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ABSTRACT

GaN is an excellent material choice for power devices due to its excellent properties such as super wide bandgap width and high electron
mobility. However, the problem of temperature affects the thermo reliability and hinders the potential of GaN devices. In this paper, the
electrical properties of GaN under temperature have been studied by the combination of numerical simulation and experimental research.
The electric current change and electrical resistivity of polarized and depolarized GaN semiconductor samples were tested in an environment-
test cabinet. Based on the influence of temperature, the expression of the resistivity curve vs temperature was established for polarized and
depolarized GaN samples. It is shown that the resistivity model predictions are consistent with experimental results. The I-V characteristic
curves under different temperatures were also measured. Thus, such a model is instructive to the reliable design of GaN high-temperature
devices. The findings will be instructive to the optimal design of GaN electronic components.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0133129

. INTRODUCTION

Because of their excellent piezoelectric and semiconductor
properties, piezoelectric semiconductor materials have been widely
used in electronic components,' such as biosensors,” resonators,”
and piezoresistive sensors”’ and other equipment. These electronic
components need to inevitably work under different temperature
environments.” However, semiconductor devices are sensitive to
temperature, which affects the distribution of carriers and elec-
trical current transport capacity.” > Meanwhile, resistance and
current have a great influence on the sensitivity of an electronic
components.'”'" The existing results show a nonlinear variation
in resistivity with temperature.'”'® In applications, the GaN piezo-
electric semiconductor with a wide bandgap is usually applied to
develop new semiconductor materials for radio frequency compo-
nents, high-electron-mobility transistors, broadband communica-
tion, and microelectronic and optoelectronic devices. Meanwhile,

GaN piezoelectric semiconductors exhibit thermoelectric, pyroelec-
tric, and piezoelectric coupling characteristics. Therefore, it is of
great practical significance to investigate the performance of GaN
piezoelectric semiconductors under different temperatures.
Recently, most of the research on piezoelectric semiconductor
under a temperature load remains in the theoretical and numeri-
cal stage, insomuch that their governing equations and boundary
conditions are complex and nonlinear, while these studies normally
adopted the linear based equation.'’*” However, linearization can
only be applied in the case of relatively small carrier fluctuation.
Taking the nonlinear features of governing equations into account,
the corresponding resistance was assumed to be a constant value
under different temperatures.”' To the best of our knowledge, there
are only a few experiments on semiconductors subjected to tem-
perature, such as those determining the electrical characteristics
of a Si/Al semiconductor structure at low temperatures’” and the
-V characteristic curves of a ZnO Schottky junction,””" as well
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as heterostructures of AlGaN and bending strength of GaN.”> As
present, comprehensive studies on the electrical properties under
different thermal environments are lacking, especially for semicon-
ductors with piezoelectric properties, which are insufficient to meet
the needs of design of GaN semiconductor devices.

In order to accurately scrutinize these electron devices, it is
urgent to understand the influence of temperature on the electric
performance of piezoelectric semiconductors from the experimental
point of view. In this paper, GaN ceramics, a typical kind of piezo-
electric semiconductors, are investigated by using experimental tests
and numerical simulations. The results will highlight the influence
of temperature on the resistivity, current, and I-V characteristic of
piezoelectric semiconductors. It is also expected that the findings
can provide a reference for the optimal design and application of
piezoelectric semiconductor electron devices.

Il. COUPLING THEORY FOR A PIEZOELECTRIC
SEMICONDUCTOR

Since GaN used here is a typical n-type semiconductor, its elec-
tron concentration is much higher than the hole concentration, that
is, the impact of a hole can be ignored in the calculation process. As a
wide-bandgap semiconductor with a rather high ionization degree,
it can be assumed to be completely ionized. At the same time, the
influence of carrier recombination is small under non-specific con-
ditions, which can be approximately ignored. Therefore, for such
a three-dimensional piezoelectric semiconductor dynamic problem,
according to the principles of force balance, charge conservation,
current continuity, and heat balance in the Oxixyx3 coordinate
system (see Iig. 1), the simplified equilibrium equations can be
written as

0ijj = Pmii,
Dj; = q(Np - n),
. (1)
Jii = qn,
hi; = JiEi,

where o is the stress tensor, p,, is the mass density, u; is the displace-
ment vector, D; is the electric displacement vector, ¢ is the electronic
charge (g = 1.602 x 107% C), Np is the donor concentration
(Np =1.29 x 10% m73), n is the concentration of electrons, J; is the
electron current density, h; is heat flux density, and E; is the electric
field intensity.

[, ,mm
20 2y 0
/,,mm 10 _f 5
0 0 [y ,mm
-10 -1.5
-20
X

xleixl

FIG. 1. lllustrative diagram of a three-dimensional piezoelectric semiconductor in
a coordinate system.
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For the piezoelectric semiconductor polarized along the z
(or thickness) direction, three-dimensional constitutive equations
for the n-type piezoelectric semiconductor can be represented as

0ij = Ct:];:kssks - ekijEk - A’](T — TO))
D; = ®iiEj + eyij€jx +p(T - Tp),

Ji= qn.ulej + qdijn,j - qnpt,]Sm T,j,

hi=-kiT; (ij,k, s=1,2,3),

2

where cifks, ekij> and «;; are the elastic coefficient, piezoelectric con-
stant, and relative dielectric constant, respectively; i, p, and Sy
are the thermal expansion, pyroelectric, and Seebeck coefficients,
respectively; k;; is the thermal conductivity; y;; and dj; are the carrier
mobility and diffusion constants, respectively; & is the strain tensor;
T is the absolute temperature; and T is the reference temperature.
The geometric equations are

1
& = 5 (uij + v,
Ei=-9,;

where ¢ is the electric potential.

lll. EXPERIMENTAL CONDITIONS

The sample size of GaN was determined according to the
test standard.”® As illustrated in Fig. 1, the samples with length
I; = 40.0 mm, width [, = 4.0 mm, and thickness /3 = 3.0 mm were
prepared for temperature dependent testing. A special interlayer
polarized method”” as shown in Fig. 2 was used to polarize one-
half of the samples along their thickness directions. According to
the voltage divider, a DC voltage of 21 kV was applied to both ends
of an electrode. To avoid discharging, the samples were polarized
in silicone oil under a field intensity of 24 kV cm™! for 40 min,
which is almost three times the coercive field of GaN piezoelec-
tric semiconductors (8.19 kV cm™). The other half of the samples
were depolarized by baking at 525 K (with a Curie point of 490 K)
for 30 min.”® The corresponding material constants are listed in
Table I.

The temperature dependent tests were carried out in an envi-
ronmental cabinet with constant power, as illustrated in Fig. 3. Silver

electrode

PTFE ‘Q

FIG. 2. Schematic diagram of a high-voltage interlayer polarization jig, where PSC
and PTFE indicate the piezoelectric semiconductor and polytetrafluoroethylene,
respectively.

GaN PSC
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TABLE I. The relevant material constants of GaN under 300 K.”

Property Unit Parameters

Elastic coefficient ¢ GPa 2; z ;Zg; EZ z ;?10 €13 = 145.2
Piezoelectric constant e C/m? e;5 = —0.31 e31 = —0.52 e33 = 0.61
Relative dielectric constant & C/Vm K11 = 9.6K0 k33 =10.3kg Ko =8.854 x 10712
Electron mobility g cm?/V's  pi =653 psz =982

Diffusion coefficient d cm?/s dy =16.99 ds3 = 25.53

Heat transfer coefficient k W/mK ki1 =0.633 k3 =0.548

Thermal expansion coefficient A Pa/K A1 =35737 A3z =29 666
Pyroelectric coefficient p C/Km p=-3x10"°

Seebeck coefficient S V/K Sm=82x10"°

"Here, ¢,y = c;ks, ekjj = exy, and the subscripts y and 7 are from 1 to 6.

paste was plated on the both ends of the sample as an electrode, and
sliver wire (with a diameter of 0.2 mm) was welded to the electrode
in order to connect with the measuring instrument.

To solve the governing equations of a three-dimensional GaN
piezoelectric semiconductor with x3-polarization as listed in Sec. II,
the boundary conditions are as follows:

(1) The displacement boundary conditions are

ur =0, up =0, uz3 =0, at x; = —-15 mm, x3 =-1.5 mm,

u; =0, u3 =0, at x; =15 mm, x3 =-1.5 mm. (4)

(2) The electric boundary conditions at the silver electrodes and
GaN contact for Schottky”’ are

9=0, 1 -1=—qVrs(n—mny), at x; = -20 mm,

© =00, J1-1=—qVrs(n—ny), at x; =20 mm,

where v, is the thermal recombination rate of electrons at
the Schottky contact (vres = 60 154 m/s), n,, is the criti-
cal electron concentration (n,; = 4.58 x 10?! m™), and [ is
the direction vector. ¢ is the value of the applied electric
potential.

(3) The thermal boundary condition is

Measuring
7 instrument ~~<
N
/ \
! !
\ 1
\\ II
Y GaN PSC

/
Environment cabinet

FIG. 3. lllustrative configuration of the temperature dependent experiment.

T=f(t), at x; =+20 mm, x; = +2 mm, x3 =+1.5 mm,

(6)

where f(t) is the temperature change function of time t in the
environment cabinet.

The heat conduction equation is used to determine the time
required for a sample to reach the thermal equilibrium,” that is,

aT
PGy, + KnV’T =Q, 7)

where C, is the thermal capacity [C, = 623 J(kg K) 1, K, is the
heat transfer coefficient [K, = 0.633 W(m K)™'], V is the Hamil-
tonian operator, and Q is the heat. For one target temperature, the
times to reach thermal equilibrium are the same for polarized and
depolarized GaN samples, as shown in Fig. 4. It implies that the
GaN sample takes about 200 s to be basically stable under differ-
ent target temperatures. Therefore, during the following experiment,
the experiment result is obtained after maintaining the warmth
for 200 s.

425

400 -

<

&~

5 375 1

2,350 -

E — 375K

= —— 400K
325 — 425K
300

0 30 60 90 120 150 180 210
Time 7 (s)

FIG. 4. Time required to reach thermal equilibrium in a GaN sample under different
target temperatures.
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IV. EXPERIMENT RESULTS AND DISCUSSION

For the depolarized GaN samples without voltage(¢o = 0), the
currents under different setting temperatures are shown in Fig. 5.
It is seen that the current gradually decreases with the increase in
temperature and finally tends to be stable at 390 K. The temper-
ature affects the movement of free electrons, but after 390 K, free
electrons reach an equilibrium state. Meanwhile, the stable current
for low temperature is bigger than that for high temperature. The
corresponding polarized GaN samples have similar curves of cur-
rent with temperature (see Fig. 5); after 390 K, the current also tends
to be stable. However, the current for polarized GaN is bigger than
that of depolarized GaN under the same temperature, and this phe-
nomenon is similar to other GaN experimental results where the
polarization increases the transport capacity of current.”®

In order to explain the variation in electrical conductivity,
the resistivity of polarized GaN and depolarized GaN is measured
with the change in temperature, as shown in Fig. 6. The resistiv-
ity trend with the change in temperature is consistent with most
of the semiconductor containing impurities. The resistivity for both
polarization and depolarization increases gradually from room tem-
perature to 390 K and then decreases after 390 K. Based on the
existing semiconductor knowledge, these changed resistivities of
GaN have the following physical phenomena:

(1) When the temperature is low, the impurity is completely
ionized. As the temperature increases from room tempera-
ture, the intrinsic excitation is not significant, so the carrier
concentration does not change with temperature.

(2) Then, since lattice vibration scattering becomes the main
contradiction, the electron mobility decreases with the
increase in temperature. Hence, the resistivity increases with
the increase in temperature.

(3) As the temperature continues to increase, the intrinsic exci-
tation increases rapidly, and generation of a large number
of intrinsic carriers outweighs the effect of reduced mobil-
ity on resistivity. Then, the intrinsic excitation becomes the
main aspect of contradiction, and the resistivity of impu-
rity semiconductors decreases sharply with the increase in

temperature.
10 | ety ——— Depolarization 300-375 K
/ \.\1‘:\\ = —=— Depolarization 300-400 K
el L Depolarization 300-425 K
81 s Polarization 300400 K
<<
3
— 6
5
S 4
O
2 =\
2 taY
S~
. PR, 7% <5

300 320 340 360 380 400 420
Temperature T (K)

FIG. 5. Current in polarized and depolarized GaN samples vs temperature
changing from room to different target temperatures.
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0.00 ¥ v v v - .
300 320 340 360 380 400 420
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FIG. 6. Tested resistivity with error bars vs temperature.

(4) It is seen that the change in resistivity is consistent with
current in Fig. 5. As the temperature increases from 340
to 390 K, the resistivity increases rapidly, and the current
decreases. After 390 K, although the resistivity decreases, the
current does not decrease but remains to be constant. This
is attributed to the recombination of ionized free electrons
that are accelerated with the increase in temperature and the
appearance of non-electric properties.

Based on existing semiconductor knowledge, the resistivity p
depends on carrier concentration # and electron mobility y for the
n-type semiconductor, '

=T (8)
P nqu

where for the high purity of GaN (Np = 1.29 x 10 m™), the
influence of temperature on the carrier concentration and electron
mobility can be expressed as

m
n=482x 1015(7

0 ©)]
49 1
U= e aT1S

20
& Tested for polarization y
= w=ww == Eq. (10) for polarization
z 15 Tested for depolarization
= | ====- Eq. (10) for depolarization
E
= 10
g
5 3
E

0 v - .

10 11 12 13 14

Dismensionless temperature 7/T

FIG. 7. Comparison diagram of resistivity between tested results and Eq. (10).
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FIG. 8. Comparison of the current vs temperature in (a) polarized and (b) depolarized samples, where the left axis is the experiment and fitting and the right side is the

simulation.

where mj;, my, m, and m*are the corresponding mass constants and
E, and ko are the corresponding material constants. Therefore, the
resistivity only depends on the temperature T. Based on the variation
tendency of resistivity for GaN and the expression of resistivity for
metallic glasses and the Ni-Cr alloy,”""” the relevant resistivities can
be fitted well by the following functions based on the test results and
Eqgs. (8) and (9):

p=po(1+£(T)), (10)

where pg =5 x 1073 Q m for the reference temperature at Ty = 300 K
and

f(T) = %, for polarized GaN, (11a)
1+ (20£ - 256)
18 .
f(T) = 5, for depolarized GaN. (11b)

1+ (12.5T10 - 16.25)

Current 7(A)

Voltage 7, (V)

FIG. 9. |-V characteristic curves at different experimental temperatures.

It can be seen from Fig. 7 that the resistivity functions in
Eq. (10) can be fitted well with the tested results for the poling direc-
tion along the thickness direction. In the poling direction along the
length direction (x;-direction), the current transport performance
has a little change in the poling direction ones with depolariza-
tion,”” and the corresponding resistivity functions are similar to
Egs. (10) and (11b). Therefore, Eq. (10) can describe the resistivities
of polarized and depolarized GaN.

To study the electrical conductivity under voltage, 1 V voltage
(po = 1 V) was applied to both ends of a sample to measure its cur-
rent. Then, the resistivity in Eq. (10) was input into COMSOL to
obtain the fitting current change diagram. As shown in Fig. 8(a) for
polarized samples, it is obvious that the numerical results obtained
using Egs. (10) and (11a) are in good agreement with the tested
results. However, the numerical results of current using constant
resistivity are almost constant; meanwhile, it is much bigger than
the experimental ones. Similarly, as seen in Fig. 8(b), the currents for
depolarized GaN from Egs. (10) and (11b) are also consistent with
the tested results, that is, there is a big gap between the experimental
results and those obtained by the governing equation.

Finally, we tested the I-V characteristic curve of a piezoelec-
tric semiconductor sample under different temperatures, as shown
in Fig. 9. It can be seen that the higher the temperature is, the less
obvious the I-V characteristic curve will be. However, after 390 K,
the variation trend is opposite. This phenomenon is consistent with
the resistivity variation trend in Eq. (10) and Fig. 6.

V. CONCLUSIONS

In this paper, we have experimentally measured the influence
of temperature on the current and resistivity of GaN samples, as
well as the I-V characteristic curves under different temperatures.
The expressions of resistivity vs temperature have been obtained for
polarized and depolarized GaN. The numerical results based on the
resistivity curves are consistent with the experimental tested results.
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Then, the corresponding I-V characteristic curves at different tem-
peratures once again illustrate the resistivity variation. The influence
of temperature on the electrical conductivity of GaN piezoelectric
semiconductors is especially obvious, where the maximum resis-
tance is achieved at around 390 K. Finally, the regulation mechanism
of temperature on the electrical conductivity of GaN is given. This
will be instructive to the design of GaN devices, especially the ones
related to temperature.
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