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TOPICAL REVIEW — Overcoming doping bottleneck in widegap semiconductors

Growth and doping of bulk GaN by hydride vapor phase epitaxy∗
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Doping is essential in the growth of bulk GaN substrates, which could help control the electrical properties to meet the
requirements of various types of GaN-based devices. The progresses in the growth of undoped, Si-doped, Ge-doped, Fe-
doped, and highly pure GaN by hydride vapor phase epitaxy (HVPE) are reviewed in this article. The growth technology and
precursors of each type of doping are introduced. Besides, the influence of doping on the optical and electrical properties
of GaN are presented in detail. Furthermore, the problems caused by doping, as well as the methods to solve them are also
discussed. At last, highly pure GaN is briefly introduced, which points out a new way to realize high-purity semi-insulating
(HPSI) GaN.

Keywords: GaN, hydride vapor phase epitaxy (HVPE), doping
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1. Introduction
Bulk GaN wafers are widely used as substrates in the

growth of laser diodes (LDs),[1,2] the high-power electronic
devices,[3–9] and many types of detectors,[10–13] because of
the excellent optical and electrical properties.[14,15] Nowa-
days, commercial bulk GaN substrates are primarily produced
by hydride vapor phase epitaxy (HVPE) because of its high
growth rate (up to hundreds of micrometers per hour) and the
ability to grow large size wafer (up to Φ175 mm).[16–18]

The carrier concentration of undoped GaN grown by
HVPE is commonly on the order of 1016–1017 cm−3,[19]

which is unsuitable for GaN-based devices. For example,
high conductive GaN substrates (n > 1× 1018 cm−3) are fa-
vored in LEDs and LDs[1] to realize lower resistance and bet-
ter ohm contact. However, semi-insulating GaN substrates
(ρ > 106 Ω·cm) are preferred in high electron mobility tran-
sistors (HEMTs),[3] surface acoustic wave devices,[9,11,20] and
particle detectors.[12,21,22] The electrical properties of GaN
are mainly controlled by in situ doping during the growth.
Shallow donors (Si[23,24] and Ge[25,26]), shallow acceptors
(Mg),[27] and deep level impurities (Fe[28,29] and C[30,31]) gen-
erally serve as the dopants to achieve N-type, P-type, and
semi-insulating electrical characteristic of GaN, respectively.

Though the optical and electrical properties of GaN could
be improved by doping, the introduction of impurities also

causes many problems. At present, Si-related precursors are
mostly used in the growth of N-type bulk GaN.[24,32,33] How-
ever, the carrier concentration in Si-doped GaN is generally
lower than 3×1018 cm−3, which is insufficient to further im-
prove the performance of LEDs and LDs. Several factors
severely affect the upper limit of Si concentration in GaN, such
as the tensile stress induced by dislocation inclination[34,35]

and the transition of growth mode due to the anti-surfactant
effect of Si impurities.[36,37]

Ge-related precursors are also optional dopants to grow
N-type GaN.[38,39] The activation energy is 19 meV and
17 meV for Ge and Si impurities respectively.[40] In addition,
the relationship between electron mobility and carrier concen-
tration is similar for Ge and Si doping.[26] Crucially, the for-
mation of Ge3N4 is improbable at the growth temperature of
GaN (approximately 1040 ◦C) because it starts to evaporate at
temperatures above 600 ◦C[41,42] and decompose at tempera-
tures above 800 ◦C.[36] Thus Ge doping could help avoid the
deterioration of surface morphology in heavily doped GaN.
Nevertheless, whether the stress state of GaN could be af-
fected by Ge doping is still controversial. Fritze et al.[36] and
Nenstiel et al.[43] reported that no tensile stress could be in-
duced by Ge doping, while Xie et al.[44] held different opin-
ions. They found that there was obvious tensile stress in Ge-
doped GaN, just as the situation in Si-doped GaN. Further-
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more, Ge doping could lead to the generation of V-shaped
pits in GaN,[36,45] which could lead to the problem of cur-
rent leakage in Schottky barrier diodes,[46] LEDs,[47,48] and
HEMTs.[49] Hence, there are still lots of work to be done to
realize high conductive N-type GaN.

In addition, the incorporation of Fe impurities in GaN
could also bring about the generation of V-shaped pits. The
V-shaped pits are serious defects in Fe-doped GaN which are
commonly used as the current blocking layers. But the mech-
anism of current leakage is unclear, which may be related
to deep traps in V-shaped pits[47,49] or unknown conduction
mechanisms,[48] and still needs further study.

Moreover, semi-insulating GaN is generally obtained by
the compensation of background shallow donors (mainly Si
and O impurities) by deep level impurities (mainly Fe and
C impurities), but heavy doping leads to tremendous disas-
ters in devices.[50–52] Learning from the experiences in HPSI
GaAs[53] and SiC,[54] HPSI GaN points out a new way to
solve the problems above. If we could reduce the concentra-
tion of the background shallow donors, the concentration of
deep level impurities needed to realize semi-insulating electri-
cal characteristic could decrease correspondingly. This could
relieve the problems concern with heavy doping. Moreover,
highly pure GaN could be used as the drift layer in verti-
cal type power electronic devices, which could greatly in-
crease the thickness of the depletion layer and improve the
breakdown voltage.[55] In order to realize HPSI GaN, the
background donors should be decreased to less than 1 ×
1015 cm−3,[56] which is a big challenge.

In this paper, the progress in growth and doping of bulk
GaN by HVPE is reviewed. In Section 2, the principles of
growth and doping of GaN are introduced. In Section 3 to
Section 7, the progresses of unintentionally doped, Si-doped,
Ge-doped, Fe-doped, and highly pure GaN are presented re-
spectively. The growth methods, optical and electrical prop-
erties, and the defects concern with the corresponding doping,
are carefully discussed. Section 8 is a brief summary of the
results on GaN doping, and Section 9 is the conclusion of this
review.

2. Growth and doping of GaN by HVPE
GaN grown by HVPE method was first reported by

Maruska et al. in 1969, which was on the foreign substrate
of sapphire.[57] Compared with the conventional high-pressure
nitrogen solution, Na-flux, and ammonothermal methods,
HVPE does not need ultra-high temperature or pressure.[15]

In addition, the growth rate of HVPE is up to hundreds of
micrometers per hour, which is much higher than the other
methods. Moreover, HVPE could grow GaN with high crystal

quality as a result of the high thermal stability, high purity, and
high surface migration of precursors. However, just because
of the high growth rate, HVPE is difficult to grow thin layers.
Hence, it is difficult to be used in the growth of device struc-
ture, and was not taken seriously at first. But HVPE achieved a
rapid development in the 1990 s because of its ability to grow
thick bulk GaN wafers.

The schematic diagram of an HVPE equipment is shown
in Fig. 1. The HVPE reactor generally contains two zones,
namely the source zone (850 ◦C) and the deposition zone
(1040 ◦C). In the source zone, the Ga source is produced by the
reaction of gaseous HCl with metallic gallium to form GaCl
gas. Then, the reaction products are transported to the de-
position zone by a mixed carrier gas of N2 and H2. In the
deposition zone, the crystallization of GaN takes place at the
substrate area where the gallium source reacts with the nitro-
gen source (NH3) at 1040 ◦C. The growth rate is controlled by
the flow rate of HCl gas. The detailed reaction process and the
thermodynamic analysis could be found elsewhere.[15]

Because of the lack of native substrate, Si,[58] GaAs,[16]

and sapphire,[59] are commonly used as the foreign substrates
for the growth of GaN. After growth, the GaN layer could
be separated from substrate by thermal etching,[58] chemical
etching,[16] or laser lift-off to fabricate bulk GaN[60,61] Be-
cause of the big lattice mismatch and thermal expansion mis-
match between GaN epilayer and substrate, there is an increase
of dislocation density and strain in GaN epilayer. Epitaxial lat-
eral overgrowth (ELOG) could help relieve the stress state and
solve the problems above.[62] The mask used in ELOG tech-
nology could block the threading dislocations and reduce the
dislocation density. In addition, the mask could lead to the
bending of dislocations, which further promotes the disloca-
tion reaction and annihilation.[63] Dislocation elimination by
inverse-pyramidal pits[64] and nanomask[65] are the improve-
ment of ELOG technology. Besides the methods mentioned
above, GaN nanowire arrays fabricated by photoelectrochem-
ical (PEC) etching are almost dislocation- and strain-free, and
could be used as the substrate to obtain high-quality and low-
strain GaN layer.[66]

furnace

exhaust gas

Ga

dopant

deposition zonesource zone

N2+H2

NH3

HCl

HCl

Fig. 1. The schematic diagram of an HVPE system.

Doping in HVPE is more convenient than that in metal
organic chemical vapor deposition (MOCVD) or molecular
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beam epitaxy (MBE) because of the introduction of HCl gas.
HCl gas could react with most of the elemental sources or
compounds, so there is no need of the metal organic dopant
sources. The doping source is generally produced by the reac-
tion of gaseous HCl with dopant to form chloride gas of dopant
in the source zone. Then the doping source is transported to
the substrate area by a mixed carrier gas of N2 and H2.

The carrier concentration in GaN is mainly determined
by the concentration of the incorporated impurity and its ion-
ization ratio. The impurity concentration is influenced by the
incorporation efficiency and solubility of the corresponding
impurity in GaN. The impurity incorporation efficiency de-
creases with growth temperature because the vapor pressure
of dopants increases with growth temperature. In addition, the
large dopant atoms are difficult to be incorporated in GaN due
to the relative smaller lattice constant.

The ionization ratio is affected by the activation energy
of impurity and the compensation mechanisms. The ioniza-
tion ratio decreases with the activation energy, leading to a
decrease of carrier concentration in wide bandgap semicon-
ductors, because the activation energy of impurity in the wide
bandgap semiconductors is relatively larger than that in the
narrow bandgap semiconductors. The main compensation
mechanisms in GaN are formed by hydrogen atoms, which
are introduced into GaN from the carrier gas. The hydrogen
atoms could form complexes with the dopants and passivate
them.[67] Carbon impurities are also reported to occupy the N
site and compensate the shallow donors in GaN.[68] However,
the organic sources are unneeded in HVPE. Hence, the carbon
concentration in HVPE-grown GaN is much lower than that
in MOCVD-grown GaN. Some native point defects (such as
the gallium vacancy and the related complexes) are acceptor-
like charged centers, which could also compensate the shallow
donors.[69]

3. Progress of high-quality undoped GaN
Undoped GaN grown by HVPE generally exhibits the N-

type electrical characteristic due to two factors. Firstly, the
HVPE reactor is commonly produced by quartz, which could
release Si and O impurities to the growth ambience at high
temperature. The Si and O impurities are shallow donors in
GaN, resulting in the N-type electrical characteristic.[56] Sec-
ondly, some native point defects (such as the nitrogen vacancy)
are donor-like charged centers, which also contribute to the
electrical properties.[69]

It has been reported that dislocation has a great influence
on the optical and electrical properties of GaN.[70–72] How-
ever, most of the previous studies focused on GaN films grown
on foreign substrates by MOCVD or MBE, and thus the dislo-

cation density is very high in these samples. Because of the
lack of native substrate, the properties of high-quality bulk
GaN were rarely investigated. As we know, the dislocation
density decreases with the thickness of GaN.[15] Fortunately,
with the development of HVPE technology, we are now able to
fabricate thick bulk GaN with dislocation density lower than
1× 106 cm−2. The optical and electrical properties of high-
quality HVPE-grown GaN are carefully studied.

3.1. Scattering mechanisms in high-quality undoped GaN

The schematic diagram of GaN samples sliced from GaN
boule grown by HVPE is shown in Fig. 2(a).[19] In accordance
with the previously reported results, the dislocation density de-
creases with the thickness of GaN.[15] Besides, the impurity
concentration shows a similar tendency, as shown in Fig. 2(b).
Therefore, the thick GaN boule could realize the combination
of both high crystal quality and low impurity concentration,
and thus its optical and electrical properties could be greatly
improved. Figure 2(c) shows the relationship between elec-
tron mobility and temperature for the sliced GaN samples. It
is found that the mobility of HVPE-grown GaN is as high as
1160 cm2/(V·s) at room temperature, which is much higher
than that of MOCVD-grown GaN.[73]

A model is used to investigate the scattering mechanisms
in GaN,[74] in which the influences of ionized impurities,
acoustic phonons and dislocations on the electron mobility are
all considered.

The mobility due to ionized impurities (µi) could be writ-
ten as

µi =
64
√

πε2 (2 kT )3/2

Nie3√m∗

ln

1+

(
12πεkT

e2N1/3
i

)2


−1

, (1)

where ε is the permittivity of GaN, k is the Boltzmann’s con-
stant, T is the temperature, Ni is the density of ionized impu-
rities, e is the electron charge, and m∗ is the effective mass of
electrons in GaN.

The mobility due to acoustic phonons (µac) could be writ-
ten as

µac =
e
√

8π(h/2π)4C11

3(Eds)
2 (m∗)2.5 (kT )1.5 , (2)

where C11 is the average longitudinal elastic constant of GaN,
and Eds is the acoustic deformation potential.

The mobility due to dislocation scattering (µdisl) could be
written as

µdisl =
30
√

2πε2d2(kT )3/2

e3Ns f 2λd
√

m∗
, (3)

where f is the fraction of the filled traps, Ns is the dislocation
density, d is the c-lattice constant of GaN, and λd is the Debye
screening length.
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The total mobility (µT) is a result of the comprehensive
effect of all the factors above, and can be calculated using the
expression below:

1
µT

=
1
µi

+
1

µdisl
+

1
µac

. (4)

Figure 2(d) shows the contribution of ionized impurities,
acoustic phonons and dislocations to the total mobility of

HVPE-grown high-quality GaN. It is found that the ionized
impurity scattering plays a dominant role in the low tempera-
ture range, while the acoustic phonon scattering plays a key
role in the high temperature range. Hence, the dislocation
scattering plays a nonsignificant role in the entire temperature
range. This suggests that the dislocation scattering has little
influence on the total mobility of high-quality bulk GaN with
dislocation density on the order of 106 cm−2 or less.
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Fig. 2. (a) The schematic diagram of GaN samples sliced from a GaN boule grown by HVPE, (b) the dislocation density and Si concentration for each
sample, (c) the relationship between mobility and temperature for each sample, (d) the relationship between mobility and temperature for sample S1. µdisl,
µac, µi indicate the mobility due to dislocations, acoustic phonons, and ionized impurities. µExp and µT indicate the experimental results and the calculated
values according to the model.

3.2. Optical properties of high-quality undoped GaN

A broad yellow luminescence (YL) band with a maxi-
mum at approximately 2.2 eV commonly appeared in the PL
spectrum of undoped GaN. YL has a great influence on the
luminous efficiency of optoelectronic devices,[75] but its ori-
gin is still ambiguous. It is recognized as the transition of
electrons from conduction band or shallow donors to deep ac-
ceptor levels,[76] which may be concerned with C impurity,[77]

gallium vacancies,[78] or nitrogen antisites.[79] The previously
reported GaN samples were mainly grown on foreign sub-
strates by MOCVD or MBE, and thus the dislocation density
and impurity concentration are very high. However, thick bulk
GaN grown on native substrate by HVPE could help avoid the
above problems and facilitate the study on the mechanism of
YL emission.

The photoluminescence spectra of high-quality GaN sam-
ples sliced from the bulk GaN crystal are shown in Fig. 3(a).
The near band edge (NBE) emission is strong and narrow for
all samples, which proves the high crystal quality of HVPE-
grown GaN. Moreover, the YL peak intensity decreases with

dislocation density while the NBE peak intensity shows a re-
verse trend.

In order to investigate the influence of dislocation on YL
emission, the relationship between Si concentration (NSi) and
dislocation density (NS) is plotted in Fig. 3(b). For compari-
son, the PL intensity ratio (IYL/IBE) versus dislocation density
(NS) is also shown in Fig. 3(c). The two curves in Figs. 3(b)
and (c) both decrease with dislocation density. The YL emis-
sion is reported to be related to the transition from shallow
donors to deep acceptors.[76] As we know, there are many dan-
gling bonds along the dislocation lines, which could trap the
charged impurities.[80,81] During HVPE growth of GaN, the
Si impurities could escape from the quartz reactor at high tem-
perature. Then they could be trapped by the dangling bonds
around dislocations, and act as shallow donors in the YL emis-
sion. Therefore, both the Si concentration and the ratio of
IYL/IBE increases with dislocation density. This suggests that,
not only the electrical properties, but also the optical proper-
ties, could be improved by reducing the dislocation density.
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Fig. 3. (a) The room-temperature photoluminescence spectra of GaN samples sliced from the bulk GaN crystal. The inset is the amplified YL band of each
sample, which is normalized according to the NBE intensity. (b) The relationship between Si concentration and dislocation density at room temperature. (c)
The relationship between IYL/IBE and dislocation density at room temperature.[82]

4. Progress of Si-doped GaN
Low-resistivity GaN substrate is necessary in LED, LD,

and power electronic devices to realize better ohm contact and
lower threshold voltage. Si doping is commonly adopted to
control the electrical properties of GaN. SiH4 and Si2H6 are
commonly used as the doping precursors in the growth of N-
type GaN by MOCVD or MBE,[32,38] but it is not suitable in
HVPE. MOCVD and MBE are cold-wall systems while HVPE
is a hot-wall system. The growth temperature of HVPE is typi-
cally 1040 ◦C, which is high enough for the thermal decompo-
sition of SiH4 and Si2H6 gas.[83] After decomposition, nearly
all of the Si atoms are deposited on the quartz wall, and con-
tribute less to the N-type doping.

The thermal stability of dichlorosilane (SiH2Cl2) is supe-
rior to that of SiH4 or Si2H6 gas, and is commonly used in the
HVPE growth of Si-doped GaN.[23,24,32,84] Usui et al. firstly
reported the growth of Si-doped bulk GaN by using SiH2Cl2
as the doping precursor, and the carrier concentration could
be controlled in the range from 1017 cm−3 to 1018 cm−3.[23]

Oshima et al. reported that carrier concentration as high as
1.24×1019 cm−3 could be realized in the growth of Si-doped
bulk GaN by HVPE. The electron mobility is approximately
200 cm2·V−1·s−1, which is much higher than the MOCVD-
grown Si-doped GaN with a similar carrier concentration.[33]

Richter et al. reported the growth of 2-inch (1 inch = 2.54 cm)
Si-doped GaN boule with a thickness exceeding 6 mm.[85]

Moreover, in order to avoid the decomposition of SiH4

gas at high temperature, solid Si could be used to react with
HCl gas to provide the N-type doping source.[86]

In the source zone, HCl gas react with solid Si to form
SiH(4−x)Clx:

Si(g)+ xHCl(g)→ SiH4−xClx(g)+(x−2)H2(g). (5)

After the reaction, the doping source is changed from solid Si
into SiH4−xClx, which is more stable than SiH4.

During the transport of doping source to the deposition
zone, the following reactions will occur:

SiHCl3 (g)+H2 (g)→ Si(s)+3HCl(g), (6)

SiHCl3 (g)→ SiCl2 (g)+HCl(g), (7)

SiCl4 (g)+2H2 (g)→ Si(s)+4HCl(g), (8)

SiCl4 (g)+H2 (g)→ SiHCl3 (g)+HCl(g), (9)

SiCl4 (g)+H2 (g)→ SiCl2 (g)+2HCl(g), (10)

2SiCl2 (g)→ Si(s)+SiCl4(g). (11)

Growth temperature has a great influence on the thermody-
namic equilibrium composition of the Si/H/Cl system,[87] and
further determines the incorporation efficiency of Si impuri-
ties.

When SiH4−xClx meets NH3 in the deposition area, the
following reaction happens:

4NH3 +3SiH4−xClx→ Si3N4 +3xHCl+(12−3x)H2. (12)

The pre-reaction between NH3 and SiH4−xClx consumes lots
of the doping source, hence the Si concentration in GaN de-
creases with NH3 flow rate.

4.1. Scattering mechanisms in Si-doped GaN

The main scattering mechanisms in Si-doped GaN
mainly include the ionized impurities, acoustic phonons, and
dislocations.[74]

Figure 4(a) shows the curve of mobility versus tempera-
ture for two GaN samples with different doping levels. The
dislocation density is on the order of 106 cm−2 for both sam-
ples. It is found that there is an obvious discrepancy be-
tween undoped GaN (n∼ 1.1×1016 cm−3) and Si-doped GaN

026104-5



Chin. Phys. B Vol. 29, No. 2 (2020) 026104

(n ∼ 6.5× 1018 cm−3). The mobility of the undoped GaN is
much higher than that of the Si-doped GaN in the temperature
range from 80 K to 300 K, because the ionized impurity scat-
tering in undoped GaN is much lower than that in the Si-doped
GaN. For undoped GaN, the ionized impurity scattering is
weak, therefore the acoustic phonon scattering plays the main
role, and the mobility decreases with temperature in accor-
dance with Eq. (2). However, for Si-doped GaN, the ionized
impurity scattering is relatively strong compared with acous-
tic phonon scattering and plays the predominant role, hence
the mobility increases with temperature according to Eq. (1).
As a result, undoped and Si-doped GaN show the opposite ten-
dency with temperature.

Figure 4(b) shows the relationship between mobility and
carrier concentration at room temperature. Two Si-doped
GaN samples with dislocation density of approximately 1.0×
108 cm−2 and 5.0×106 cm−2 are shown together for compar-
ison. The theoretical curve is also exhibited for reference.[71]

It is clearly shown that the mobility of GaN with low disloca-
tion density is superior to that with high dislocation density in
accordance with Eq. (3).
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Fig. 4. (a) The relationship between mobility and temperature for GaN with
carrier concentration 1.1×1016 cm−3 and 6.5×1018 cm−3 respectively. (b)
The relationship between mobility and carrier concentration for Si-doped
GaN with dislocation densities of 1.0×108 cm−2 and 5.0×106 cm−2 respec-
tively. The solid line is the theoretical value of mobility at the corresponding
carrier concentration.[71]

4.2. Stress state in Si-doped GaN

A serious problem in Si-doped GaN is the tensile stress
resulting from the incorporation of Si impurities, but the mech-
anism is controversial. Though the covalent radii of Si and Ga
atoms are different, the substitution of Ga atoms by Si atoms
does not cause obvious changes in the lattice constant accord-
ing to first-principles calculation results.[88] Therefore the ten-
sile stress does not origin from the difference of covalent ra-
dius between Si and Ga atoms. Romano et al. reported that the
tensile stress increases with Si concentration in GaN, and it is
related to the crystallite coalescence process.[88] The prevail-
ing view on the origin of tensile stress is the dislocation incli-
nation caused by the interaction between Si atoms and thread-
ing dislocations.[89–91] The inclined dislocations are present in
extra-half planes normal to the growth direction, and thus in-
troduce the tensile stress in GaN.

However, the exact mechanism for dislocation inclination
is unclear, maybe concern with the following effects: (i) the

mask effect due to the formation of SiNx at the dislocation
core;[89] (ii) the prohibition of dislocation movement by Si
doping;[92] and (iii) surface mediated dislocation climbing.[93]

Xie et al. found that the dislocation inclination is caused by the
dislocation climb via Ga vacancies.[35] The formation energy
of Ga vacancies is controlled by the Fermi level, hence the dis-
location inclination is not determined by the Si concentration,
but the free carrier concentration.

The strain (ε∗i (z)) resulting from dislocation inclination
could be written as:[34]

ε
∗
i (z) =

1
4

bρTDh tan(α), (13)

where b is the Burgers vector, ρTD is the threading disloca-
tion density, h is the thickness of GaN, and α is the inclination
angle.

Because the strain is proportional to TDD according to
Eq. (13), a reduction of TDD is necessary to avoid the genera-
tion of tensile strain.[94] High-quality facet controlled epitaxial
lateral overgrown (FACELO) substrate was reported to be ef-
fective in reducing the dislocation density of GaN, and could
be used to relieve the tensile stress in Si-doped GaN.[84]

4.3. Anti-surfactant effect of Si in GaN

During the growth of Si-doped GaN, the surface mor-
phology may deteriorate when the Si concentration is too
high.[32,36] For heavily Si-doped GaN, the surface is partly
passivated due to the deposition of a thin Si3N4 layer, which
obviously blocks the further growth. Hence, GaN growth oc-
curs only in the regions not covered by Si3N4, resulting in the
3D growth mode. This phenomenon origins from the anti-
surfactant effect of Si impurities in the growth of GaN.

Munkholm reported that Si atoms tend to segregate to
the surface and lead to the change of growth mode from step
flow to layer-by-layer at high concentrations.[95] Tanaka et al.
also found that the growth mode of GaN change from step
flow to 3D growth mode when the Si concentration is above
1018 cm−3.[96] Neugebauer et al. reported that the formation
of Si3N4 became possible when the Si concentration is high
enough, because of the low solubility of Si atoms in GaN.
Moreover, the solubility of Si in GaN at N-rich conditions is
much lower than that at Ga-rich conditions.[97] Markurt et al.
found that the mechanism of the anti-surfactant effect of Si im-
purities could be explained by the formation of a monolayer of
SiGaN3 on top of GaN.[37] Density functional theory calcula-
tions showed that GaN could not be deposited on this SiGaN3

layer, because the chemical potential at the GaN surface was
changed by this layer.

For the Ga-rich condition, the Ga-bilayer structure is the
most probable structure, which acts as an auto-surfactant in
GaN and could relieve the anti-surfactant effect.[98] Rosa et
al. reported that the Si atoms tend to segregate to the surface
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at N-rich conditions, while they prefer the subsurface sites un-
der Ga-rich conditions.[99] Therefore, Ga-rich condition is pre-
ferred in the growth of Si-doped GaN.

5. Progress of Ge-doped GaN
Because of the tensile stress and anti-surfactant effect

caused by Si doping, the Si concentration in GaN is limited,
and novel dopant sources are needed to further increase the
carrier concentration of GaN. Ge related precursors are alter-
native dopants for the growth of N-type GaN. The activation
energy of Ge and Si impurities in GaN are similar, which are
19 meV and 17 meV respectively.[40] Therefore, Ge doping
could realize the similar electrical properties as Si doping, and
attracts lots of attention recently.[25,26,43]

The doping precursor could be produced by bubbling the
carrier gas through liquid GeCl4,[26,45] or the reaction between
HCl gas and Ge metal.[25] The Ge concentration increases lin-
early with GeCl4 feed rate up to 2.4×1019 cm−3 in the former
case,[26] while it increases nonlinearly with the flow rate of
HCl gas over the germanium pieces in the latter case.[25] There
are mainly two reasons for the non-linearity between Ge con-
centration and HCl flow rate.[25] Firstly, parasitic deposition
of germanium is found at the quartz wall as a result of the de-
composition of germanium chloride. The parasitic deposition
could reduce the amount of the dopant sources arriving at the
substrate, resulting in the non-linearity relationship. An ex-
cess of HCl gas could react with the parasitic deposition, and
is effective to relieve the problem. Secondly, the reaction area
of the Ge metal changes with the reaction time, leading to the
variation of the supply of germanium chloride. Hence, a com-
ponent that could control the reaction area is needed to realize
a stable Ge doping.

Oshima et al. reported the growth of high-quality Ge-
doped bulk GaN crystal with Ge concentration up to 2.4×
1019 cm−3 by HVPE using GeCl4 as the dopant source. The
dislocation density kept constant with the increase of Ge
concentration, which indicates that the dislocation density is
hardly influenced by Ge doping.[26]

In the case of Si-doping, the pre-reaction between NH3

and SiH4−xClx consumes lots of the doping source, and thus
the Si concentration decreases with NH3 flow rate. However,
the pre-reaction between NH3 and GeH4−xClx is unlikely to
occur because of the instability of Ge3N4 at the growth tem-
perature. Therefore, NH3 flow rate has little influence on the
Ge concentration in GaN.

Furthermore, just because of the instability of Ge3N4 at
high temperature, it is unable to affect the growth mode as
Si3N4.[36] Hence, the surface passivation is unlikely to hap-
pen in Ge-doped GaN. Wieneke et al. reported that Ge acts
as a surfactant in the growth of a-plane GaN films, while Si

behaves as an anti-surfactant leading to the surface deteriora-
tion when Si concentration is above 1019 cm−3.[41] Therefore,
Ge doping could achieve a higher carrier concentration than Si
doping.[43]

5.1. Electrical and optical properties of Ge-doped GaN

The carrier concentration of Ge-doped GaN is nearly
identical to the sum of Ge and Si concentration,[26] which in-
dicates that nearly all of the Ge atoms substitute the Ga sites
and are ionized at room temperature. This proves the small
activation energy of Ge in GaN.[40]

Figure 5 shows the relationship between mobility and car-
rier concentration at room temperature for Ge- and Si-doped
GaN. The dislocation density is on the order of 108 cm−2

for all the samples. It is found that the electron mobility of
Ge-doped GaN decreases with carrier concentration, which is
nearly identical to that of Si-doped GaN.[26,100] This means
that the electrical properties of Ge-doped GaN is similar to
that of Si-doped GaN. Furthermore, the electron mobility for
Ge-doped bulk GaN was reported to be much higher than
that grown by MOCVD, as a result of the difference in dis-
location density and point defect concentration.[26] However,
when the carrier concentration is above 1×1020 cm−3, Kirste
et al. found that the mobility remained constant regardless of
the change of carrier concentration, because there is a strong
screening effect at high carrier concentration.[39]
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Fig. 5. The relationship between mobility and carrier concentration for Ge-
and Si-doped GaN.

Though the carrier concentration increases linearly
with the flow rate of Ge source to approximately 2.4 ×
1020 cm−3,[39] there is an limit of Ge concentration in GaN,
which is approximately 2.9×1020 cm−3.[36] Further increase
of the supply of dopant source does not lead to higher carrier
concentration due to two factors. Firstly, the concentration
of compensating defects increases at high Ge concentration.
Secondly, the solubility of Ge atoms in GaN limits the fur-
ther increase of Ge concentration. However, the achievable
free carrier concentration of Ge-doped GaN is much higher
than that of Si-doped GaN. This enhanced doping capability
of Ge-doped GaN could facilitate its application in plasmonic
detectors.[39]
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The optical properties of Ge-doped GaN is influenced by
the doping level. Figure 6 shows the low-temperature photolu-
minescence spectrum of a heavily Ge-doped GaN with a car-
rier concentration of approximately 2.6× 1019 cm−3. There
are two peaks in the NBE emission band. The sharp peak cen-
tered at 3.472 eV is recognized as a localized center concern
with germanium atoms.[39,101] The broad peak with an FWHM
of hundreds of meV is influenced by two effects. The low en-
ergy side is influenced by the bandgap renormalization effect
as a result of the impurity scattering and Coulomb interaction
of the electrons.[102] The high energy side of the broad peak
is determined by the Burstein–Moss effect caused by the band
filling.[103]
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Fig. 6. Low temperature (4 K) photoluminescence spectrum of GaN with
Ge concentration approximately 2.6×1019 cm−3.

5.2. Stress state in Ge-doped GaN

It is well known that Si doping could result in tensile
stress in GaN, but whether Ge doping could influence the
stress state is still controversial. The tensile stress in Si-doped
GaN is widely considered to be due to the dislocation inclina-
tion caused by dislocation climb.[34,36,44,90,93,104,105] One com-
monly accepted view on dislocation climb is the masking ef-
fect of Si3N4, which is assumed to mask the dislocation core
during the growth.[36,89] According to this model, the strain
is determined by the Si concentration only. In the case of Ge
doping, Ge3N4 decomposes at temperatures above 900 ◦C, so
it is unlikely to mask the dislocation core. In accordance with
this view, several groups have reported that Ge doping does
not alter the strain state even in highly Ge-doped GaN layers
in comparison with Si doping.[36,41,43,106]

However, Xie et al. reported that the strain in Si-doped
GaN films is not determined by the Si concentration, but the
free carrier concentration.[35] According to this model, the
edge type dislocations could climb through Ga vacancies. The
formation energy of the negatively charged Ga vacancy de-
creases with Fermi level, which is further determined by the
carrier concentration. From this point of view, Ge doping and
Si doping have the similar effects on the stress state in GaN.
However, up to now, the influence of Ge doping on the stress
state, as well as the interaction between dislocations and point
defects, still needs further study.

5.3. V-shaped pits in Ge-doped GaN

Nakamura et al. reported that there were many pits
on the surface of heavily Ge-doped GaN films grown by
MOCVD.[38] But the situation is controversial in HVPE. Hof-
mann et al. found that few pits appeared on the surface of
Ge-doped GaN with a carrier concentration of approximately
2.6×1017 cm−3,[25] while Fritze et al. reported that some pits
emerged on the surface of Ge-dopd GaN. The pits could be
prevented by improving the quality of GaN buffer because
they were related to the screw-type dislocations.[36] Oshima
et al. realized the growth of Ge-doped GaN without any pits.

Iwinska et al. found that H2 has a great influence on
the generation of pits.[45] The influence of H2 on the equi-
librium partial pressure of Ge is analyzed by thermodynamic
calculations.[45] The corresponding chemical reactions are
shown below:

H2 +Cl2 = 2HCl, (14)

GeCl4 +H2 = GeCl2 +2HCl, (15)

GeCl2 +H2 = Ge+2HCl, (16)

Ge+H2 = GeH4, (17)

GaCl+NH3 = GaN+H2 +HCl, (18)

GaCl+2HCl = GaCl3 +H2. (19)

According to the calculation results, the equilibrium pres-
sure of Ge is higher than the saturated vapor pressure of Ge in
the H2 ambient at the growth temperature, hence the Ge atoms
tend to aggregate to form droplets. The droplets are foreign
particles, which could lead to the formation of pits.[107] With
the increase of N2 partial pressure, the equilibrium pressure
of Ge decreases rapidly to lower than its saturated vapor pres-
sure. Therefore, growth in the pure N2 ambience is an efficient
method to prevent the formation of pits.

6. Progress of Fe-doped GaN
Semi-insulating GaN substrates are widely used in high

power and high frequency devices,[52,108] due to the excellent
properties of high resistivity and high breakdown voltage.[15]

However, undoped GaN generally shows N-type conductiv-
ity due to the residual donor impurities such as O and Si.[109]

In order to fabricate semi-insulating GaN, Fe impurities are
commonly adopted to compensate the residual impurities,[15]

because Fe impurities are deep level acceptors in GaN.
FeCl2 (produced by the reaction between metallic Fe with

gaseous HCl)[28,109] or ferrocene (Cp2Fe)[29,110] was reported
to be employed as the dopant sources. The Fe concentration
increases linearly with the partial pressure of HCl gas passing
through the Fe metal in the former case,[109] while it increases
super-linearly with the flux of ferrocene in the latter case.[29]

The enhanced incorporation efficiency at the surface steps was
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used to explain the super-linearity. In addition, Fe concentra-
tion in GaN decreases with growth rate,[29] which reflects the
mass transport limitation of Fe impurities in GaN.

GaN with Fe concentration as high as 2×1020 cm−3 was
reported by Malguth et al.[111] Richter et al. succeeded in the
fabrication of 3 inch Fe-doped GaN with a thickness of 1 mm.
No significant impact on the crystalline quality was observed
for Fe levels up to 2×1018 cm−3.[29]

Fe concentration shows a slow turn-on and turn-off at the
point of the start and end of the doping process. Heikman
et al. found that, contrary to the memory effect in Mg doped
GaN,[112] this problem originates from the Fe segregation on
the sample surface.[113] Oshimura et al. reported that, even
when the Fe precursor is cut off, Fe impurities could also be
incorporated into the undoped GaN via solid phase diffusion,
surface segregation, or vapor diffusion.[52] Therefore, it is dif-
ficult to realize a well-defined profile with a sharp turn-on and
turn-off in Fe-doped GaN. An improved turn-off profile could
be achieved by etching the Fe-doped GaN substrate in acids
prior to the subsequent growth.[113]

6.1. Electrical properties of Fe-doped GaN

The resistivity of Fe-doped GaN is controlled by the
compensation of the unintentionally doped shallow donors by
Fe impurities, so it increases with Fe concentration and de-
creases with the donor concentration. Hence, by reducing the
background Si and O concentration, the Fe concentration that
needs to realize the semi-insulating electrical characteristic de-
creases substantially.

Heikman et al. reported that both carrier concentration
and mobility decreases with Fe concentration.[113] For the
lightly doped samples, the carrier concentration decreases with
Fe concentration at a constant negative slope of 0.34, which
means that each Fe atom could trap 0.34 free electrons on av-
erage. The Hall mobility shows a T−2.2 dependency with tem-
perature as a result of the optical phonon scattering.[29]

Vaudo et al. reported that the resistivity of Fe-doped GaN
sharply decreased with temperature.[28] This indicates that the
electrons captured by Fe impurities could escape at high tem-
perature. According to the relationship between carrier con-
centration and temperature (n versus 1/T ), the activation en-
ergy could be obtained. It was found that the activation en-
ergy of Fe-doped GaN is much higher than that of the un-
doped GaN,[29] which also confirms that an increasing number
of free electrons generate at elevated temperatures. The acti-
vation energy could also be derived from the relationship be-
tween resistivity and temperature (ρ versus 1/T ), which was
similar to that obtained from the relationship between carrier
concentration and temperature (n versus 1/T ).[29]

6.2. Structural and electronic properties of Fe in GaN

The Fe atoms commonly occupy the Ga sites in the GaN
lattice. Fe atoms incorporated into GaN have a co-existence
charge state of Fe2+ and Fe3+, and introduce a charge trans-
fer level (Fe3+/2+

Ga ) in the band gap.[114] The charge transfer
level is controversial, which was reported to be 2.6 eV,[115]

3.17 eV,[116] or 2.863 eV[114] above the valence band max-
imum. Because the charge state of Fe3+/2+

Ga is transferred
from Fe3+

Ga to Fe2+
Ga by capturing an electron, the Fe atom

acts as a compensating deep acceptor in GaN, resulting in
the semi-insulating electrical characteristic of Fe-doped GaN.
The Fermi level moves from near the conduction band to the
Fe3+/2+ charge-transfer level with the increase of Fe dop-
ing level. However, when the Fe concentration is above
1× 1019 cm−3, further increasing the Fe concentration does
not induce the change of Fermi level, because it is pinned at
the Fe3+/2+

Ga charge-transfer level.[114]

The d5 configuration of Fe3+ on the Ga site is split into
the ground state 6A1(S) and the excited states of 4T1(G),
4T2(G), and 4E(G) as a result of the impact of the ligand field,
while the d6 configuration of Fe2+ is split into the states of 5E
and 5T2,[116] as shown in Fig. 7. Because the[5] T2 state was
considered to be degenerated with the conduction band,[117] it
is not shown here.

Fig. 7. Schematic diagram of the energy level of Fe3+ and Fe2+ in Fe-doped
GaN.

6.3. Optical properties of Fe-doped GaN

Figure 8(a) shows the typical photoluminescence spec-
tra of Fe-doped GaN with Fe concentration of approximately
1× 1018 cm−3.[118] Four sharp lines appear in the near-IR
range of 1.2 eV–1.3 eV, which originate from the transitions
from the crystal-field split 4T1(G) state to the 6A1(S) ground
state of the Fe3+ center. The enlarged luminescence spec-
trum in the near-IR region is shown in Fig. 8(b). The lines
in the range of 1.20 eV–1.28 eV are the vibrational replicas
of the line at 1.299 eV.[110] These lines broaden with the in-
crease of temperature, and merge into a broad PL band at room
temperature.[110]

The enlarged NBE luminescence spectrum is shown in
Fig. 8(c). The free exciton A (FXA), free exciton B (FXB),
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donor bound exciton (DBE), and acceptor bound exciton
(ABE) emissions could be observed at 3.486 eV, 3.492 eV,
3.480 eV, and 3.474 eV respectively.[118] The intensity of
the NBE emission decreases with Fe concentration, and are
quenched when the Fe concentration is high enough. Accord-
ing to the relationship between NBE intensity and Fe concen-
tration, we could roughly evaluate the Fe concentration.

The defect-related broad YL band is very weak in Fe-
doped GaN, because the incorporation of Fe into GaN could
quench YL.[110] It was reported that the Fermi level shifts
from near the conduction band to near the midgap with the
increase of Fe doping level.[114] Because the formation ener-
gies of point defects and the related complexes are influenced
by Fermi level,[69] the Fe doping level has a great influence on
the sub-bandgap emission.
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Fig. 8. (a) Typical PL spectrum of Fe-doped GaN. The enlarged spectrum is
shown in panel (b) the near-IR region and (c) the NBE region.

6.4. V-shaped pits in Fe-doped GaN

V-shaped pits commonly appear in large numbers on the
surface of Fe-doped GaN. The origin of V-shaped pits may
be related to the strain caused by transition metal doping.[111]

Fe-doped semi-insulating GaN wafers are generally used as
the current blocking layers in devices, while V-shaped pits are
commonly recognized as the current leakage channels in GaN,
hence V-shaped pits are harmful to the performance of devices.

Even though the V-shaped pits could be removed by a
chemical mechanical polishing process (CMP), the current
leakage channels still exist in the crystal bulk, as shown in
Fig. 9.[119] Though the surface is flat after the CMP process
(Fig. 9(b)), there is a pit halo with high carrier concentration
in the optical microscope image (Fig. 9(a)) and the cathodolu-
minescence image (Fig. 9(c)).

Figure 9(d) shows the Raman spectra across a pit halo.
The LOPC mode origins from the coupling of free carriers
with the A1(LO) vibrational mode, and could be used for the
calculation of carrier concentration.[14] It is found that the lon-
gitudinal optical phonon-plasmon coupled (LOPC) mode ap-
pears in most of the Raman spectra, and varies at different po-
sitions of the pit halo, as shown by the arrows in Fig. 9(d). Fig-
ure 9(e) shows the distribution of carrier concentration across
a pit halo. The carrier concentration outside and near the cen-
ter of a pit halo is too low to be detected, they are not shown. It
is found that the carrier concentration in the pit is much higher
than that out of the pit. In the pit, the carrier concentration
is not uniform, and continuously increases from center to the
edge.

The nonuniform distribution of carrier concentration
leads to a nonuniform distribution of resistivity. In Fig. 9(f),
scanning spreading resistance microscopy (SSRM) measure-
ment shows that the resistance in the edge of a pit is approx-
imately 5 orders of magnitude lower than the normal area.
Hence the pit is the main current path because of its high con-
ductance, resulting in the problem of current leakage.
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Fig. 9. (a) OM, (b) SEM, and (c) CL image of a pit halo, respectively. (d) Raman spectra at typical positions of a pit halo. The points labeled as P0–P6
are shown in Fig. 1(c). (e) The carrier distribution in a pit halo. The ordinate origin refers to the left edge of a pit halo. (f) The resistance distribution
near the edge of a pit halo. The ordinate origin refers to the left edge of a pit halo.
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The optical properties in the pit is also influenced by the
high carrier concentration. The NBE intensity in the pit is ap-
proximately four orders of magnitude higher than that in the
normal area.[111] When the carrier concentration is above the
critical Mott density, the position and shape of the NBE peak
will change as a result of the Burstein–Moss effect[120] and
band-gap renormalization.[121]

The variation of carrier concentration in the pit halo in-
dicates a nonuniform distribution of impurities. Secondary
ion mass spectroscopy (SIMS) line mapping across a pit halo
shows that the high carrier concentration mainly originates
from the high incorporation of O and Si impurities. The
growth face is Ga-polar (0001) plane in the normal area, while
it is semi-polar (10–11) plane in the V-shaped pits. The semi-
polar growth facets significantly enhance the incorporation ef-
ficiency of Si and O impurities,[122,123] resulting in the higher
Si and O concentrations. Furthermore, the incorporation ef-
ficiency of the compensative Fe impurities is lower in the V-
shaped pits than the normal area. Hence the net carrier con-
centration further increases in the V-shaped pits.[119]

7. Progress of highly pure GaN
The background donors are harmful to the performance

of bulk GaN substrates. In order to fabricate semi-insulating
GaN substrates, lots of Fe impurities should be incorporated
into GaN to compensate the background donors. Therefore,
various problems concern with Fe impurities may occur. It
was reported that the GaN/AlGaN HEMTs suffer from serious
current collapse caused by the FeGa–VN complex.[50] In addi-
tion, the recovery time of the low noise amplifiers is longer for
the transistors with Fe-doped buffer than those with uninten-
tionally doped buffer, as a result of the trapping effect of Fe
impurities.[51] Furthermore, the Fe impurities in the substrate
could easily diffuse into the channel region of the device and
have a great influence on the device performance.[52]

The unintentionally incorporated impurities are harmful
to the performance of GaN-based devices. The drift layer of
vertical power electronic device should be highly pure to im-
prove the breakdown voltage and reduce the leakage current.
However, the highly pure epitaxial layer is difficult to grow
by MOCVD because there are many carbon impurities from
the metal–organic sources.[55,124] In HVPE growth of GaN,
carbon-free precursors (Ga metal and NH3) are used, and thus
the carbon concentration in the HVPE-grown GaN is much
lower than the MOCVD-grown GaN.[125]

Moreover, the thickness of drift layer in GaN-based
power device is generally above 10 µm, therefore HVPE is
superior to MOCVD because of its high growth rate. The ab-
sence of carbon impurities and high growth rate make HVPE
an excellent choice for the growth of thick drift layers in the

application of power electronic devices. However, the uninten-
tionally doped GaN grown by HVPE commonly exhibits N-
type electrical characteristic with carrier concentration rang-
ing from 1016 cm−3 to 1017 cm−3.[17] The high background
donor concentration could greatly reduce the width of the de-
pletion region, resulting in a large decrease of the breakdown
voltage.[55,126,127] Therefore, the reduction of Si and O con-
centration is a big challenge in the growth of highly pure GaN
by HVPE.

The highly pure GaN crystal with a resistivity above
1× 109 Ω·cm could be achieved by reducing the concentra-
tion of background donors.[17] All the measured impurities are
below the corresponding detection limit, hence the concentra-
tion of Si or Mg impurities that needed to realize N-type or
P-type electrical characteristic decreases substantially. These
progresses suggest that HVPE is superior to MOCVD in the
growth of power electronic device structures.

7.1. Origin of the background impurities

Fujikura et al. reported that the concentration of Si and
O could be controlled below the detection limit of SIMS by a
quartz-free HVPE equipment.[17] This suggests that the Si and
O impurities in the HVPE-grown GaN mainly come from the
quartz parts of the HVPE reactor. At the growth temperature
(approximately 1040 ◦C), HCl and NH3 gas could react with
quartz and release the Si and O impurities to the vapor phase.

7.2. Influence of polarity on the incorporation efficiency of
impurities

It was reported that the impurities are more readily incor-
porated into the N-polar GaN films.[123,128] This suggests that
the polarity of growth facet has a great influence on the in-
corporation efficiency of impurities in GaN. The influence of
polarity on the incorporation efficiency of Si is weak.[123] Xu
et al. reported that under the same growth conditions, the Si
concentration in the polar, nonpolar, and semi-polar face sam-
ples are nearly identical.[122] However, the incorporation effi-
ciency of oxygen on the (000–1) facet is much higher than that
on the (0001) facet. Therefore, in order to reduce the oxygen
concentration in GaN, it is preferable to grow on the (0001)
facet. The mechanism for the high incorporation efficiency of
O impurities on the (000–1) facet is shown below:

Firstly, the adsorption energy of oxygen impurities on
the (0001) facet decreases with oxygen coverage, reflecting
a strong repulsive interaction between the oxygen atoms on
the (0001) facet.[129] As a result, the oxygen impurities could
hardly be incorporated into the (0001) facet. However, for the
(000–1) facet, the situation is qualitatively different. Sumiya
et al. reported that oxygen incorporation on the N face was
100 times higher than that on the Ga face.[128]
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Secondly, the density of dangling bands on the (000–1)
facet is much higher than that on the (0001) facet.[130] Ficht-
enbaum et al. found that the oxygen atom occupying the N
site could form only a single bond to the surface atoms on the
(0001) facet, while it could form 3 bonds to the surface atoms
on the (000–1) facet.[131] Hence the N face provides more sites
for impurity incorporation.

8. Summary of the results on GaN doping

The growth and doping of bulk GaN by HVPE achieve
great development as a result of the hard work from scien-
tists and engineers, but there are still some remaining problems
needed to be solved. The following table shows the progresses
and challenges in growth and doping of bulk GaN by HVPE.

Table 1. The progresses and challenges in growth and doping of bulk GaN by HVPE.

Doping type Dopant source
(or the growth method)

Impurity concentration Electrical properties Main challenge(s)

Si doping 1) SiH2Cl2
2) Si + HCl

1019 cm−3 Carrier concentration:
1019 cm−3

1) Tensile stress
2) Anti-surfactant effect

Ge doping 1) GeCl4
2) Ge + HCl

1019 cm−3 Carrier concentration:
1019 cm−3

1) Tensile stress
2) V-shaped pits

Fe doping 1) Cp2Fe
2) Fe + HCl

1020 cm−3 Resistivity:
1011 Ω·cm

V-shaped pits

Highly pure Remove quartz parts from
high temperature region

[Si] < 5×1014 cm−3, all the impu-
rities are below their relevant detec-
tion limits.

Resistivity:
> 1×109 Ω·cm

Quartz-free HVPE reactor

9. Conclusion

The commercial native GaN substrate is mainly produced
by HVPE at present, which proves that the growth and doping
of bulk GaN have made great progresses. Dislocation density
in bulk GaN grown by HVPE decreases with thickness, lead-
ing to an increase in the electron mobility and an improvement
of the optical properties. By using the precursor with good
thermostability, Si doping is successfully realized in the hot-
wall HVPE reactor with a concentration as high as 1019 cm−3.
The electrical properties of Ge-doped GaN is similar to that
of Si-doped GaN, hence Ge doping is a promising choice for
the growth of N-type GaN. Semi-insulating GaN with a resis-
tivity above 109 Ω·cm could be realized by compensating the
background donor impurities by Fe doping. The structural and
electronic properties of Fe in GaN are carefully studied, which
could explain the compensation mechanism. The highly pure
GaN could also be obtained using a quartz-free HVPE reactor.

However, there are still some problems concern with dop-
ing of GaN. In the case of Si doping, the donor concentration
is limited by the tensile stress and morphology deterioration at
elevated Si concentration. Ge doping is an appropriate method
to further increase the upper limit of carrier concentration, but
the V-shaped pits in the heavily Ge-doped GaN are current
leakage channels. In order to increase the resistivity of Fe-
doped GaN, more and more Fe impurities are incorporated.
However, the excess Fe impurities could lead to various prob-
lems which is harmful to the performance of devices. Elimi-
nation of the defects in heavily doped GaN is a big challenge
to realize industrial applications. HPSI GaN points out a new
way to solve the problems above.
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