGaN
interface as commonly predicted and observed [3]. The increase in the carrier density at high temperature is
due to parallel conduction in the AlGaN layer. At 4.2 K the Hall mobility is 1 = 2830 cm?/V-s. It decreases
very little (by 3%) with temperature up to 77, = 80 K, then decreases rapidly down to p = 743 cm?/V.s at
Ty, = 300 K. Due to the finite parallel conductivity in the GaN layer according to [4] at high temperatures,
the measured Hall carrier density and Hall mobility are given as
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Figure 4. Two-dimensional electron density and Hall mobility versus lattice temperature.

n +
= 1M1 T Nafl2 (6)
122:4

_nild +nok3
g=——"32
nip1 + Nt

(7)

where ngand pg are the measured Hall carrier density and Hall mobility and nj, ng, p; and po are the
two-dimensional carrier density in GaN, shett density in AlGaN and electron mobilities in GaN and AlGaN,
respectively [1].

In Figure 5, the inverse of optic phonon limited electron mobility versus inverse lattice temperature is
plotted between 77, = 4.2 K and 300 K. In GaN/AlGaN HEMT structures, interface roughness scattering
saturates the mobility at low temperatures (77, < 180 K). At high temperatures (77, > 180 K), however,
mobility decreases gradually with increasing temperature. In order to obtain the dominant scattering mech-
anism that limits the mobility at high temperatures, we used Matthiesen’s rule. In the high temperature
region of Figure 4 (T, > 180 K), there is an exponential dependence as would be expected from a scattering
mechanism involving LO phonons, in the form [5]
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Figure 5. The inverse of the LO-phonon-limited electron mobility versus inverse lattice temperature [1]. Open
circles: experimental results, obtained from the measured Hall mobility versus temperature data using Matthiessen’s
rule. Line: theoretical calculation using Equation (6).

r m hw (8)
HLO a E€Tm exp kTL ’
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where m* = 0.22 my, In the plot we took momentum relaxation time, 7, as the electron phonon scattering
time constant, 7o = 8 x 107'®s. We can, therefore, use Matthiesen’s rule to separate the LO phonon
scattering limited component of the mobility via

RENREY o)
Kro  Ht Mo

where o is the low temperature mobility and p; is the measured temperature dependent mobility. A plot
of the logarithm of 1/uo determined from the experimental results plotted against 1/77, as in Eq. 8 was
used to extract hw and 7,,. We obtain fiw = 90 meV. This is in good agreement with the theoretical value
[6]. However, at 300 K the magnitude of the experimental data is about a factor of two higher than that in
Eq. (8). This suggests a momentum relaxation time of 7, = 79/2 = 4 x 10~°s, a value much smaller than
the theoretically expected electron momentum relaxation time [7-9] but in accord with other observations
[10-12]. The reason for the reduced momentum relaxation time and hence mobility compared with the
theory is not clear to us. Interface roughness scattering is often invoked as a cause of reduced mobility in
GaN/AlGaN [5].

Also, Figure 6 shows the log of 2D carrier density versus inverse lattice temperature. The dependence of
the carrier density on temperature with a donor activation energy E, is given by [13]

E,
Nop X €xXp (_2/€BTL> s (10)

where kp is Boltzman’s constant. From Equation (10), we obtain E, ~ 29 meV. This is in agreement with
other observations [14, 15].
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Figure 6. 2D carrier density versus inverse lattice temperature. The solid line: theoretical calculation using Equation
(8)
4. Conclusion

We have studied the transport mechanism of two-dimensional electron gas, which is formed at a GaN/AlGaN
interface as a result of spontaneous and piezoelectric polarization, in the e-LO phonon scattering regime.
We obtain the LO phonon energy, momentum relaxation time and the donor activation energy are fiw = 90
meV, 7, = 4 fs, E, =~ 29 meV, respectively.
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