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ABSTRACT

Using the semibulk approach, p-In,Ga, N semibulk (p-SB) templates were grown with an indium content ranging from 2.4% to 15.2% via
metalorganic chemical vapor deposition. When compared to optimized bulk p-GaN, the hole concentration in p-SB with an In content of
~15.2% increased by two orders of magnitude from 5.22 x 10" to 5.28 x 10'° cm . The resistivity and mobility of the templates decreased
gradually from 3.13 Q- cm and 3.82 cm?/V s for p-GaN to 0.24 Q- cm and 0.48 cm?/V s for p-SB with an In content of 15.2%. Temperature
dependent Hall measurements were conducted to estimate the activation energy of the p-SB template. The p-SB with the In content of
~15.2% is estimated to have an activation energy of 29 meV. These heavily doped p-SB templates have comparable material qualities to that
of GaN. The atomic force microscopy height retraces of p-SB films show device quality surface morphology, with root mean square rough-
ness ranging from 2.53 to 4.84nm. The current results can impact the performances of several nitride-based devices, such as laser diodes,

LEDs, solar cells, and photodetectors.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0065194

The p-doping of Ill-nitride materials grown via metalorganic
chemical vapor deposition (MOCVD) has been an ongoing challenge
in the nitrides community. By utilizing Si as an n-type dopant in GaN,
electron concentrations can reach ranges in 10'°cm™>." However, p-
type doping of MOCVD-grown GaN is two orders of magnitude lower
in the 10" cm ™ range."” This asymmetric doping profile within a
device can be problematic, as it can result in electron leakage, leading
to droop and, thus, decreased performance of long wavelength nitride-
based LEDs.” In addition, high p-type doping approaching mid-
10" em ™ is necessary for utilization of tunnel junctions in InGaN
based solar cells. Also high p-type doping will reduce contact resis-
tance for laser diodes with high injection current densities. In LEDs,
high p-type doping is used in a lateral current spreading layer to
achieve uniform light emission across the device." Therefore, it is
advantageous to increase the carrier concentration of MOCVD-grown
p-type nitrides. It should be noted that p-GaN grown via molecular
beam epitaxy (MBE) and pulsed sputtering deposition (PSD) has

achieved hole concentrations in the 10'8-10"cm™ range.”*
However, the current work reports on hole concentrations as high as
528 x 10"’ cm™? in MOCVD-grown InGaN.

The challenges of p-type doping are due to several reasons. The
only shallow acceptor known for GaN is Mg, which has a high activa-
tion energy on the experimental range of 124-230 meV in GaN,"”
much higher than the activation energy of Si (~20 meV).® In addition,
Mg doping of GaN in MOCVD systems suffers from passivation, due
to the formation of an Mg-H complex from the free hydrogen as a
result of NH; decomposition necessary for a nitrogen precursor in
GaN films. Thermal annealing™'” can aid in reversing this passivation
by breaking the Mg-H bond, but even then, not all holes are thermally
activated. In addition, too high of a doping concentration during
growth can result in self-compensation, from the nitrogen vacancy
(Vn) and Mg acceptor interaction,'’ as well as sensitivity to other
defects, such as carbon impurities on nitrogen sites."” It should also be
mentioned that the higher temperatures (upward of 950-1000°C)
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necessary to achieve quality p-GaN by MOCVD can degrade the
underlying InGaN/GaN quantum well (QW) active region;” thus, the
lower growth temperature necessary for p-InGaN growth results in a
higher quality material in the active region.

The bulk InGaN alloy shows promise for p-type needs of nitride-
based devices, as shown by Kumakura et al.* Others have shown an
increase in the hole concentration by using bulk InGaN as the p-type
material, showing a hole concentration of mid-10"® cm ™~ as a result of
the reduced activation energy of Mg in the ternary alloy.'” However,
bulk InGaN is very rough and suffers from defects, such as formation
of V-pits, stacking faults, high dislocation densities, indium inclu-
sions,'* ' and, thus, does not have adequate material quality for usage
in devices. We are not aware of any device structures yet that use bulk
grown p-InGaN.

In this report, we demonstrate that the usage of our semibulk
low growth temperature approach for Mg doped In,Ga; 4 N films,
reaching the carrier concentration of 5.28 x 10" cm™> with device
quality surface morphology; this approach can offer solutions to the
problems created due to the low hole concentration achieved in Mg
doped GaN. It can also be used as templates for n on p solar cells and
photodetectors to improve minority carrier collection by having the
piezoelectric (PZ) field due to strain in the QW in the same direction
as the junction built-in field.

All samples were grown via MOCVD with trimethyl-gallium
(TMGa) and trimethyl-indium (TMIn) precursors with hydrogen and
nitrogen as carrier gases and ammonia (NH;) as a nitrogen source.
Bis-(cyclopentadienyl)-magnesium (CP,Mg) was used as the p-type
dopant source. All samples in this study were grown at the same Mg
doping concentration with a 18.15 nmol/min flow. The Mg concentra-
tion in p-GaN was estimated to be 4.2 x 10" cm ™, as measured by
time-of-flight secondary-ion mass-spectrometry (ToF-SIMS). Samples
were grown on c-plane sapphire substrates employing a low tempera-
ture GaN buffer followed by 1.8 um thick undoped-GaN and then by
the p-semibulk. The semibulk, as described elsewhere,' "> was grown
with a GaN interlayer thickness of 1-2 nm. From TEM studies, we
have observed that the semibulk (SB) templates relax by the forma-
tions of V-pits rather than misfit dislocations.”’ The GaN interlayer
refills these pits to render a smooth surface. In the current study, the
period of the SB is the sum of the InGaN and GaN interlayer films.
Five samples are studied, denoted as samples A-E. Sample A, an
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optimized p-type GaN, was grown totaling a thickness of 0.96 ym. For
sample B, the In,Ga; N layer in each period was ~18 nm thick with
a total thickness of 0.36 um. For samples C and D, the In,Ga; N
thickness was ~28 nm thick in each period, each with a total thickness
of 0.36 and 0.50 um, respectively. Finally, sample E had an InGaN
thickness of ~30 nm and a total thickness of 0.38 um. The periods pre-
sent for samples B-E are varied. The total thickness was verified via
interferometry and the periodicity via x-ray diffraction (XRD). A sche-
matic of samples B-E is shown in Fig. 1(a). The In content was con-
trolled by the growth temperature and verified by XRD.

Samples were then annealed at 750 °C in a nitrogen environment
for 20 min to thermally activate the carriers present in the semibulk.
Photoluminescence (PL) spectra were taken of each sample using a
325nm HeCd laser. X-ray diffraction (XRD) of the (00.4) reflection
was utilized to determine an estimate of the In content of films. Hall
measurements in van der Pauw orientation were employed for electri-
cal measurements. Au/Ni contacts were used for the p-SB and p-GaN
contacts to ensure the Ohmic behavior of the electrical measure-
ments.”” Hall measurements with varied temperature were used to
determine the activation energy of holes in samples. Samples A, B, and
D were measured at a temperature range of 0-170°C in a thermally
insulating environment. Sample E was measured on a range of -115 to
20 °C. All Hall measurements were taken using a 0.6 T magnetic field.

XRD measurements were used to determine an effective In con-
tent, x.» We define x. as an effective In content or indium content
present taking film relaxation into account, as it is important to note
that XRD peak separation is an over-estimation of the true In content
in relaxed InGaN films. As seen in Ref. 15 by Kumakura et al., using
XRD peak separation with an assumption of full relaxation can lead to
an over-estimation by 20% and higher."”** x4 for a given sample
depends on both the In content from XRD and the total SB thickness.
As described in Abdelhamid et al.,"” the extent at which the semibulk
is relaxed in the growth direction cannot be easily determined using
traditional techniques; thus, we rely on our previous determination of
strain-relaxation in our SB to deduce x4 The SB sample in the current
study results in relaxation in the range of 60%-80%. For sample B, a
20-period sample with an 18 nm thick period, the relaxation can be
assumed to be similar to previous SBs of similar thickness and period-
icity at 60%."” For sample C, an increased period of 28 nm can be
assumed to give an additional relaxation of 70%. Finally, sample D has

(a) (b)
_ 100000 |
GaN IL InGaN Sample B:
Samples B-E p-In,Ga;,N thickness, IN~2.4%
Total SB SaN L 18-30 nm Sample C:
thickness: & = N In~4.9% FIG. 1. The schematic of (a) In,Ga; N
0.36-0.50 um p-In,Ga; N < o, semibulk (SB) samples B-E grown on a
GaN L 1-2nm 2 ] low temperature GaN buffer on sapphire.
g ﬁﬂ'g';%E (b) The (00.4) XRD reflection of samples
p-In,Ga,N £ 10000 | B-E, with an effective In content, Xo
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a larger period of 28nm, and a larger total thickness, giving an
assumption of 80% relaxation; sample E is also assumed to be at 80%
relaxation due to the increased indium content in the film. Using
Vegard’s law, the In content was determined by the peak separation
between the In,Ga; N peak and the GaN peak and then the relaxa-
tion estimations applied to determine the estimated effective indium
content xin each SB, as noted in Fig. 1(b). The measured In content
from XRD for samples B-E was 4%, 7%, 11.7%, and 19%, respectively.
Applying the above discussion of relaxation, the effective In content,
X for samples B-E is estimated to be 2.4%, 4.9%, 9.4%, and 15.2%,
respectively.

As shown in Fig. 2, the electrical characteristics of films showed a
dependency on the In content. As seen in Fig. 2(a), the room tempera-
ture hole concentration increased with the increasing In content. The
hole concentration of sample A (bulk p-GaN) was measured to be
5.22 x 10" cm ™. For samples B-E, the hole concentrations at room
temperature were measured to be 1.39 x 10%8,2.63 x 10'®, 4.66 x 108,
and 5.28 x 10" cm >, increasing by two orders of magnitude for In
~15.2% as compared to bulk p-GaN. This value is of one of the high-
est reported for InGaN materials grown by MOCVD. Bulk p-InGaN
films'*'>**** reported have an order of magnitude lower hole concen-
tration than the current p-SB approach with comparable indium in
the InGaN templates. It is possible that these lower hole concentra-
tions in bulk grown InGaN is a result of the high density of defects in
the aforementioned reported bulk grown samples. It should also be
mentioned that, for comparison, bulk In,Ga; (N films with x ~ 29%
were able to achieve 1 x 10 cm 3" for semibulk growth, the same
order of magnitude doping profile can be achieved by a factor of
~3-3.5% decrease in the In content. Also In,Ga,_ N with x ~ 18%
and a hole concentration of 3 x 10" cm ™ grown via molecular beam
epitaxy (MBE) was also reported.”” As seen in Fig. 2(b), the resistivity
also decreases as a function of the In content, decreasing from 3.13 to
0.24 Q-cm at room temperature. The p-type SB also shows low
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mobility, as seen in Fig. 2(c), as expected in p-type nitride materials,
on the range of ~3.8-0.49cm*/Vs, consistent with other p-type
InGaN films.'>”" The reduction in hole mobility with the increase in
hole concentrations and the In content is expected.'””* This drop in
resistivities in SB templates relative to the GaN p-type by about an
order of magnitude is critical for n on p structures grown on the p-
type template; it can result in reduced impact on the fill factor in solar
cells and photodetectors.

The activation energy of Mg can be estimated by measuring the
temperature dependency of the carrier concentration using an
Arrhenius relationship. '~ Specifically, the charge neutrality equation

p(p + Np) _Nvexp( Ex >’

—rep( (M

Ny — Np — p g
where p is the hole concentration, Np, is the donor concentration, Ny
is the acceptor concentration, Ny is the effective density of states of
holes in the valence band, g is the acceptor degeneracy, and E, is the
acceptor activation energy. A degeneracy factor of 4 was used,”® and
Np was set to 4x 10" cm™> for p-GaN. The effective mass of
In,Ga; N was calculated using Vegard’s law,”” and the values of the
hole effective mass for GaN and InN are 1.96 m, and 1.67 miy, respec-
tively.”® The values of N, and Np, are expected to increase with the
increasing indium content™ as well as decreasing growth tempera-
ture;”’ Indium has been shown to act as a surfactant, enhancing
Mg incorporation.”’ Using the measured Mg concentration in
p-GaN from SIMS of Ny =42 x 10" cm™, the values of N, for p-
In,Ga; N were estimated using the percent increase in N with an In
content from Ref. 29. The acceptor concentration N, was estimated to
be 4.9 % 10'%, 6.8 x 10'°, and 8.4 x 10" cm > for In ~2.4%, 9.4%, and
15.2%, respectively. The same relationship was applied to Np, which
was estimated to be 4.7 x 107, 6.6 x 10", and 8.2 x 10"” cm™ for In
~24%, 9.4%, and 15.2%. The relationship of hole concentration vs
reciprocal temperature is shown in Fig. 3(a). It is important to note

— FIG. 2. (a) The hole concentration vs In
. content at room temperature for the p-

doped films, showing a two order of mag-
nitude increase in carriers in SB with In
~15.2%, as compared to bulk p-GaN. (b)

T Resistivity and (c) mobility of the p-doped
(c) 1 films, showing a decrease as a function of
the In content.
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FIG. 3. (a) Hole concentration vs 1000/T
obtained via temperature dependent Hall
measurements to estimate the activation
energy of the p-doped GaN and InGaN
SB. (b) The activation energy vs In con-
tent; the activation energy of p-GaN was
measured to be 236 meV and reduced to
29meV in a p-SB with In ~15.2%.
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that the dependency of hole concentration on temperature obtained
via Hall measurements is used as an estimation of the activation
energy. As shown in Fig. 3(b), the resulting estimated activation energy
is plotted as a function of an In content. The activation energy is
reduced from ~236 meV in p-GaN to ~29 meV in an p-SB film with
the In content of 15.2%. Previous work on bulk InGaN with In ~35%
showed an activation energy of 43 meV.” As was mentioned earlier,
Ref. 15 overestimated the In content using XRD techniques in their
partially relaxed films. Thus, the low activation energy is consistent
with other experimental findings, and it can be deduced that lower
activation energies, and, thus, higher carrier concentrations, could be
achieved with higher In content SB films.

As shown in Fig. 4, photoluminescence spectra also display a
dependency on the In content, as expected. The band edge (BE) emis-
sion as denoted by the dashed line “BE” decreases as a function of an
In content. The BE emission for Mg-doped GaN was not seen and was
dominated by blue luminescence (BL) emission typical of p-GaN
films. As noted by the “BL” shaded region, blue luminescence emission
related to the Mg® doping is observed, and the spacing between the BL
region and BE reduces as indium content increases and is measured to
be 512, 287, 219, 210, and 141 meV for samples A-E, respectively. Due
to the presence of fringing in the BL, the peak position was determined
by the peak center of the emission, as marked by arrows in Fig. 4.

The origin of the wide BL region is attributed to several different
defects and their interactions in Mg doped GaN and InGaN.
Theoretical studies have shown BL from interstitial Mg (Mg;) and Mg;
interaction with substitutional Mg (MgGa);32 this defect complex acts
as a deep donor-acceptor pair (Dg—A). This Dg—A transition has also
shown to have an In content dependency, with a reduction in the deep
donor level and acceptor level with the increasing In content. " Thus, a
decrease in the BL emission energy and a decrease in the spacing
between BL and BE emissions were observed.

As mentioned, p-SB is an excellent alternative to bulk InGaN
growth, due to the better material quality and the enhanced surface

6 8
In-content, [%]

10 12 14 16

morphology. We have earlier reported that the SB approach resulted
in material quality that is comparable to that of GaN.”’ Device quality
surface morphology allows for flexibility in device growth, namely, in
multi-junction solar cell growth, n on p solar cells and photodetectors.

[ A: In=0%

Normalized PL Intensity, [A.U.]

underlying 1
GaN 7]

1 " 1 L 1 N 1 L 1 N 1 N 1

24 26 28 3.0 32

Photon energy, [eV]

FIG. 4. The photoluminescence of p-doped samples A-E. The band edge emission
is denoted by the dashed line BE. Mg-related emissions denoted by the shaded BL
region. As the In content increases, the spacing between the BL region and BE
decreases.
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SB: In~15.2%
RMS roughness: 4.84 nm

Bulk InGaN, In~8%
RMS roughness: 29.98 nm

FIG. 5. (a) RMS roughness as measured via AFM vs In content in p-SB films (4 x 4 um)?. AFM height retrace of p-SB films, (b) for In ~4.9% (sample C) and (c) In ~15.2%
(sample E) showing an RMS roughness of 2.53 and 4.84 nm, a drastic improvement when compared to (d) the height retrace of a bulk InGaN sample with In ~8%, showing

RMS roughness of 29.98 nm.

The surface morphology of the p-SB can be seen in the height retrace
AFM data in Fig. 5. For p-SB samples B-E, the root mean square
(RMS) roughness vs In content is shown in Fig. 5(a). For the In con-
tent of 2.4%, 4.9%, 9.4%, and 15.2%, the RMS roughness across
(4 x 4 um®) was measured to be 2.53, 2.95, 3.91, and 4.84 nm, respec-
tively. AFM height retraces for samples C and E are shown in Figs.
5(b) and 5(c). The surface roughness slightly increases with the
increasing In content as expected. As seen in sample E [Fig. 5(c)], In
~15.2%, pronounced V-pits appear, as indicated by the white arrows
evidence of high relaxation in InGaN. For comparison, as seen in Fig.
5(d), bulk InGaN with In ~8% is significantly rougher, with an RMS
roughness of 29.98 nm. Utilizing the semibulk approach allows for a
drastic reduction in the surface roughness, for the In content higher
than that of bulk.

It should be mentioned that undoped and Si-doped SB templates
have surface roughness of about 50% of that of the Mg doped tem-
plates for similar In content. They also have dislocation densities
(edge- and screw-type) in the low 10® cm ™~ range for same x.;-In con-
tent.”’ The pit density for samples B-E was measured to be on the
range of 1.6-4.7 x 10®cm ™2, Thus, it seems that the Mg doping does
increase the surface roughness slightly.

In SB structures, the GaN interlayers (~1nm thick) are under
tensile strain due to the lattice mismatch between the relaxing InGaN
layers and GaN. A large piezoelectric (PZ) field in GaN layers will
result in band bending at the GaN/InGaN interfaces than can, in prin-
cipal, result in the enhancement of hole concentration, similar to that
observed at GaN/AlGaN and InGaN/GaN.” However, we are not sure
whether the very thin GaN (1-2nm) can trap these new induced PZ
field carriers at these interfaces; the holes may tunnel out through
these very strained thin barriers. Also as evident from previous energy
dispersive x-ray spectroscopy (EDX)/TEM studies, GaN interlayers
are actually InGaN, with low amount of the In content.”' As men-
tioned previously, the structures have low residual strain, decreasing
the induced PZ field. The parameters will result in a reduction in AE,
that will make it less likely that a two-dimensional hole gas (2DHG) is
formed at GaN/InGaN interfaces. Thus, even though there might be
enhancement in hole concentration, it will not be substantial, as it
does take place in every about 20 nm of heavily doped InGaN layers. It
is safe to conclude that for In,Ga,; (N SB, the slow and periodic relax-
ation of the material means that the increased hole concentration is
not attributed to band bending and does not expect the generation of a

2DHG, but instead is mainly an intrinsic quality of the material itself.
In addition, a polarity inversion from Ga-polar to N-polar is not sus-
pected at this Mg doping concentration, as previous studies have seen
polarity inversion at 3 x 10°°cm > Previous work on samples
grown in our reactor show a polarity inversion at much higher Mg
flux than was used in this report.”

Another issue in SB templates is the carrier transport, elec-
trons, or holes, across the layers in the growth direction. Si-doped
SB with the electron concentration of about 5 x 10'® cm ™ was used
as a substrate in several LED structures,”® and from IV, we did not
observe any changes when the n-GaN is replaced by n-SB. The
same was observed when the p-GaN was replaced by p-SB with the
hole concentration of about 5.5x 10"®cm ™. Details will be
published.

In conclusion, we report increased hole concentration in p-type
InGaN templates using the semibulk growth approach. With In
~15.2%, we report a hole concentration of 5.28 x 10*° cm ™, one of
the highest reported carrier concentrations in p-doped GaN and
InGaN grown by MOCVD, which was an increase in two orders of
magnitude in carrier concentration when compared to p-GaN. The
activation energy was estimated using the temperature dependency of
hole concentration obtained via Hall measurements. We show a
reduction with the increasing In content, with an estimated activation
energy of 29 meV in p-SB films with In ~15.2%. The surface morphol-
ogy of p-InGaN SB films range from 2.53 to 4.84 nm, suitable for use
in devices. This level of hole concentration is sufficient for usage in
InGaN tunnel junctions and helps to address the asymmetric doping
profiles in InGaN based devices and other applications that can be
used to improve InGaN based devices.
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