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We report on low resistivity (1.1 Q cm) in p-type bulk doping of N-polar GaN grown by metalorganic chemical vapor deposition. High nitrogen
chemical potential growth, facilitated by high process supersaturation, was instrumental in reducing the incorporation of compensating oxygen as
well as nitrogen-vacancy-related point defects. This was confirmed by photoluminescence studies and temperature-dependent Hall effect
measurements. The suppressed compensation led to an order of magnitude improvement in p-type conductivity with the room-temperature hole

concentration and mobility measuring 6 x 10" cm2and9cm?V~'s

=

, respectively. These results are paramount in the pathway towards N-polar

GaN power and optoelectronic devices. © 2022 The Japan Society of Applied Physics

allium Nitride (GaN) in the nitrogen-polar (N-polar)
orientation has attracted growing interest in the
development of high-frequency and power electronic
devices.” A reversal of the polarization field direction in the
N-polar GaN from its metal-polar counterpart allows for
improved confinement and scaling in the two-dimensional
electron gas channel in AlGaN/GaN high electron mobility
transistors.” Lateral polar junctions based on side-by-side
grown Ga- and N-polar domains have enabled lateral p—n
homojunctions,” depletion-mode MESFETs,” and have
opened a pathway toward GaN-based superjunction
devices.”® Realization of low-resistivity p-type material is
expected to further the development of novel device structures
such as polarization-engineered tunnel junction diodes” and
tunnel field-effect transistors (T-FETs).® For example,
achieving a steep device turn-on in T-FETs necessitates low
resistance p-GaN layers, whereas high hole and electron
concentrations are required near the p—n junction for optimal
band alignment in these devices.” Recently, Krishna et al.'®'"
demonstrated state-of-the-art sheet resistance in p-type N-polar
GaN/AIN/AlGaN multi-period superlattices. Although these
multilayer structures appear promising for lateral devices, the
vertical conduction may be limited due to the barriers
associated with the periodic oscillation of the energy bands.
While much work to date has focused on the p-doping of Ga-
polar GaN, there have only been limited reports”™'*"'>) on
comprehensive work on p-type N-polar GaN by the conven-
tional, bulk doping methods. Achieving low-resistivity p-doped
N-polar GaN has several challenges: (1) As in Ga-polar GaN, a
relatively high Mg ionization energy'® imposes a high Mg
doping concentration, >10'"" cm™>, to achieve a technically
useful hole concentrations in the 10'"-10'® cm ™ range. (2) At
such high doping levels, the incorporation of nitrogen-vacancy-
related compensating defects becomes favorable due to their
lowered formation energy.'”'® (3) The growth of N-polar GaN
can also lead to high oxygen incorporation, >10" cm™3*'"
which acts as a shallow donor (29 meV>”) and compensator in p-
material. (4) If not controlled, N-polar GaN grows with a rough
surface morphology characterized by hexagonal hillocks.?"*?
Recently, the chemical potential control (CPC) framework was
shown to control the incorporation of oxygen in unintentionally
doped N-polar GaN down to the 10'7 cm ™2, range.” The CPC
is a predictive approach wherein the dependence of the defect
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formation energy is managed by the MOCVD growth conditions,
as expressed by process supersaturation (6).°” The desired
process supersaturation as a sole thermodynamic parameter is
achieved by a combination of individual MOCVD ‘knobs”, i.e.
V/II ratio, diluent gas, temperature, pressure, and input partial
pressures of reactants. For example, following the CPC frame-
work, increasing the o was shown to increase the formation
energy of oxygen on the nitrogen site and thereby reduce its
incorporation.””

In this work, we demonstrate the utility of the CPC scheme in
reducing the compensation in p-type N-polar GaN to realize
state-of-the-art hole concentration and resistivity. It is shown that
the incorporation of nitrogen-vacancy, as well as oxygen defects,
can be suppressed by increasing the nitrogen chemical potential
in the growth process through an increase in o. Accordingly, a
significant reduction in the concentration of compensating
defects is confirmed by photoluminescence studies and tempera-
ture-dependent Hall effect measurements.

N-polar GaN was grown on c-plane sapphire substrates with a
miscut of 4° toward the m-direction in a vertical, cold-walled, rf-
heated, low-pressure metalorganic chemical vapor deposition
reactor. Details on substrate thermal cleaning, nitridation, and
buffer growth can be found elsewhere.””> To obtain a
smooth morphology devoid of hillocks, an intermediate buffer
layer growth was performed under low supersaturation
conditions.”>*” Two growth conditions with low and high &
were investigated for the growth of 500 nm thick, N-polar GaN
films. The growth temperature, pressure, and V/III ratio were
kept constant at 1310 K, 20 Torr, and 2000, respectively. o was
increased from 580 (low o) to 10000 (high o) by doubling the
triethylgallium (TEG) and ammonia (NH;3) flow rates and by
changing the diluent gas from H, to N, while maintaining a
constant V/III ratio and total gas flow rate. The growth rates for
the two growth conditions were 1.2 and 2.4 um h™', respec-
tively. o for both sets of parameters was calculated following the
procedure by Mita et al.”® and Washiyama et al.”” assuming
ammonia decomposition factor of 0.2. However, it is noted that
the ammonia decomposition factor depends on the diluent gas
and can be significantly higher for N, diluent.”” First, the
samples were grown without any Mg doping (unintentionally
doped, UID) to study the influence of supersaturation on oxygen
incorporation. Next, the samples were grown with a nominal Mg
doping level of 3 x 10" cm ™ to study the influence of & on the

© 2022 The Japan Society of Applied Physics
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incorporation of compensating defects other than oxygen. The
Mg-doped, N-polar GaN samples were annealed in situ directly
after the growth at 1175 K for 20 min in an N, environment for
Mg activation. Soldered indium and e-beam-evaporated Ni/Au
(20/40 nm) were used as Ohmic contacts for electrical measure-
ments on the undoped and Mg-doped films, respectively.
Temperature-dependent Hall measurements were performed in
the van der Pauw geometry in a temperature range of
300-700 K, using Ecopia HMS 5000 with a 0.54 T magnetic
field. The surface morphology of the films was inspected using
an Asylum Research MFP-3D atomic force microscope (AFM)
using a tapping mode. The dislocation density in the GaN films
was determined using (002) and (302) rocking curves using a
Philips X’Pert materials research diffractometer. The photolumi-
nescence (PL) spectroscopy was performed at room temperature
(RT) using a 325 nm HeCd laser with a power output of 56 mW.

In the CPC scheme, the choice of the chemical potential
depends on the defect being controlled.*” In this study, we focus
on two compensating defects: nitrogen-vacancy (V) and oxygen
substituting for nitrogen (Oyy). As the nitrogen site is involved in
both cases, the chemical potential of nitrogen (i) governs the
formation energy of both defects. For Vyy, the N atom is removed
from the crystal to form a vacancy and can be considered to be
placed in a reservoir at an energy ,uN.lg) The formation energy of
Vn can then be expressed as:

EY (W) = Ewet (VW) + uy + qlEF + Ev], (n

where E\.;(Vn?) is the free energy of the crystal with a single
Vn defect compared to the free energy of an ideal crystal, Eg
is the Fermi energy with respect to the valence band
maximum, and Ey is the valence band energy.

Similarly, for Oy, the chemical potentials relate to the
energy of formation of Oy through:*”

E'(ON) = Eet(ON) + piy — Ho + qlEr + Ev].  (2)

For two processes with a large difference in o, the relative
change in the nitrogen chemical potential can be approxi-

mated as:>?

Apy = kT 1n("—2). 3)

i
Therefore, the relative change in the formation energy of the
considered defects for these growth conditions can be related
to the change in nitrogen chemical potential (Apy) as

AES (W) = Apy ~ kT ln(%), 4)
1

AE/(ONT) = Apy ~ kT ln(U—Z) for O, boundary phase,

9]
%)

A
AEf (Ox1) = %
~ kT ln(g—z) for Ga,O3 boundary phase. (6)
ol

Thus, the CPC framework predicts that an enhancement in
fty through an increase in o suppresses the incorporation of
both defects in question, i.e. Vy and Oy, by increasing their
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Fig. 1. (Color online) AFM topography image of the two Mg-doped
N-polar GaN samples grown using different process supersaturations.

formation energy. To validate this hypothesis, we chose two
growth conditions with a large change in ¢ from 580 to
10 000. First, the change in the incorporation of oxygen was
studied on unintentionally doped, N-polar films. Hall-effect
measurements revealed a 5-fold reduction in electron con-
centration from ~1 x 10" cm™ in the low o sample to
~2 x 10" cm ™ in the high ¢ sample. This can be correlated
to a 5-fold reduction in the donor concentration which we
assume as a reduction in oxygen concentration by a similar
factor considering that oxygen is the dominant source of
electrons in N-polar GaN and acts as a shallow donor with
~29 meV activation energy.”” This is consistent with the
results reported by Keller et al. and Szymanski et al. for the O
reduction in N-polar GaN by an increase in nitrogen chemical
potential.>> It is worthwhile to note that the threading
dislocation density in both the samples was similar, ~5 x
10° cm ™2, thus ruling out any possible variation in oxygen
incorporation with dislocation density.”” Following Egs. 5
and 6, an increase in ¢ from 580 to 10000 theoretically
correlates to a 2.5-fold (Ga,O3 boundary phase) and 17-fold
(O; boundary phase) reduction in oxygen concentration. It is
noted that the quantitative correlation to the experimental
data is only possible with an accurate knowledge of the
ammonia decomposition factor and the boundary phase for
oxygen.

Next, to study the influence of ¢ on compensation in p-type
N-polar GaN, the samples were grown with 3 x 10" cm™?
Mg doping. As shown in Fig. 1, surface morphology devoid
of hillocks with an RMS roughness of ~3 nm was obtained
for both samples. Figure 2 shows the RT photoluminescence
spectrum obtained from the two samples. While the low o
sample exhibited only the broad blue luminescence peak at
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Fig. 2. (Color online) Room temperature photoluminescence spectrum
recorded on the two Mg-doped N-polar GaN samples grown using different
process supersaturations.
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Fig. 3.

(Color online) Temperature-dependent (a) resistivity, (b) hole concentration, and (c) mobility of the two Mg-doped, N-polar GaN samples grown

under different process supersaturations. Note. Dashed curves in (b) correspond to the fitted data.

Table I.  Process parameters and electrical characteristics of Mg-doped GaN.
Diluent (slm) c TEG flow (pumol min~') NH; (slm) Prran (cm ™) gy (cm® V71 s™h) p (Q cm) E; (meV) Ng/N,
H,—4.2 550 67 3 1 x 107 47 12.7 150 0.35
Np-1.2 10 000 134 6 6 x 107 9.0 1.1 140 0.05

2.8 eV, the high ¢ sample showed the 2.8 eV peak with reduced
intensity, a prominent peak at 3.28 eV, and a near-band-edge
emission shoulder at 3.4 eV. The donor acceptor peak (DAP) at
3.28 eV is a characteristic feature in the p-type GaN and is
related to a transition from a shallow donor (O/Si) to the Mg
acceptor.”® Reddy et al. discussed the assignment of ~2.8 eV to
Vy in p-GaN.> In general, it has been observed that the blue
emission at 2.8 eV in GaN appears at high Mg doping levels
>2 x 10" cm® in MOCVD grown GaN. The emergence of the
blue luminescence typically also corresponds to an increased
resistivity, implying self-compensation. Reddy et al. studied the
evolution of this luminescence peak as a function of Al mole
fraction in Mg (>2 x 10" cm®) doped AlGaN where it was
found to evolve from 2.8 eV in GaN to 4.8 eV in AIN.*
Interestingly, in undoped AIN the emission at 4.8 eV was also
related to Vy in photoluminescence excitation and power
dependent photoluminescence studies.”” These observations
suggest that the blue luminescence in GaN is likely related to
Vn. Thus, the reduction in the intensity of the 2.8 eV peak
implies a reduction in the concentration of Vy with an increase
in 0. These results support a drastic reduction in the concentra-
tion of both Oy and Vy compensating point defects as predicted
by the CPC framework. Next, these samples were tested
electrically to assess their p-type characteristics.

Figure 3(a) shows temperature-dependent resistivity mea-
sured using the four-probe technique. Figures 3(b) and 3(c)
show the hole concentration and mobility, respectively, as
measured by Hall-effect measurements. An increase in o led to
more than an order of magnitude decrease in RT resistivity due
to a 6-fold increase in hole concentration and a 2-fold increase
in mobility. To understand the compensation in the samples,
the temperature dependency of the carrier concentration was fit
to the theoretical value calculated from the charge balance
equation and semiconductor statistics’” with fitting parameters
of Ny and E; (Mg ionization energy). It is noted that the
assumption of the Hall scattering factor of value unity used in
this study to estimate the hole concentration from Hall
coefficient measurements may involve error components at
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high temperatures due to the anisotropic valence band
structure, as discussed by Tanaka et al.>? Therefore, the
fittings were performed in the temperature range of 300-500
K. The fittings revealed an E; value of 135-150 meV, in good
agreement with the previously reported values for Mg-doped
Ga- and N-polar GaN.'**? As expected, a much higher
compensation degree of ~35% was extracted for the low o
sample in comparison to ~5% for the high o sample.
Considering that Oy and Vy primarily constitute the Ny, these
results confirm the suppression of both these compensating
defects using a higher . The mobility in the high ¢ sample
shows an increasing trend with decreasing temperature, sig-
nifying the phonon scattering limited mechanism in this
sample. The low ¢ sample shows this thermal dependency
only at temperatures above 500 K, whereas only a small
thermal dependence is observed in the 300-500 K range. The
latter can be attributed to a combination of phonon scattering
and ionized impurity scattering mechanisms, confirming the
presence of high Ny in this sample.>” Growth conditions and
room temperature electrical characteristics of grown samples
are summarized in Table L.

In summary, we demonstrated the CPC as an effective tool
to suppress compensation in p-type, N-polar GaN films. The
increase in nitrogen chemical potential by increasing process
supersaturation was shown to drastically reduce the concen-
tration of Oy and Vy defects. This was confirmed using
photoluminescence and temperature-dependent Hall effect
studies. The room-temperature hole concentration, mobility,
and resistivity of 6 X 107 cm_3, 9cm? V™! s_l, and 1.1 Q
cm, respectively, are the best reported values in the literature
for p-type bulk doping of N-polar GaN.”'?~'3%373% and are
comparable to the more mature Ga-polar GaN technology.
These results pave the way for the development of high-
performance power and optoelectronic applications based on
N-polar GaN.
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