
Chin. Phys. B Vol. 23, No. 7 (2014) 077105

Influence of temperature on strain-induced polarization Coulomb
field scattering in AlN/GaN heterostructure field-effect transistors∗
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Electron mobility scattering mechanism in AlN/GaN heterostuctures is investigated by temperature-dependent Hall
measurement, and it is found that longitudinal optical phonon scattering dominates electron mobility near room temperature
while the interface roughness scattering becomes the dominant carrier scattering mechanism at low temperatures (∼100 K).
Based on measured current–voltage characteristics of prepared rectangular AlN/GaN heterostructure field-effect transistor
under different temperatures, the temperature-dependent variation of electron mobility under different gate biases is inves-
tigated. The polarization Coulomb field (PCF) scattering is found to become an important carrier scattering mechanism
after device processing under different temperatures. Moreover, it is found that the PCF scattering is not generated from the
thermal stresses, but from the piezoelectric contribution induced by the electrical field in the thin AlN barrier layer. This
is attributed to the large lattice mismatch between the extreme thinner AlN barrier layer and GaN, giving rise to a stronger
converse piezoelectric effect.
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1. Introduction
GaN-based materials offer significant potential for high-

frequency/high-power heterostructure field-effect transistors
(HFETs) due to their high electron velocity and high criti-
cal field. Owing to the wide band gap and large polariza-
tion effect, AlN/GaN heterostructures offer great advantages
for vertical device scaling for high frequency operation.[1–3]

The scattering mechanisms affect the electron mobility of the
two-dimensional electron gas (2DEG), which is crucial to
the ultimate performance of an AlxGa1−xN/GaN HFET.[4,5]

Many groups have investigated the scattering mechanisms in
the AlN/GaN heterostructure material using a temperature-
dependent Hall measurement. It has been found that longi-
tudinal optical (LO) phonon scattering dominates the 2DEG
electron mobility nearby room temperature, while interface
roughness scattering becomes the dominant carrier scattering
mechanism at low temperatures (∼100 K).[6,7] Moreover, ac-
cording to our former results,[8] the polarization Coulomb field
(PCF) scattering related to the strain variation in the barrier
layer has an enhanced influence on the 2DEG electron mo-
bility in the AlN/GaN HFET after device processing, which
is attributed to the large lattice mismatch between the extreme
thin AlN barrier layer and the GaN layer. However, little atten-
tion has been paid to the influence of temperature on the PCF
scattering in the AlN/GaN HFET devices. Since the strained

AlN/GaN heterostructure has become a popular material for
the main-stream gallium nitride based devices for microwave
and digital circuit applications, it is essential to understand the
effect of temperature on the PCF scattering in the AlN/GaN
HFET devices. In this letter, temperature-dependent Hall
measurement is performed to investigate the electron mobil-
ity scattering mechanism in AlN/GaN heterostructure. More-
over, rectangular AlN/GaN HFET is fabricated. Based on
measured current–voltage (I–V ) characteristics under different
temperatures (300 K, 350 K, 400 K, and 450 K), temperature-
dependent variation of electron mobility under different gate
biases is calculated, and the influence of temperature on the
PCF scattering in the AlN/GaN HFET devices is further in-
vestigated.

2. Experiment
The AlN/GaN heterostructure employed in this work is

epitaxially grown by metal organic chemical vapor deposi-
tion (MOCVD) on a (0001) sapphire substrate. The AlN/GaN
heterostructure consists of a low-temperature nucleation layer,
followed by a 2-µm S. I. GaN, a 3-nm AlN barrier layer, and
a 2-nm S. I. GaN cap. Hall measurements indicate a sheet
carrier density of around 1.03 × 1013 cm−2 and an electron
mobility of 1760 cm2/V·s at room temperature. For device
processing, mesa isolation was performed using Cl2/BCl3 re-
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active ion etching, and the source and drain Ohmic contacts
were formed by depositing Si/Ti/Al/Ni/Au using e-beam evap-
oration and lift-off. The source and drain regions are rectan-
gular, with a width of 100 µm and a length of 50 µm, and the
space between the source and drain is 100 µm. These con-
tacts were annealed in a rapid thermal annealing system, and
with transmission line method patterns, the specific resistivity
of the source and drain Ohmic contacts was measured to be
5.1× 10−5 Ω·cm2. To form the gate, Ni/Au (50 nm/200 nm)
Schottky contact was then deposited in the space between
the source and drain Ohmic contacts by e-beam evaporation.
The Ni/Au rectangular Schottky contact was symmetrically
placed in the middle between the source and drain, and the
size was 20/100 µm (length/width). Capacitance–voltage (C–
V ) measurements were performed using an Agilent B1520A at
1 MHz, and the I–V measurements for AlN/GaN HFET were
performed using Keithley 4200 semiconductor parameter ana-
lyzer under temperatures of 300 K, 350 K, 400 K, and 450 K,
respectively.

3. Results and discussion

Figure 1(a) shows the temperature-dependent Hall mea-
surement of AlN/GaN heterostructure material as a function
of temperature (100–450 K). At high temperatures, the mo-
bility decreases abruptly with increasing temperature while
it becomes independent of temperature at low temperatures
(∼100 K). The sheet carrier density can be accepted to be in-
dependent of temperature. According to the results of Cao et
al.,[7] the scattering mechanisms that affect the 2DEG elec-
tron mobility in AlN/GaN heterostructures mainly include LO
phonon scattering, acoustic phonon scattering, and interface
roughness scattering.[9] By fitting the measured curve of mo-
bility versus temperature with related equations, it is found
that LO phonon scattering dominates the 2DEG electron mo-
bility around room temperature, while interface roughness
scattering becomes the dominant carrier scattering mechanism
at low temperature (< 100 K). The above results are consistent
with those of Cao et al., and the calculation details can refer to
Ref. [7].

Figure 2 shows the C–V curve of the Ni Schottky contact
for the AlN/GaN HFET. The C–V measurement was obtained
using the source contact and the Ni Schottky contact. The
2DEG electron density (n2D) under different gate biases can
be obtained by integrating the measured C–V curves,[10] and
the calculated results are displayed in the inset. Considering
the Schottky contact area error between design and fabrication,
there is about ±1% error in the calculated 2DEG electron den-
sity.
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Fig. 1. (color online) Temperature-dependent Hall measurement (a) and
calculated mobility versus temperature (b) for AlN/GaN heterostruc-
ture.
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Fig. 2. Measured C–V curve and the calculated 2DEG electron den-
sity n2D (inset) under different gate biases at room temperature for the
prepared AlN/GaN HFET.

For rectangular devices, the electron drift mobility of
2DEG under the gate area in strained AlN/GaN HFET can be
calculated by[4,11]

µn =
IDSLG

qn2DW [VDS − IDS(RD +RS +ROhm)]
, (1)

RD =
LGD

qn2D0µn0W
, (2)

RS =
LGS

qn2D0µn0W
, (3)

where RS is the channel resistance between gate and source
contacts, RD is the channel resistance between gate and drain
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contacts, ROhm is the Ohmic resistance of source and drain
contacts, LG is the gate length, LGD is the space between gate
and drain contacts, LGS is the space between gate and source
contacts, n2D0 is the 2DEG electron density under zero gate
bias, µn0 is the electron drift mobility under zero gate bias,
and W is the gate width. The other parameters used in the
calculation are the same as those in Zhao’s calculation.[4]

Figure 3 shows the I–V characteristics for the rectangu-
lar AlN/GaN HFET measured at 300, 350, 400, and 450 K,
respectively. During the calculation of the electron mobility
with Eq. (1), the values of the measured current IDS with a
source-drain voltage of 100 mV at different gate biases are
used. Since the sheet carrier density is almost independent of
temperature (Fig. 1), the 2DEG electron density at 300 K is
used for the mobility calculation at different temperature. Fur-
thermore, with transmission line method patterns, the Ohmic
resistances of source and drain contacts (ROhm) at 300, 350,
400, and 450 K are measured to be 4.5, 5.3, 6.6 and 8.4 Ω,
respectively. With the related data substituted into Eq. (1), the
electron mobility of the 2DEG under the gate area for the rect-
angular AlN/GaN HFET devices are calculated and shown in
Fig. 4.

As seen from Fig. 1, the LO phonon scattering and the
interface roughness scattering dominates the 2DEG electron
mobility in AlN/GaN heterostructure material. However, for
both LO phonon scattering and the interface roughness scat-
tering, the mobility decreases with increasing electron density

(or forward gate bias).[4,11] Thus, the LO phonon scattering
and interface roughness scattering cannot explain the variation
of the mobility with gate bias (Fig. 4). According to our for-
mer results, the device processing results in nonuniform po-
larization charge distribution in the AlN barrier layer, which
induces an elastic scattering potential on the 2DEG electron
mobility.[8,11] The elastic scattering potential corresponds to
the polarization charge density variation which sets up a polar-
ization Coulomb field that scatters 2DEG electrons. For PCF
scattering, the electron mobility rises with increasing electron
density. Thus, the PCF scattering becomes dominant in the
AlN/GaN device after device processing, resulting in a mono-
tonic decrease for the mobility of the 2DEG electrons with
reverse gate bias. However, the electron mobility decreases
more slowly at higher temperatures. This happens because
that the LO phonon scattering and interface roughness scatter-
ing are enhanced with increasing temperature, and this coun-
teracts the influence of PCF scattering.

Figure 5 shows the curves of electron mobility versus
temperature for AlN/GaN material and prepared AlN/GaN
HFET at different gate biases. Compared to that of AlN/GaN
materials, with increasing temperature the electron mobility
decreases more slowly after device processing. Moreover, at a
larger reverse gate bias, the electron mobility decreases more
slowly with increasing temperature. This is mainly attributed
to the PCF scattering induced by the device processing, which
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Fig. 3. Measured I–V curves at 300 K (a), 350 K (b), 400 K (c), and 450 K (d) for the prepared sample. VG ranges from 0 to −1.4 V, with a step of −0.2 V.
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Fig. 4. Relationship between electron mobility of 2DEG and applied
gate bias at 300 K, 350 K, 400 K, and 450 K for the prepared sample.
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Fig. 5. (color online) Variation of electron mobility versus temperature
at different gate biases for AlN/GaN material and prepared AlN/GaN
HFET.

counteracts the influence of LO phonon scattering and in-
terface roughness scattering. In addition, with the converse
piezoelectric effect, the gate bias will further aggravate strain
variation of the thin AlN barrier layer. Due to the large lat-
tice mismatch between AlN and GaN, the critical thickness
of the AlN barrier layer in the AlN/GaN heterostructures is
very small. Since there are only several atom layers in the
extremely thin AlN barrier layer (∼3 nm) for the AlN/GaN
HFETs, there will be a strong electrical field when applying
a gate bias in the thin AlN barrier layer. As a result, increas-
ing reverse gate bias augments the variation of the piezoelec-
tric polarization charges in the thin AlN barrier layer under
the Schottky contact. Since the elastic scattering potential of
the polarization Coulomb field is proportional to the nonuni-
form polarization, increasing the reverse gate bias results in
a stronger PCF scattering in the 2DEG electrons. Moreover,
as the 2DEG density decreases, the electrostatic shielding for
the polarization charges is weakened, and PCF scattering in-
creases. As a result, the influence of PCF scattering is en-
hanced by further increasing the reverse gate bias, and thus
the electron mobility decreases more slowly under higher re-

verse gate bias with increasing temperature. By thermoelec-
troelastic simulations, Ancona et al. demonstrated that high
temperature can induce thermal stress.[12] Since the tempera-
ture is even in the channel under low drain bias, the induced
thermal stress will not induce nonuniform polarization charge
distribution in the AlN barrier layer. Thus, the PCF scatter-
ing is not generated from thermal stresses, but comes from the
piezoelectric contribution induced by the electrical field in the
thin AlN barrier layer.

4. Summary
In summary, AlN/GaN heterostructure was epitaxially

grown by MOCVD on a sapphire substrate. By using a
temperature-dependent Hall measurement, it is found that
LO phonon scattering dominates the electron mobility in
AlN/GaN heterostructure near room temperature, while inter-
face roughness scattering becomes the dominant carrier scat-
tering mechanism at low temperatures (∼100 K). Furthermore,
rectangular AlN/GaN HFET was fabricated, and the I–V char-
acteristics under different temperatures (300, 350, 400, and
450 K) were measured. Based on the calculated temperature-
dependent electron mobility under different gate biases, PCF
scattering is found to be very important under different tem-
peratures after device processing. It is also found that the PCF
scattering is not generated from the thermal stresses, but from
the piezoelectric contribution induced by the electrical field in
the thin AlN barrier layer. This happens mainly because the
large lattice mismatch between the extreme thinner AlN bar-
rier layer and GaN gives rise to a strong converse piezoelectric
effect.
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