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Abstract The electrical conduction mechanisms in various
highly resistive GaN layers of AlxGa1−xN/AlN/GaN/AlN
heterostructures are investigated in a temperature range be-
tween T = 40 K and 185 K. Temperature-dependent con-
ductivities of the bulk GaN layers are extracted from Hall
measurements with implementing simple parallel conduc-
tion extraction method (SPCEM). It is observed that the re-
sistivity (ρ) increases with decreasing carrier density in the
insulating side of the metal–insulator transition for highly
resistive GaN layers. Then the conduction mechanism of
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highly resistive GaN layers changes from an activated con-
duction to variable range hopping conduction (VRH). In the
studied temperature range, ln(ρ) is proportional to T −1/4

for the insulating sample and proportional to T −1/2 for the
more highly insulating sample, indicating that the transport
mechanism is due to VRH.

1 Introduction

GaN and its related alloys have received considerable atten-
tion due to their important applications in both electronic
and optoelectronic devices [1, 2]. In materials like GaN and
its related alloys having a high energy gap [3, 4], impu-
rity band conduction may be significant even at high tem-
peratures [5–7]. Electrical conductivity processes in such
materials having wide energy gaps are mainly due to car-
rier hopping within the impurity centers at low tempera-
tures [5, 8, 9].

There have been a number of different efforts to deter-
mine electrical properties of GaN and its related alloys [5,
7, 10, 11]. Among the most important assessment meth-
ods is the Hall effect measurement which is most conve-
nient for the investigation of the electrical properties of
GaN and related alloys. It was reported that the conduction
mechanism of highly degenerate Ga-rich InxGa1−xN layers
can be well explained by a model that takes into account
electron–electron interactions and weak localization effects
[6, 7]. Fehrer et al. [10] showed that the electrical proper-
ties of highly resistive GaN layers are mainly determined
by potential barriers which are proposed to be localized at
grain boundaries. Bhattacharyya and Pal [11] reported that
VRH conduction dominate the carrier transport mechanism
in GaN thin films at temperature range of 200–300 K.
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Highly resistive GaN layers are mostly used to decrease
the influence of the buffer on the main conducting layer [12].
However, there is always an expected parallel conducting
channel in the buffer. The temperature-dependent Hall data
of highly resistive GaN layers with a resistivity higher than
103 � cm could not be measured even at 400 K [13]. The
studies on the electrical transport properties of highly resis-
tive GaN layers are still limited.

Since the carriers in different conducting channels do not
all have the same drift velocity, single magnetic field Hall
measurements can only give an approximate result about
the carriers in a GaN-based HEMT structures as it is the
case in this study. There may be an important parallel con-
ducting channel even for the unintentionally doped structure
[14, 15]. To extract the contributions of 2DEG conductivity
and parallel conductivity in our structure, the simple parallel
conduction extraction method (SPCEM) is used [16].

The analysis of magnetic field dependent resistivity and
Hall data have been discussed in several papers [17–19] for
the parallel conduction problem with the methods like: two-
carrier model [20], multi-carrier fitting procedure (MCF)
[21], mobility-spectrum analysis (MSA) [22], MCF and
MSA hybrid [23], and the quantitative mobility spectrum
analysis (QMSA) package [24]. QMSA is well known to
be superior to other existing methods. It has no limits for
the carrier type and number of channels. However, in order
to extract the effect of low mobility bulk carriers, very large
magnetic fields (μminBmax � 1) and stable thermal condi-
tions required for long durations during the Hall measure-
ments. SPCEM is recently proposed by Lisesivdin et al. [16]
to extract the contributions of bulk and 2DEG carriers in a
HEMT or MODFET structure. Therefore there are some as-
sumptions in the method:

(1) There are two main contributions to conductivity: 2DEG
carrier and a bulk carrier.

(2) At the low temperatures, bulk carriers are assumed to
be frozen totally. Therefore, the measured Hall carrier
density at the lowest temperature is accepted as the
temperature-independent 2DEG carrier density [25].

(3) The change in temperature-dependent measured carrier
density is caused by thermal activation of bulk carriers
only.

(4) Densities of bulk carriers and the 2DEG are in the same
order.

In the Lisesivdin et al.’s study [16], the following equa-
tions were found for the mobilities of 2DEG carrier (named
as carrier 1) and bulk carrier (named as carrier 2) with the
investigation of magnetic-field-dependent conductivity ten-
sors and their derivatives:
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the lowest temperature available. For the bulk carrier den-
sity contribution at each temperature step, nLo

2 = nLo
H − nLo

1
and nHi

2 = nHi
H − nHi

1 are used.
In this work, we investigated the Hall results in

AlxGa1−xN/AlN/GaN/AlN heterostructures with SPCEM
for the first time in order to evaluate the contribution of the
low-mobility carriers in GaN layers to total conductivity.
The calculated electrical resistivity data from these undoped
highly resistive GaN layers are investigated in a temperature
range of 40–185 K.

2 Experimental

The samples in this study were all grown on c-plane (0001)
sapphire (Al2O3) substrate with a low-pressure MOCVD
reactor. Hydrogen was used as the carrier gas; trimethyl-
gallium (TMGa), trimethylaluminum (TMAl), and ammo-
nia were used as Ga, Al, and N precursors, respectively.
Three samples were chosen for the present study. Samples A
and B have the same growth conditions except the GaN
buffer growth time which concludes different GaN buffer
thicknesses. Sample C has different growth conditions with
respect to other samples to present the general applicability
of the analysis for these types of structures. All layers are
nominally undoped. Sample layer thicknesses are listed in
Table 1. Layer thicknesses and Al mole fraction values are
checked using XRD and ellipsometry measurements.

For the Hall measurements by using the van der Pauw
method, square-shaped (5 × 5 mm2) samples were prepared
with four evaporated triangular Ti/Al/Ni/Au (200 Å/2000 Å/
300 Å/700 Å) contacts in the corners. Contacts are annealed
with rapid thermal annealing (RTA) system. Ohmic behav-
ior of the contacts was confirmed by the current voltage

Table 1 Layer thicknesses of the investigated samples

Sample A Sample B Sample C

GaN cap (nm) 10.6 10.6 3.0

AlxGa1−xN Barrier (nm) 18.8 18.8 27.0

AlN interlayer (nm) ∼1.0 ∼1.0 ∼1.5

GaN buffer (μm) 1.97 2.77 1.90

AlN buffer (μm) 0.72 0.72 0.60

AlN nucleation (nm) 11.2 11.2 15.0

Al mole fraction (x) 0.25 0.25 0.22
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Fig. 1 Temperature-dependent
Hall mobilities and Hall sheet
carrier densities of the
investigated samples

(I/V ) characteristics. The measurements were taken in a
temperature range of 28–350 K using a Lakeshore Hall ef-
fect measurement system (HMS). At temperature steps, the
Hall coefficient (with max. 5% error) and resistivity (with
max. 0.2% error in the studied range) were measured for
both current directions, magnetic field polarizations, and all
possible contact configurations. The low (0.05 T) and high
(1.4 T) magnetic-field-dependent data has been used to cal-
culate 2DEG and Bulk contributions in the investigated sam-
ples [16].

3 Result and discussion

Figure 1 shows the temperature dependence of Hall mo-
bilities and Hall sheet carrier densities of the investigated
AlxGa1−xN/AlN/GaN/AlN heterostructures at B = 1.4 T
in a temperature range between T = 28 K and 350 K.
At room temperature, Hall mobilities are 809, 1095, and
1471 cm2/V s, Hall sheet carrier densities are 1.52 × 1013,
2.96 × 1013, and 1.28 × 1013 cm−2 for the samples A, B,
and C, respectively. At 28 K, Hall mobilities are as high
as 1963, 6335, and 16621 cm2/V s for the samples A, B,
and C, respectively. These mobility and carrier density be-
haviors are typical for samples that have dominant 2DEG
conduction [26].

To calculate 2DEG and bulk contributions, SPCEM
analysis is carried out with using the low-magnetic-field
(0.05 T) and high-magnetic-field (1.4 T) Hall data as the
input. SPCEM results are shown in Fig. 2. Sample A has
the lowest mobilities and carrier densities for both 2DEG
and bulk contributions. Sample B has the highest mobil-
ity and carrier density for its bulk contribution. Sample C
has the highest mobility for 2DEG contribution. Carrier mo-
bilities of all the layers are influenced by the polar opti-
cal phonon scattering at high temperatures [27] as expected

Fig. 2 Calculated (a) mobilities and (b) sheet carrier densities of the
bulk (empty symbols) and 2DEG (filled symbols) carriers after imple-
menting SPCEM

from a highly polar material. The bulk mobilities decrease
further with decreasing temperature as expected because of
local ionized impurity scattering [28]. For all three samples,
SPCEM works well, and the results compare well with those
for a GaN-based system [26, 28].
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Table 2 Properties of GaN layers; room temperature values of carrier
density (n), mobility (μ), and resistivity (ρ)

Sample n (cm−3) μ (cm2/V s) ρ (� cm)

A 2.38 × 1015 25 5.34 × 105

C 2.26 × 1016 467 3.11 × 103

B 5.35 × 1016 548 7.71 × 102

Electrical components of highly resistive bulk GaN lay-
ers; resistivity (ρ), mobility (μ), and carrier density (n) are
shown at room temperature in Table 2. Knowing μ and n

values previously, the resistivities for the bulk GaN layers
are determined using the relation ρ−1 = enμ, where e is the
electron charge. The layers indicate n-type behavior, which
can be due to the presence of nitrogen vacancy. The high-
est mobility value (548 cm2/V s) belongs to sample B with
the lowest resistivity value (7.71 × 102 � cm). As the car-
rier densities of the GaN layers decreases, the mobility de-
creases hence the resistivity increases. Then, the samples go
to insulating side of the metal–insulator transition. For an
effective mass of m∗ = 0.22m0 [29, 30] and static dielectric
constant of ε = 10.4 [29, 30], Bohr radius can be calculated
as aB = 2.51 nm for electrons in a donor band of GaN. The
critical density for the metal–insulator transition is then [31]
nc = (0.25/aB)3 = 9.9 × 1017 cm−3. This suggests that for
n > 9.9 × 1017, the conduction is “metallic like” in GaN,
where n is the carrier density. Below this value the conduc-
tion takes place by phonon assisted hopping. As seen from
Table 2, all GaN layers with n < nc fall in the insulating side
of the metal–insulator transition. On the insulator side of the
metal–insulator transition, thermally activated tunneling be-
tween impurity sites is the dominant conduction mechanism
[32, 33]. The low-temperature resistivity in a three dimen-
sional system is [32, 33]

ρ(T ) = ρ0exp

(
T0

T

)s

, (3)

where ρ0 is the preexponential factor, and T0 is a charac-
teristic temperature. The value of s = 1 corresponds to the
nearest-neighbor hopping (NNH) mechanism or simply ac-
tivated hopping. In the NNH mechanism, the resistivity is
proportional to exp(ε3/kT ), and electron with ε3 activation
energy hops to the nearest neighboring empty site. The acti-
vation energy ε3 is much smaller than the activation energy
required for thermally activated band to band conduction.
However, when VRH mechanism dominates in the conduc-
tion, the condition 0 < s < 1 is fulfilled. If the density of
states around the Fermi level assumed to be constant, s be-
comes s = 1/4 (Mott VRH). On the other hand, if there is
a gap at the Fermi level, the VRH conduction model is ex-
pressed with s = 1/2 in (3) (ES VRH) [32, 33].

Since hopping conduction model is applicable at low
temperatures [32, 33], we consider only the resistivity data

Fig. 3 Variation of the resistivity with inverse temperature for GaN
layers. The line is the least square linear fit to the data of sample B

of GaN layers at temperatures below 185 K, where the im-
purity band conduction may start to dominate. In a tem-
perature range of 28–185 K, especially at temperatures be-
tween 40 and 185 K, very good linearity on the temperature-
dependent resistivity plots (Figs. 3–5) is observed. Figure 3
shows lnρ versus 1/T plots for GaN layers in a temper-
ature range of 40–185 K. It is clear that ρ increases as T

decreases for all samples. However, linearity with 1/T is
observed for only sample B in Fig. 3. This may suggest that
the conductivity over this range of temperature is character-
ized by a constant activation energy of about ε3 = 33 meV.
For GaN, donor levels in the 0.25–0.45 eV range, evaluated
from the thermally activated conductivity, and it is attributed
to nitrogen vacancies [34]. Hence, the possibility of NNH
conduction or simply activated conduction that arises from
donor levels is to be confirmed for sample B with the acti-
vation energy of 33 meV. On the other hand, a reasonable
straight line in Fig. 3 cannot be drawn through the points
for samples A and C. The plots suggest that there is mixed
conductivity, i.e., there are different contributions to con-
duction channels in these samples. The resistivity data of
these samples can be fitted with the VRH models proposed
by Mott [32] and Efros–Shklovskii [33]. In order to con-
firm that VRH was occurring, it is necessary to test either
for the Mott VRH T −1/4 law or for the ES VRH T −1/2 law.
The best correlation coefficient for sample C is obtained in
Fig. 4, which shows the variation of ln(ρ) with T −1/4 (Mott
VRH) between 40–185 K. However, the plot of ln(ρ) vs.
T −1/2 (Fig. 5) is found to be linear for sample A. When
the measured data is plotted as ln(ρ) versus T −1/2 as in-
dicated by the ES VRH, a well-defined line is obtained for
sample A.

From the slopes of plots of Figs. 4 and 5, the values of
Mott’s and ES’s characteristic temperatures are obtained as
T0,Mott = 1.54 × 107 K and T0,ES = 1.81 × 103 K for sam-
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Fig. 4 Resistivity vs. T −1/4 dependence for GaN layers. The line is
the least square linear fit to the data of sample C

Fig. 5 Resistivity vs. T −1/2 dependence for GaN layers. The line is
the least square linear fit to the data of sample A

ples C and A, respectively. However, this simple graphical
analysis is not an appropriate way to decide which hopping
conduction mechanism dominates the conduction. In order
to obtain the value of the exponent s with more accurately
in the GaN layers, we analyze the ρ versus T data using the
approach of Zabrodskii and Zinoveva [35]:

W(T ) = −d
[
lnρ(T )

]
/d

[
ln(T )

]
. (4)

W(T ) can be used to determine metallic and insulating
behavior of the conductivity. When the slope of ln(W(T ))

v.s. ln(T ) is negative, that is, W increases as T decreases,
the system is in the insulating side of MIT. The positive
slope of the W plot indicates that the system can be in the
metallic regime [35]. Figure 6 shows the plots of ln[W(T )]
vs. ln(T ) for the investigated samples. The slope of W(T )

of all samples is negative, implying that the samples are in

Fig. 6 Plot of W(T ) = −d[lnρ(T )]/d[ln(T )] versus ln(T ) for vari-
ous GaN layers

the insulating regime. The values of s can be determined
from the linear slope of Fig. 6. A linear fit for sample B
yields a slope of −1.001, indicative of thermally activated
conduction (NNH) mechanism. It is clear that exponent s (a
slope of −0.239) is close to 1/4 for sample C, which cor-
responds to Mott VRH. Decreasing carrier density in GaN
layers leads to an observation to ES VRH, then a value of
−0.507 is obtained for sample A.

A good fit of the measured data is essential, but not suf-
ficient, criterion for applicability of the hopping theory. The
hopping parameters should satisfy both NNH and VRH re-
quirements. NNH activation energy ε3 is given by [36]

ε3 = e2N
1/3
D

4πε
, (5)

where ND is donor concentration, and ε is the static dielec-
tric constant. From (5), the value of ND = 1.3 × 1019 cm−3

is obtained for sample B. This value is seemed to be very
high for this sample compared with room temperature car-
rier concentration ∼5.35 × 1016. By a slope analysis of the
electron concentration or resistivity versus reciprocal tem-
perature data for GaN layers, the activation energy for donor
ionization has been determined by several researches [36–
39] using variable temperature Hall effect measurements.
An activation energy ranging from 4 to 37 meV has been
extracted for GaN [37–40]. The value of activation energy is
ε3 = 33 meV for GaN; this donor level may be due to act as a
shallow donor and may contribute to the n-type background
conductivity in unintentionally doped GaN [40]. This acti-
vation energy is mostly associated with Si, which is an ex-
pected residual donor impurity in the lattice [37–40].
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On the other hand, the characteristic temperatures, T0,Mott

and T0,ES, obtained from the slopes of plots of Figs. 4 and 5
are theoretically expressed in the VRH regime as [32, 33]

T0,Mott = 18α3

kBN(EF )
(6)

and

T0,ES = 2.8e2α

kBε
, (7)

where α−1 is the localization length, N(EF ) is the density
of states at the Fermi level, e is the electron charge, and kB is
Boltzmann’s constant. The value of α−1 can be assumed to
be in the same order as the Bohr radius for GaN. Therefore,
using the value of T0,Mott = 1.54 × 107 K, we can easily
estimate the quantity of N(EF ) as 8.57 × 1017 cm−3 eV−1

for sample C. This value is close to the previously reported
value for GaN [5]. Also, knowing value of T0,ES(1.81 ×
103 K) in (7), value of the static dielectric constant, ε can
be determined as 10.3 for sample A. This is in perfectly
agreement with the generally accepted value (ε = 10.4 [29,
30]). These observations confirm that Mott and ES VRH
mechanisms dominate on the electrical conduction in sam-
ples C and A, respectively. Therefore, we can also evaluate
the other hopping parameters for these samples. For Mott
VRH, the temperature-dependent hopping distance (Rhop)

and average hopping energy (�hop) are calculated from (8)
and (9), respectively [32]:

Rhop,Mott = 0.375(T0,Mott/T )1/4α−1, (8)

�hop,Mott = 0.25kBT (T0,Mott/T )1/4. (9)

Similarly, the temperature-dependent hopping distance
(Rhop) and average hopping energy (�hop) of the ES VRH
conduction are given as follows [33]:

Rhop,ES = 0.25(T0,ES/T )1/2α−1, (10)

�hop,ES = 0.5kBT (T0,ES/T )1/2. (11)

Using the values of T0,Mott, T0,ES, and α−1, parameters
are found as Rhop,Mott = 19.9 nm, �hop,Mott = 35.1 meV
and Rhop,ES = 3.04 nm, �hop,ES = 16.1 meV at 77 K for
samples C and A, respectively. Both the Mott VRH and
ES VRH are valid if Rhop > α−1 and �hop > kBT . Since
α−1 = 2.51 nm and kBT = 6.64 meV (T = 77 K), both two
conditions are well fulfilled at both Mott and ES regime for
GaN layers.

In order to explain different transport behavior in the
present samples, we considered the grain boundary model
[41, 42]. Salzman et al. [43, 44] showed that the grain
boundary model can be applicable to GaN epitaxial films
like our case. As can be seen from Table 1, sample A and B

have different GaN buffer thicknesses. The thickness of the
films has a drastic effect on the resistivity, changing it by
almost two orders of magnitude. When the grain boundary
model [41, 42] is considered, we may explain the observed
different transport behavior in our samples as follows: As
the thickness decreases, the crystallite size decreases, and
this leads to an increment in the trapping states at grain
boundary. Trapping states are capable of trapping free car-
riers, and, as a consequence, more free carriers become im-
mobilized as trapping states increases. On the other words,
the larger crystallite size results in a lower density of grain
boundaries, which behave as traps for free carriers and bar-
riers for carrier transport in the film. Hence, an increase in
the crystallite size can cause a decrease in grain boundary
scattering, which leads to a decrease in the resistivity. Then,
electrical properties are explained with different conduction
models for our samples. Since the sample C has different
growth conditions with respect to other samples, we do not
compare sample C with other samples. Then it can be ex-
pected that sample C does not follow this trend.

4 Conclusions

Temperature-dependent Hall measurements of AlxGa1−xN/
AlN/GaN/AlN are reported in a temperature range of
28–350 K. The contributions of bulk and 2DEG carriers
are distinguished with SPCEM technique, and the results
are shown to be in good agreement with those published
in the literature. The electrical conduction mechanism in
various highly resistive bulk GaN layers is investigated in
a temperature range between T = 40 K and 185 K using
bulk mobilities and carrier densities as extracted with the
SPCEM technique. It is found that the conduction mecha-
nism of highly resistive GaN layers changes from an acti-
vated to VRH conduction with decreasing carrier density.
The resistivity is found to obey Mott VRH and ES VRH for
insulating and highly insulating samples, respectively. Hop-
ping parameters, such as the characteristic temperature (T0),
hopping distance (Rhop), average hopping energy (�hop),
dielectric constant (ε), and density of states (N(EF )), are
all determined from our measurements where we show that
their values quite well agree with the assumptions of the
Mott VRH and ES VRH mechanisms.
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