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Abstract
This letter reports an investigation of hole transport in p-GaN/AlGaN/GaN heterostruc-
tures through experimental and theoretical analyses under varied conditions. Highly non-
linear current-voltage (I-V ) characteristics, obtained via the linear transmission line method
(LTLM) measurements, are utilized for this study. At low bias voltage, the transport can be
ascribed to the Schottky nature of the contact, while at high bias, the conduction is observed
to be governed by space-charge limited current (SCLC). The Schottky characteristics (Schot-
tky Barrier height and non-ideality factor) and the SCLC exponent were analyzed for devices
with varying contact spacings and at different high temperatures. The SCLC exponent, m
ranges from 2 Less Than or Equal m Less Than or Equal 4 depending on the applied voltage
range, revealing the existence of the trap states in the channel region. The findings of this
work indicate that the charge injection, field-induced ionization, and trap states in the p-GaN
channel are critical factors in the current transport of p-GaN/AlGaN/GaN heterostructure.
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This letter reports an investigation of hole transport in p-GaN/AlGaN/GaN heterostructures through experimental and
theoretical analyses under varied conditions. Highly non-linear current-voltage (I-V ) characteristics, obtained via the
linear transmission line method (LTLM) measurements, are utilized for this study. At low bias voltage, the transport
can be ascribed to the Schottky nature of the contact, while at high bias, the conduction is observed to be governed
by space-charge limited current (SCLC). The Schottky characteristics (Schottky Barrier height and non-ideality factor)
and the SCLC exponent were analyzed for devices with varying contact spacings and at different high temperatures.
The SCLC exponent, m ranges from 2  m  4 depending on the applied voltage range, revealing the existence of the
trap states in the channel region. The findings of this work indicate that the charge injection, field-induced ionization,
and trap states in the p-GaN channel are critical factors in the current transport of p-GaN/AlGaN/GaN heterostructure.

In recent years, there has been a growing interest in GaN-
based integrated circuits owing to their essential usage in
driver circuitry for power electronics.1–3 The existing multi-
chip approach, which involves a Si control circuit combined
with a GaN power circuit, has encountered limitations in
terms of operating frequency, inability to operate in harsh
environments and circuit complexity.4 Another popular ap-
proach to GaN driver circuits is the use of the directly cou-
pled field effect transistors with E/D mode GaN HEMT.5,6

However, they suffer from significant static power dissipa-
tion. Consequently, an all-GaN-CMOS technology would sig-
nificantly advance power and mixed-signal integrated circuits
and high-speed power converters. Therefore, it is imperative
to develop a p-GaN device that can be monolithically inte-
grated with the existing established n-FETs. In pursuit of
this objective, a number of p-GaN devices have been pro-
posed over the years.7–11 These p-GaN FETs typically use p-
GaN/AlGaN/UID (Unintentionally Doped) GaN heterostruc-
tures as their elemental unit. Additionally, p-GaN gate HEMT
is a commercially available technology for power switching
applications that employ p-type GaN layer in the gate stack.

Nevertheless, the primary constraints associated with de-
vices based on p-GaN stem from factors such as the lim-
ited activation of Mg-acceptors (⇠ 1� 2%) at room temper-
ature due to a high ionization energy (⇠ 170 meV), as well
as low hole mobility (10-20 cm2/V · s).12,13 Due to incom-
plete ionization, most of the Mg-acceptors behave like deep-
level states resulting in interesting carrier transport mecha-
nisms such as deep-level defect mediated conduction. 2D-
variable range hopping also occurs in such devices depending

a)These authors contributed equally

on the type of metal/p-GaN interface.14–16 Space-charge ef-
fect is another plausible transport mechanism in systems with
low-doping capability that leads to nonlinear, non-exponential
I-V characteristics with the relationship: I µ V

m

A
.17–20 Despite

extensive research efforts primarily directed towards the im-
provement of p-GaN device performance, there remains a no-
table absence of in-depth and exhaustive investigations into
the characteristics of hole transport and the underlying mech-
anisms governing hole current conduction within these sys-
tems. Moreover, such a study is also important to understand
the reliability issues and high temperature performances of p-
GaN gate HEMT as reported in21–24. Recently, few works
have been reported shedding light on the origin of the Two-
Dimensional Hole gas (2DHG) and its electrical and transport
characteristics, such as carrier distribution and mobility.25,26

These studies have primarily focused on material parameters
pertaining to the transport properties. However, a comprehen-
sive device-based study of the current conduction mechanism
in a p-GaN/AlGaN/UID GaN heterostructure under different
bias conditions and temperatures is required for the design and
performance optimization of p-GaN-based device.

In this letter, an experimental and theoretical analysis of
the hole transport mechanism in p-GaN/AlGaN/UID GaN het-
erostructures under varying bias and temperature conditions
has been reported. Current is measured in the horizontal di-
rection, i.e., contact-to-contact conduction. In general, two
distinct transport mechanisms are observed at separate bias
regions. Thermionic emission is observed in low voltage bias
(VA < 1 V), while space charge limited current conduction
(SCLC) hypothesis is confirmed at higher applied bias (VA >
1 V).

It should be mentioned that hole transport in a
p-GaN/AlGaN/GaN heterostructure comprises two
components- transport within the p-GaN layer and transport
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of the 2DHG at the p-GaN/AlGaN interface. Nonetheless,
since the data analyzed in this study aggregates the current
from the totality of the two components, this analysis in-
dicates that the bias-dependent coexistence of thermionic
emission and SCLC characterizes the overall hole transport
in the p-GaN/AlGaN/GaN heterostructure. Such studies are
important and meaningful for understanding the existing per-
formance limitations of p-GaN/AlGaN/GaN heterostructures.

A standard p-GaN/AlGaN/GaN epitaxy has been used for
this study. Fig.1(a) presents the schematic of the heterostruc-
ture. Similar epitaxial structures have been reported previ-
ously in several p-channel GaN transistors to realize GaN
CMOS technology.27–29 Fig.1(b) shows the simulated energy
band diagram of the epitaxial layer. This study employs a
Ru contact integrated p-channel device, chosen for its com-
patibility with the Si-CMOS process, making it well-suited
for use in CMOS foundries.29–31 The LTLM technique pro-
posed by Shockley has been used to characterize the contact
resistance of the p-GaN/AlGaN/GaN heterostructure with Ru
contact. Additionally, the Ru/p-GaN interface (after anneal-
ing at 500�C) was characterized using transmission electron
microscopy (TEM)(Fig.1(c)). In Fig.1(d), the Linear TLM
(LTLM) test structure used in this work is illustrated. d rep-
resents the contact spacing for LTLM. A Scanning Electron
Microscope (SEM) image of the top view of the LTLM test
structure is depicted in Fig.1(f). The details of the epitaxial
growth and contact formation of the structure, along with nec-
essary equations for contact and sheet resistance extractions,
are given in.32 Fig. 1(e) illustrates the various elements con-
tributing to the overall resistance of the LTLM structure. The
total resistance (RT ) is given by: RT = 2Rm +2Rc +Rchannel ⇡
2Rc + Rchannel = 2Rc + Rsh ⇥ (d/W ). Here Rm, Rc, Rchannel

and Rsh are the resistances of the metallic conductor, contact
resistance, channel, and sheet resistance, respectively, d is the
contact spacing and W is the width of LTLM structure. Rm has
been considered negligible compared to Rc and Rchannel . Rc

and Rsh have been obtained by fitting relevant equations to the
RT vs. d relationships.32 The measured I�V data vs. temper-
ature are depicted in Fig.1(g), where the I �V characteristics
of such devices are non-ohmic (non-linear). The non-linearity
of I�V is also evident from the extracted Rc and Rchannel , both
of which are strong functions of applied bias[Fig.1(h)]. At a
low bias, the contact resistance is higher; at a higher bias, the
channel resistance starts to dominate. The voltage at which the
channel starts to dominate decreases with increasing contact
spacing, indicating that the channel dominates the transport
mechanism at higher spacing.

To look into this non-ohmic behavior in detail, a theoreti-
cal analysis was conducted observing the measured current at
two different ranges of applied voltages: low-bias (|VA|< 1 V)
and high-bias (|VA|� 1 V). In the low-bias region (|VA|< 1 V),
the non-linearity of I�V characteristics has primarily been at-
tributed to the existence of a Schottky barrier at the contacts.16

Fig.2 is the log(I) vs applied voltage (VA) plot at three distinct
temperatures and contact spacings. A linear region at VA < 1
V suggests thermionic emission as the dominant conduction
mechanism in the mentioned bias region. The Schottky na-

ture of the contacts is usually verified by fitting the measured
I �V with Eq. (1).

I = I0 exp
✓

qV

nkBT

◆
1� exp

✓
�qV

kBT

◆�
(1)

where I is the measured current, V is the applied voltage, kB
is the Boltzmann constant, n is the ideality factor, q is the
charge of electrons, and T is the temperature in Kelvin scale.
I0 is the reverse saturation current. The semi-logarithmic
curve in Fig.3(a) shows that the relationship is linear, irrespec-
tive of contact spacing and temperature. Consequently, un-
der low-bias conditions, the Schottky properties of the contact
is prominent, and so thermionic emission is the major con-
tributor in such metal-semiconductor contacts. To look into
the variation of such transport mechanism with temperature,
Schottky barrier height (fB) has been determined using I0 ob-
tained from Eq. (1)

I0 = AA
⇤
T

2 exp
✓
�qfB

kBT

◆
(2)

Here, A is the contact area and A
⇤ is the Richardson con-

stant. The extracted Schottky barrier height (SBH) and ide-
ality factor are depicted in Fig.3(b). With increasing temper-
ature, the SBH increases from 0.58 eV at 25 �C to 1.18 at
300 �C, and the ideality factor changes very slightly within
this temperature range. The positive temperature coefficient
of fB can be attributed to the lateral inhomogeneity of the
metal/p-GaN interface SBH.33–35 Such inhomogeneity has
been mathematically described by assuming a Gaussian distri-
bution of the barrier heights at the metal-semiconductor (M/S)
interface.33,36:

fB = f̄B0 �
qs2

s
2kBT

(3)

where f̄B0 is the mean barrier height (in eV) and ss is the stan-
dard deviation of the distribution. According to this model,
at low temperatures, the carriers possess low thermal energy,
and so, the transport is characterized by lower barrier heights
(BH). Conversely, at higher temperatures, more carriers attain
sufficient energy to surmount the higher barrier, thus lead-
ing to the dominance of the higher BHs in transport. Con-
sequently, the extracted SBH exhibits an increasing charac-
teristic with increasing temperature. The observed increasing
trend of extracted BH with temperature presented in this work
can be elucidated by invoking a Gaussian distribution charac-
terized by f̄B0 = 1.76 eV and ss = 0.25 eV.

When the voltage, |VA|> 1 V, the I-V characteristic deviates
from Eq.(1). In this bias range, the I �V becomes non-linear
and non-exponential, following the form: I µ V

m as depicted
in Fig.2. For a back-to-back Schottky barrier transport, the I-

V is linear in the low bias and exhibits saturation at higher
bias. However, the observed I �V does not quantitatively
align with such description, ascertaining that the non-linearity
is not due to the Schottky property of the contact. Further-
more, as shown in Fig.2, for VA > 1 V, log(I) is no longer
proportional to VA. Rather, log(I) follows a logarithmic rela-
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FIG. 1. (a) Schematic diagram of the p-GaN/AlGaN/GaN epitaxial structure. (b) Simulated energy band diagram of a standard p-
GaN/AlGaN/GaN epitaxial structure. (c) TEM image of the cross-sectional view of the Ru-p-GaN contact after annealing at 500�C.(d)
Schematic representation of linear TLM pads. d1, d2, d3 denote the contact spacings between the linear TLM pads. (e) A schematic diagram
showing two contacts to a diffused semiconductor layer, with the contact resistances (Rc) and the semiconductor/channel (Rchannel) resistance
indicated. (f) SEM image of the Top view of LTLM structure. (g) I-V characteristics of LTLM measurement at various temperatures. (h)
Extracted total contact resistance (2Rc) and channel resistance (Rchannel) for different contact spacings.

FIG. 2. Measured LTLM current vs. VA plotted in semi-logarithm
scale. The linear region at VA < 1 V suggests thermionic emission
(TE) transport region, whereas, at VA > 1 V, the relation between
semi-logarithmic current and applied voltage is non-linear, suggest-
ing the current conduction mechanism is different from TE theory
and follows a power law dependence on bias-voltage.

tionship with VA, indicating a power-law dependence of cur-
rent within this region. Such power law dependence of cur-
rent on applied voltage is a distinctive characteristic of SCLC
conduction in insulators and wide-bandgap semiconductors in
the presence of shallow or deep-level trap states and thermally
generated carriers.37

The trap-centers originating from impurities and defects
will restrict the motion of a fraction of the injected carriers by
capturing them and thereby influencing the transport mecha-
nism.38 Consequently, the trap density and distribution of the
trap center significantly impact the I-V characteristics of a
device along with the nature of the contacts. The exponent m

in the SCLC transport relation has been investigated over the
years. Depending on the carrier injection level, density, and
distribution of trap-centers, the exponent ranges from 1.5 to a
very high value. The reported ranges of exponents for various
cases have been given in Table I.

Ideally, the exponent in SCLC conduction in solids is 2
according to Mott-Gurney theory;44 however, in the pres-
ence of trap-states, the exponent (m) can exceed 2.38,45 No-
tably, the exponent increases with an increase in unoccupied
trap states.38 To determine the exponent, m, the measured
I-V data for different contact-spacings at different tempera-
tures were fitted, attaining an R-square value exceeding 99%,
which demonstrates an excellent fitting. Due to the Schot-
tky nature of the p-GaN contacts, a significant voltage drop
occurs at the contact. However, at higher bias and larger con-
tact spacing, the channel resistance becomes order of magni-
tude higher than the contact resistance, thereby reducing the
impact of contact voltage drop. Under these conditions, the
power-law fitting yields a very high R-square value (approx-
imately 99%), confirming the SCLC nature of the transport.
Furthermore, this methodology is consistent with the previ-
ously reported approaches to extract the voltage exponent of
the SCLC conduction.40,43,46 The fitting result for d = 4 µm



Hole Transport Mechanism at high temperatures in p-GaN/AlGaN/GaN Heterostructure 4

FIG. 3. (a) Examination of the low voltage region of the I�V curves
( |VA| < 1 V) showing perfect Schottky nature at all contact spac-
ings and temperatures. (b) Dependence of Schottky barrier height
(fB) and ideality factor (n) on temperature. fB exhibits an increasing
variation while n remains almost constant over the range of temper-
atures considered.

TABLE I. Reported Exponent (m) of I µ V
m relation in SCLC

Transport.

Material/Platform SCLC Exponent
Free Space18 3/2
Trap-free Solids18 2
Free Space and Solid19 [3/2,2]
Free Space and
Trap Filled Solid20

can be greater than 2 and in
between 3/2 and 2 depending
on the traps.

Ferroelectric Thin Film39 1.99
GaN Schottky Diodes38 2 - 22
GaN Nanorods40 2
Gate Current of GaN HEMT41 2
SiO2 Nanogap Triode42 1.8
AlGaN/GaN UV LED43 2.5 - 3.46
Gate current of p-GaN Gate
HEMT21

2.9 - 10

This Work (p-GaN/AlGaN/GaN
TLM Structure)

2 - 4

and d = 16 µm at T = 298 K have been depicted in Fig.4 (a).
Interestingly, in the voltage range of (1 < |VA|< 3) V, both 4
µm and 16 µm devices exhibit exponent exceeding 2. Beyond
a certain voltage (⇠ 4 V), the exponents decrease and become
less than 3. The higher exponent in the range, (1 < |VA|< 3)
V, suggests the existence of a substantial amount of unoccu-
pied trap states distributed in energy within the samples.46 It

FIG. 4. (a) The power law I-V fitting for d = 4 µm and d = 16
µm at T = 25 �C is shown in log-log scale. The voltage exponent
(m) is higher than 2 in the voltage region (1 <VA < 3) V, indicating
SCLC nature. At higher voltages (higher electric field), field-induced
ionization of Mg leads to the activation of acceptors in the bulk semi-
conductor, resulting in a reduction in m. For d = 16 µm, m ⇠ 2 is
an indication of almost a trap-free solid. (b) The variation of SCLC
exponent (m) with respect to temperature. A decreasing nature of m

is observed at high temperatures due to higher activation of acceptors
and higher occupation of traps.

has been reported that the unionized acceptor dopants can also
act as hole trap centers.47 Thus, owing to their high activation
energy, the unionized Mg dopant can result in trap states.

At higher bias, i.e., (3 < |VA|< 10) V, the exponents de-
crease for different spacing and temperature. For instance, the
exponent for d = 4 µm decreases from 3.95 to 2.75 within
this voltage range. A similar phenomenon is evident for de-
vices with different contact spacing as well. This decrease
can be elucidated with the phenomenon field-induced accep-
tor ionization.48 Increasing bias voltage results in a higher
electric field, leading to an increase in the concentrations of
ionized Mg-acceptors. Therefore, the exponent values de-
crease within this bias range. The exponents extracted from
the p-GaN/AlGaN/GaN sample in this work agree well with
previously reported values on SCLC conduction [Table I].

The temperature and contact-spacing dependence of the ex-
ponent is illustrated in Fig.4(b). Apparently, the exponent de-
creases with increased spacings. We postulate that SCLC is
modulated by contact transport in short devices, with its ef-
fect diminishing in longer devices. Consequently, the expo-
nent becomes nearly constant (the variation is within 5%) at
devices with higher d. At higher temperatures, the exponent
exhibits a consistent decline across all contact-spacing and
voltage ranges. This is primarily attributed to the increased
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free carrier concentration due to the higher activation of Mg
dopants with increased temperature. Consequently, the unoc-
cupied deep-level traps have a higher probability of becoming
filled and so the trap-filled SCLC tends to be less dominant.
Eventually, at very high temperatures, the exponent in the bias
range (3V <VA < 10V ) converges to 2, indicating that all the
traps are occupied due to the thermal activation of the accep-
tors.

In summary, the current transport mechanisms in p-
GaN/AlGaN/GaN heterostructure has been comprehensively
investigated based on the analysis of the non-linear I-V

characteristics of LTLM structure. The study’s outcomes
reveal the co-existence of two different current conduction
mechanisms : TE and SCLC, across the observed voltage
range for varied pad spacings. The exponent in the charac-
teristic SCLC equation, I µ V

m, exhibits a decreasing trend
beyond a certain bias voltage, indicating the phenomenon of
field-induced acceptor ionization. Furthermore, analysis at
different temperature shows that SBH increases with temper-
ature in TE emission region. In SCLC region, with increase
in temperature, higher thermal activation of Mg-acceptors
eventually leads to a trap-free SCLC conduction. It is antici-
pated that the insights gained from the analysis presented in
this paper will contribute to a deeper understanding of the
fundamental hole transport physics in p-GaN-based devices
and will have implications for their performance optimization.
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