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ABSTRACT

The precise control of Mg concentration ([Mg]) in p-type GaN layers from 2.3 x 10'® to 2.0 x 10"° cm™ was demonstrated by halide vapor
phase epitaxy (HVPE) on n-type GaN (0001) freestanding substrates. [Mg] in GaN layers could be controlled well by varying the input
partial pressure of MgCl, formed by a chemical reaction between MgO solid and HCI gas under the thermodynamic equilibrium condition.
In the sample with [Mg] of 2.0x 10" cm™>, a step-bunched surface was observed because the surface migration of Ga adatoms was
enhanced by the surfactant effect of Mg atoms. The samples show high structural qualities determined from x-ray rocking curve
measurements. The acceptor concentration was in good agreement with [Mg], indicating that almost all Mg atoms act as acceptors. The
compensating donor concentrations in the samples were higher than the concentrations of Si, O, and C impurities. We also obtained the
Mg acceptor level at a sufficiently low net acceptor concentration of 245 + 2 meV. These results show that the HVPE method is promising
for fabricating GaN vertical power devices, such as n-channel metal-oxide-semiconductor field-effect transistors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0122292

I. INTRODUCTION

The development of p-type conduction in GaN"” led to the
great improvement of GaN-based optical’™ and electrical
devices.”™ To obtain p-type conduction in GaN, Mg is generally
used as an acceptor. However, it is difficult to achieve a high hole
concentration because the ionization energy of Mg acceptors is
high.”™"" In the case of optical devices, such as light-emitting diodes
and laser diodes, heavy Mg doping without carrier compensation is
required for high-density carrier injection and low contact resis-
tance. On the other hand, the precise wide-range control of Mg
doping is required in the fabrication of GaN vertical power devices,
which have attracted considerable attention for next-generation
power devices owing to the superior material properties of GaN,
such as high-breakdown electric field, high electron mobility, and
high saturation velocity."”™'" For example, vertical n-channel

metal-oxide-semiconductor field-effect transistors (MOSFETS)
require lightly Mg-doped p-type body layers with a Mg concentra-
tion ([Mg]) below 10" cm™ to control the threshold voltage.15
Moreover, a uniform distribution of Mg atoms in the depth direc-
tion is required to prevent punch-through under a high drain bias.
Several research groups reported the growth of lightly Mg-doped
GaN layers.'”™'® Narita and co-workers reported that the [Mg] of
10°-10*° cm™ in GaN layers could be precisely controlled and a
uniform distribution of Mg atoms in the depth direction could be
achieved by using a low Mg doping line equipped with a dilution
line and an in situ Fourier-transform infrared monitor.'”>'*

GaN vertical power devices and the above-mentioned lightly
Mg-doped GaN layers have been grown by metalorganic vapor
phase epitaxy (MOVPE)."”™*” Although the doping control method
for MOVPE-GaN layers has been investigated, the MOVPE
method has an essential problem for growing vertical power
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devices. In the MOVPE growth, the incorporation of residual
carbon impurity in GaN layers originating from metalorganics is
unavoidable. C atoms on nitrogen sites can act as compensating
sources in both n- and p-type GaN layers.”** To reduce the resid-
ual carbon concentrations ([C]) in GaN layers, the growth at high
temperature, high growth pressure, and/or high V/III ratio is
effective.”***~" Since the V/III ratio is increased by reducing the
partial pressure of III sources, the growth rate is reduced, i.e., there
is a trade-off between the V/III ratio and the growth rate.
Therefore, it is very difficult to grow thick GaN layers with low [C]
in a short time by MOVPE.

In recent years, halide vapor phase epitaxy (HVPE) attracts as
a method of growing vertical power devices because thick GaN
drift layers with low doping concentration can be grown in a short
time. Fujikura and co-workers have reported that high-purity thick
GaN drift layers with high electron mobility could be grown by an
HVPE system equipped with a quartz-free reactor."””>** We have
fabricated an HVPE-grown GaN vertical p-n junction diode with
an ideal avalanche breakdown by establishing the p-type doping
method and the guidelines for growing smooth n-type GaN (0001)
surfaces.””™ In this way, the HVPE method for GaN vertical
power devices has been progressively developed. However,
the control range of [Mg] by HVPE was on the order of
10"°-10%° cm™."* Thus, the HVPE method could only be applied
to devices that require p* layers such as p*-n junction diodes. In
general, the reduction in the concentration of donor defects is
required to obtain p-type conductivity for lightly Mg-doped GaN
layers. The introduction of donor defects into p-type body layers
also leads to the variation in the threshold voltage of n-channel
MOSFETs. Although the tendency of the donor concentrations
as a function of [Mg] has been investigated over a wide range
for MOVPE-grown p-type GaN layers,'"'® donor defects in
HVPE-grown p-type GaN layers with low [Mg] are not well under-
stood. In order to further develop the HVPE method for vertical
power devices, such as n-channel MOSFETs, it is necessary to pre-
cisely control [Mg] in GaN layers over a wide range and to achieve
a uniform distribution of Mg atoms in the depth direction by
HVPE. Moreover, it is important to understand the mechanism of
generation of donor defects in HVPE-grown p-type GaN layers
with low [Mg]. In this study, we demonstrate the control of [Mg]
in a wide range of 10'°~10' cm™ in the HVPE-grown p-type GaN
layers and characterize them by atomic force microscopy (AFM),
x-ray diffraction, and Hall-effect measurements. For Mg doping in
the HVPE method, it has been reported that MgCl, is a key precur-
sor for the thermodynamic analysis."* We can control [Mg] in
GaN layers over a wide range by varying only the input MgCl,
partial pressure.

Il. EXPERIMENTAL PROCEDURE

N-type GaN (0001) freestanding substrates with a threading
dislocation density on the order of 10° cm™ grown by HVPE were
used. The off-cut angles and carrier concentrations of these sub-
strates were 0.55° toward the m-axis and on the order of 10'® cm™,
respectively. These substrates were introduced to a horizontal
HVPE reactor. This HVPE system has two source reaction zones

and one growth zone. A Ga melt and a MgO solid can be heated
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into the two separated source reaction zones. Our HVPE system
has been described in detail in Ref. 41. GaCl, which was formed by
the reaction between the Ga melt and HCIl gas, and NH; gas were
used as Ga and N precursors, respectively. The Ga melt was set to
the source reaction zone heated at 850-900 °C. In this temperature
range, GaCl was fully formed by the reaction between the Ga melt
and HCI gas. Approximately 200-nm-thick Si-doped n-type GaN
layers were grown on GaN freestanding substrates, followed by the
growth of 12-um-thick Mg-doped GaN layers. SiCl, was used as
the dopant gas for the growth of n-type GaN layers. For Mg
doping, the MgCl, gas formed by the reaction between the MgO
solid and HCI gas was used. The chemical reaction between the
MgO solid and HCIl gas has been clarified by the thermodynamic
analysis."* According to Ref. 44, the MgCl, partial pressure
increases by MgO temperature and the input HCI flow rate. Also,
the formation rate of MgCl, increases with increasing MgO tem-
perature. To precisely control [Mg] in GaN layers over a wide
range, the MgO solid temperature and the input HCI flow rate were
changed for low and high Mg-doping regimes.

For the low Mg-doping regime, ie., [Mg] <10' cm™, [Mg]
was controlled by changing the MgO solid temperature from 600
to 800 °C at a constant input HCI flow rate of 0.2 SCCM. In this
regime, the low MgCl, partial pressure is required. However, the
control of low HCI flow rate is difficult. Hence, the low MgCl,
partial pressure was kept by changing the formation rate of MgCl,,
i.e., changing the MgO temperature.

In  contrast, for high Mg-doping regime, ie,
[Mg] > 10" cm™>, [Mg] was controlled by changing the input HCI
flow rate from 0.4 to 4 SCCM at a constant MgO temperature of
900 °C. In this regime, the high MgCl, partial pressure is essential.
To obtain high MgCl, partial pressure, the formation rate of MgCl,
was increased by high MgO temperature.

Mg-doped GaN layers were grown in a temperature range of
1060-1065°C and at a pressure of 1atm. The input HCI partial
pressure in the Ga melt and the NHj; partial pressure were set to
1.3x 1072 and 1.3 x 107" atm, respectively. A mixture of H, and N,
gases was used as the carrier gas and the input H,/(H, + N,) ratio
was 0.23. The growth rate of Mg-doped GaN layers was set to
30 um/h. The impurity concentrations of Mg-doped GaN layers
were characterized by secondary ion mass spectrometry (SIMS).
The surface morphology was observed using AFM (SII 5500 M). To
investigate the structural properties of samples, x-ray rocking curve
measurements were carried out with an x-ray diffractometer
(Rigaku Smartlab). The Cu-Ka;x ray with a four-bounced Ge
(440) monochromator (beam size: 0.5 x 10 mm?) was used as an
incident beam. To characterize the electrical properties of p-type
GaN layers, van der Pauw Hall-effect measurement was performed
using a ToyoResitest8300 system under an AC magnetic field with
an amplitude of 0.5T. For Hall-effect measurements,
7 x 7-mm?-squares Hall devices were prepared. These devices were
annealed at 700 °C for 5 min in nitrogen ambient to remove hydro-
gen atoms. Then, Ni/Au ohmic electrodes were deposited at four
corners of these devices. For Hall devices with [Mg] < 10" cm™3,
diffused Mg-containing contact layers annealed in nitrogen
ambient were formed under ohmic electrodes to obtain ohmic con-
tacts.”** Details on how to form contact layers and their properties
have been described in Refs. 45 and 46.
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I1l. RESULTS AND DISCUSSION

The SIMS depth profile of [Mg] in Mg-doped GaN layers
grown at various input partial pressure ratios of MgCl, and GaCl
Ry [:PIO\/IgCIZ / (Pg/[gch + P%aCl), where P? is the input partial pres-
sure of chemical species i] is shown in Fig. 1(a). Pg/{gcb was esti-
mated from results in Ref. 44. Mg atoms were uniformly doped in
depth directions. Figure 1(b) shows the average [Mg] as a function
of Ryg. A linear relationship between [Mg] and Ry, in the double
logarithmic plot was found, indicating that the chemical reaction
between MgO solid and HCI gas proceeds under the thermody-
namic equilibrium condition. Thus, Mg doping over a wide [Mg]
range can be controlled well by varying only the input partial pres-
sure of MgCl, formed by the chemical reaction between MgO solid
and HCI gas.

In order to observe surface morphologies of the Mg-doped
GaN layers, the AFM analysis was performed. Figure 2 shows
5x 5-um*-squares AFM images of as-grown Mg-doped GaN
surfaces. In the Mg-doped GaN surfaces with [Mg] of
2.3x10'°-1.8x 10" cm™, the step and terrace structures were
clearly observed. The root-mean-square (RMS) roughnesses of
these samples were 0.18-0.20 nm, indicating that the smooth sur-
faces were formed. On the other hand, bunched steps were
observed in the sample with [Mg] of 2.0 x 10" cm™2. The RMS
roughness was 1.0 nm, which was five times larger than those of
the samples with [Mg] of 2.3 x10'°-1.8x10'®cm™. Mg atoms
function as a surfactant for the growth of GaN, and Mg doping can
promote the surface migration of Ga adatoms.”” Heavy Mg doping
is considered to promote surface migration and a surface with
bunched steps is formed during the HVPE growth of GaN (0001)
layers.

Structural properties of Mg-doped GaN layers were investi-
gated by XRC measurement. Figures 3(a) and 3(b) show GaN 0004
and 1012 XRC reflection peaks of Mg-doped GaN layers with [Mg]
of 2.3x10"-2.0x10" cm™, respectively. As a reference, XRC
reflection peaks of a 15-um-thick n-type GaN layer with Si concen-
tration ([Si]) of 3 x 10'® cm™ were also shown. The full width at
half maximum (FWHM) values of both the GaN 0004 and 1012
XRC reflection peaks of the samples were between 23 and 32 arcs.
These values were very close to those of the reference sample, indi-
cating that HVPE-grown Mg-doped GaN layers with [Mg] in the
range of 2.3 x 10'°-2.0 x 10" cm ™ have high structural quality.

In order to characterize the electrical properties of Mg-doped
GaN layers with [Mg] of 2.3 x 10"°-2.0 x 10" cm™, the Hall-effect
measurements were performed. For measuring the hole concentra-
tion p and hole mobility, the Hall scattering factor of unity was
assumed. To measure the carrier concentration of a sample by
Hall-effect measurement, it is important to determine the effective
thickness of the conductive layer, which is different from the physi-
cal thickness of a Mg-doped GaN layer. We estimated the surface
and interface depletion widths of the Mg-doped GaN layers. In the
estimation of the surface depletion width, the surface pinning level
with an energy level of 1.7 eV above the valence band maximum
was assumed.”” In the Mg-doped sample with [Mg] of
2.3% 10" cm™>, the surface and interface depletion widths toward
the Mg-doped GaN layer were estimated to be 0.57 and 0.38 um,
respectively. Thus, we measured p in the sample with [Mg] of
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FIG. 1. (a) SIMS depth profile of [Mg] for Mg-doped GaN layers with various
Rug values and (b) average [Mg] in Mg-doped GaN layers as a function of
Rug[=F%, CIZ/(P,%|gC|2 + P2.c)l. The input MgCl, partial pressure was estimated
from resu?ts in Ref. 44.

2.3x 10" cm™ by assuming the effective thickness of 11 um. For
[Mg] in the samples higher than 2.5x 10" cm™, on the other
hand, the sum of the surface and interface depletion widths toward
the Mg-doped GaN layer was smaller than 0.2 um. Hence, we can
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FIG. 2. 5x 5-um?squares AFM images of Mg-doped GaN surfaces with [Mg] of 2.3 x 10"®-2.0 x 10" cm =3,

neglect the effect of surface and interface depletion widths on the
samples with [Mg] > 2.5 x 107 em™, ie., the effective thicknesses
of the samples were equal to this physical thickness of 12 um. All
samples show p-type conduction at room temperature. The
Arrhenius plots of p of the samples are shown in Fig. 4. The hole
concentration increased with [Mg]. To analyze p, a fitting analysis
was performed by considering the semiconductor statistics and the
charge neutrality with the fitting parameters of the acceptor con-
centration N,, compensating donor concentration Ny, and the ioni-
zation energy AE, The theoretical analysis formula can be
expressed as

N,
&P AE,\ ’
1 o
3o (i)

where kg and T are the Boltzmann coefficient and temperature in
Kelvin, respectively. The degeneracy factor g of the valence band
was 4. N, is the effective density of states in the valence band and is
expressed as

p+Na= oy

T 3/2
N, =N, . 2
, 300 K (300> ( )

Here, Ny 300 x> Which is the effective density of states in the valence
band at 300 K, was assumed as 7.3 x 10" cm™ reported in Ref. 16.
The fitting curves for all samples were in good agreement with the
experimental hole concentrations in the samples with
[Mg] <1.8x 10" cm™. In contrast, the experimental hole concen-
tration differed from the theoretical fitting curve at a temperature
lower than 170K in the sample with [Mg] of 2.0 x 10 cm™. In
this region, the hopping or impurity band conduction was
predominant.'®*’

Figure 5 shows the obtained ionization energy as a function of
the net acceptor concentration N, — Ny. AE, decreases with increas-
ing net acceptor concentration owing to the Coulomb potential of

. . 50,51
ionized acceptors as

AEa = Lao _f(Na - Nvd)ll3 > (3)

where E,, is the Mg acceptor level at a sufficiently low net acceptor
concentration and f is a constant. The fitted line was in good agree-
ment with the obtained AE, value. The value of f was experimen-
tally obtained to be (2.6 £ 0.1) x 107> meV cm. This value was close
to the theoretical value of 3.3 x 107> meV cm obtained on the basis
of the relative dielectric constant of 9.5.>°* The extrapolated value
from the fitted line was 245 +2 meV, corresponding to E,,. The
obtained E,, value was within the reported experimental value of
245+25meV'" and close to the theoretical value of 260 meV.'’
This indicates that the p-type conduction of the samples with [Mg]
of 2.3 10"°-2.0 x 10'° cm™ fitted in the range of the framework
of Eq. (1) is due to the ionization of Mg acceptors.

The obtained N, and Ny values as functions of [Mg] in the
Mg-doped GaN layers are shown in Fig. 6. The solid line shows
that N, is equal to [Mg]. We found that the N, value was close to
[Mg], indicating that almost all Mg atoms incorporated into GaN
layers act as acceptors. The obtained Ny value increased with [Mg].
This tendency is consistent with the results of MOVPE-grown
Mg-doped GaN layers.l7 Table I shows [Mg], [C], [Si], and O con-
centrations ([O]) measured by SIMS and the obtained N, and Ny
values for Mg-doped GaN layers. Si, O, and C impurities were
most likely the donor sources for GaN. Although the incorporation
of O impurity was a concern because of the use of MgO solid as a
Mg source, [O] in Mg-doped GaN layers was lower than
12x 10" cm™ at most (for [Mg] of 2.0 x 10" cm™). This indi-
cates that the unintentional [O] originating from MgO was about
three orders of magnitude lower than [Mg]. [Si] in Mg-doped GaN
layers, which was (5-7) x 10" cm ™3, was independent of [Mg]
because of the incorporation of Si impurity from the quartz HVPE
reactor. Additionally, [C] in the samples was lower than the detec-
tion limit (3 x 10" cm™) because of the use of the carbon-free III
source. In the samples with [Mg] values of 2.3 x 10" and
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tively. Moreover, the sum of [Si], [O], and [C] was much lower Experimental data are plotted as circles. The solid line shows the fitted result
than the Ny value in the samples with [Mg]>1.8x10"®cm™. obtained by Eq. (3). The extrapolated ionization energy is 245 + 2 meV, indicat-

ing that the depth of the Mg acceptor level at a sufficiently low net acceptor

Hence, in addition to Si, O, and C impurities, other donors, such )
concentration.

as nitrogen vacancies” and/or hydrogen atoms,'’ might be the
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increasing the formation energy of point defects by varying the
growth condition, as expressed by supersaturation.”” Accordingly, it
will be effective to utilize the quartz-free HVPE reactor and chemi-
cal potential control for further reduction in Ny in p-type GaN
layers grown by HVPE.

Then, we focused on the hole mobilities in Mg-doped GaN
layers with [Mg] of 2.3 x 10"-2.0 x 10" cm™. Figure 7(a) shows
the temperature dependence of hole mobilities in the samples. In
the sample with [Mg] of 2.0x10"cm™, the hole mobility
increased from 100 to 170K and subsequently decreased with
increasing temperature. The hopping or impurity band conduction
was predominant in the region lower than 170 K, resulting in low
hole mobility. On the other hand, hole mobility decreased with
increasing temperature in the samples with [Mg] <1.8 x 10" cm™3.
Additionally, the tendency of temperature dependence of hole
mobility was similarly observed in these samples. This implies that
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FIG. 7. (a) Temperature dependence of hole mobilities in Mg-doped GaN layers
with [Mg] of 2.3x10%°-2.0x 10" cm™, (b) Experimental and calculated hole
mobilities in the sample with [Mg] of 2.5 x 10" cm™2. For calculation, the effec-
tive hole mass of 2.04my, corresponding to Nyago k = 7.3 x 10'° cm ™=, reported
in Ref. 16 was used.

TABLE I. Summary of impurity concentrations, N,, and Ny of the Mg-doped GaN layers. [Mg], [Si], [O], and [C] were measured by SIMS. N, and Ny values were obtained by

Hall-effect measurements.

SIMS Hall-effect

[Mg] (cm™) (Si] (cm™) [O] (cm™) [C] (cm™) N, (cm™) Ny (cm™) Ny/N, (%)
23x10% 7% 10" <6x 10" <3 %10 2.7%x 10" 1.6 x 10'° 59
2.5% 10" 5% 10" <6x 10" <3x10% 2.7%x 10" 22x10' 8
1.8x 10" 6x10" <6x 10" <3x10% 1.3x10'® 5.7 x 10'®

2.0x 10" 6x 10" 1.2x10'° <3x10" 3.0x 10" 33x10" 11
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the scattering mechanism was common in the samples with
[Mg] <1.8x 10" cm™. We quantitatively analyzed hole mobility
by considering conduction within the valence band using
Matthiessen’s rule for the individual scattering mechanism reported
by Kyle et al.”* The following scattering mechanisms were consid-
ered: ionized impurity scattering, neutral impurity scattering, defor-
mation potential scattering, piezoelectric scattering, and polar
optical phonon scattering. Single-charged donors and acceptors
were assumed to calculate ionized impurity scattering. The effect of
dislocation scattering on the threading dislocation density is very
small on the order of 10° cm™2.>*°* Thus, the dislocation scattering
can be neglected in this study. Figure 7(b) shows the experimental
and calculated hole mobilities in the sample with [Mg] of
2.5x10'7 cm™>. The hole mobility limited by neutral impurity scat-
tering was higher than 10°> cm® V™' s™'; thus, it was not plotted in
this figure. The calculated total mobility showed a reasonable agree-
ment with the experimental mobility. Additionally, the calculated
mobilities were close to the experimental values in the samples
with [Mg] values of 2.3 x 10" and 1.8x 10 cm™ (not shown
here). Thus, the experimental hole mobilities for the samples with
[Mg] <1.8x 10" cm™ can be theoretically explained by the indi-
vidual scattering mechanism within the valence band.

IV. CONCLUSIONS

The precise control of [Mg] in p-type GaN layers over a wide
range of 2.3 x 10"°-2.0 x 10" cm™ with high crystal qualities has
been achieved by HVPE. The Mg doping profiles in p-type GaN
layers were uniform in the depth direction. [Mg] can be controlled
well by varying Ry, which results from the formation of MgCl, by
the reaction between MgO solid and HCI gas under the thermody-
namic equilibrium condition. Smooth surfaces with step and
terrace structures were clearly observed in the samples with
[Mg] <1.8x 10" cm™. In contrast, a step-bounced surface was
observed in the sample with [Mg] of 2.0 x 10 cm™2 because the
surface migration of Ga adatoms was enhanced owing to the sur-
factant effect of Mg atoms. The XRC FWHM values of the GaN
0004 and 1012 reflection peaks of all samples were very narrow in
the range of 23-32 arcs. The N, values in all HVPE-grown p-type
GaN layers were close to [Mg] in GaN layers, indicating that
almost all Mg atoms incorporated into GaN layers act as acceptors.
The Mg acceptor level at a sufficiently low doping concentration
was 245 +2meV, which was very close to reported values. Ny4
increased with [Mg] in the samples. Regarding the origin of com-
pensating donors in HVPE-grown p-type GaN layers, not only the
donor impurities of Si, O, and C but also other donors, such as
nitrogen vacancies and/or hydrogen atoms, are considered. In the
Mg-doped GaN layers with [Mg] <1.8x 10'®cm™, the tempera-
ture dependence of hole mobility was theoretically explained by
considering the individual scattering mechanism within the valence
band. On the other hand, the hole mobility dropped below 170 K
in the heavily Mg-doped GaN layer with [Mg] of 2.0 x 10" cm™.
This implies that the hopping or impurity band conduction was
predominant in the region below 170 K. The present results show
that the Mg doping over a wide range of [Mg] by HVPE can be
promising for fabricating GaN vertical power devices, such as p-n
junction diodes and MOSFETs.
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