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ABSTRACT

A defect quasi Fermi level (dQFL) control process based on above bandgap illumination was applied to control H and Vy-complexes, which
are the main contributors to the passivation and self-compensation, respectively, in Mg:GaN grown via metalorganic chemical vapor deposi-
tion. Secondary ion mass spectrometry measurements confirmed that the total Mg incorporation was unaffected by the process. However, the
total H concentration was reduced to similar levels obtained by post-growth thermal activation prior to any annealing treatment. Similarly,
the 2.8 eV emission in the photoluminescence spectra, attributed to compensating Vi and its complexes, was reduced for the dQFL-process
samples. After thermal activation and Ni/Au contact deposition, Hall effect measurements revealed lower resistivities (increased mobilities
and free hole concentrations) for dQFL-grown samples with Mg doping concentrations above and below 2 x 10'° cm™. All these results dem-
onstrate that the dQFL process can effectively reduce the H-passivation and self-compensation of the Mg:GaN films.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126004

I. INTRODUCTION

Achieving p-type conductivity via magnesium (Mg) doping
was a major breakthrough in the realization of GaN-based light
emitting diodes and laser diodes."”” However, despite 30 years of
research, there are still significant obstacles limiting the electrical
properties of Mg:GaN films.>" First, the electrically active Mg
acceptor has a high ionization energy of ~170-180 meV.” Thus, a
significant concentration of Mg atoms in a film remains inactive
at room temperature (RT). Second and the focus of this work, are
the Mg passivation and self-compensation mechanisms at play
when Mg:GaN layers are grown using metalorganic chemical
vapor deposition (MOCVD).

MOCVD-grown Mg:GaN films usually exhibit resistivity values
greater than 1x 10°Qcm. Residual hydrogen, typically present in
the MOCVD process, passivates Mg during growth by forming the
neutral Mg-H complex® and needs to be activated via post-growth
annealing,”* This post-growth annealing leads to the dissociation of
the Mg-H complex and the eventual removal of hydrogen from the
crystal. At a Mg doping concentration of around ~2 x 10" cm™,
the H concentration in the film saturates.” Yet doping with Mg
concentrations above ~2x 10" cm™ does not increase the hole
concentration. Instead, when the Mg concentration exceeds this

level, the resistivity is increased due to the self-compensation of Mg
acceptors. This self-compensation has been attributed to the nitrogen
vacancy donor (Vy) and its complexes,'’™"* such as the Mg-Vy "'
Va-H,"' or Vga(Vas) (s=1, 2, or 3).">'° However, the formation
of these complexes is currently not fully understood and no control
mechanism exists. All these show that the effects of H-passivation
and self-compensation restrict the free hole concentration to the
mid-10'® cm™ range at a Mg concentration of 5x 10'*cm™ and
resistivity values around 0.7 Qcm."”

To improve the electrical properties of Mg:GaN layers, it is par-
amount to eliminate H and Vy-related point defects that incorporate
during growth. In this work, we build on our previous work on man-
aging point defect incorporation by adopting a defect quasi Fermi
level (dQFL) control process.'™* During growth, the films are illu-
minated with the above bandgap light that generates a steady-state
concentration of electron-hole pairs. The extra minority carriers
present in the film mainly shift the quasi-Fermi level for compensat-
ing point defects (but not for major dopants). Consequently, the
formation energy of the compensating point defects is increased,
resulting in their lower concentration in the film.

In this work, we demonstrate the applicability of the dQFL
control process in the management of the compensating point defects
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in Mg:GaN. Secondary ion mass spectroscopy (SIMS) studies reveal a
reduction in H concentration across a range of Mg concentrations
when the films are illuminated during growth. Similarly, photolumi-
nescence (PL) spectra demonstrate a reduction in the 2.8 eV emission
line attributed to Vy-complexes when the film with Mg concentra-
tions above 2 x 10" cm™ was grown under illumination. As a result
of the reductions in compensating point defects, electrical measure-
ments revealed significantly lower resistivity for Mg:GaN layers.
Therefore, utilizing above bandgap illumination during growth as a
dQFL control process is validated as an effective tool in point defect
management and undoubtedly effective in improving p-type conduc-
tivity for Mg-doped III-nitride films.

Il. EXPERIMENTAL DETAILS

GaN films doped with Mg were grown heteroepitaxially on
(0001) sapphire using a vertical, cold-walled MOCVD reactor at a
pressure of 20 Torr. For GaN layer growth, 67 umol/min of triethyl-
gallium (TEG), 0.3 slm of ammonia, and 6.9 slm of N, were flown
into the reactor; the substrate temperature was held at 1040 °c.”?
Bis-(cyclopentadienyl)magnesium (Cp,Mg) was used as the Mg
precursor with flows ranging from 0.15 to 0.60 umol/min. A 1.3 um
undoped GaN template was grown on a 20 nm low temperature
(650 °C) AIN nucleation layer, providing for a Ga-polar film.”* For
SIMS investigations of H in Mg:GaN layers, intercalated 200 nm
thick Mg-doped layers with different Mg concentrations separated
by 200 nm thick undoped layers were grown on GaN templates.
The samples used for electrical resistivity and photoluminescence
measurements were 700 nm thick Mg:GaN layers deposited on the
GaN template. The Mg doping level ranged from 6 x 10" cm™ to
4x10" cm™. Thermal activation of these samples was done by
post-growth annealing in a furnace at 650 °C in a nitrogen atmo-
sphere for 2 h. These activation conditions are used as they provide
for sufficient activation to overcome any kinetic limitations at tem-
peratures that are not expected to adversely affect the sample.””

Above bandgap illumination during growth (Eg~2.9eV at
1040 °C) was achieved by using a mercury-xenon arc lamp uni-
formly irradiating the wafer surface at a power density of
~1W/cm?, This excitation power density led to an estimated
steady-state carrier concentration of 102210 cm™3, based on the
minority carrier lifetime of 107'°-107°s*® and the absorption
coefficient of 10°-10°cm™."® This excitation power density does
not change the majority carrier concentration, but it is sufficient
to change the minority carrier concentration that impacts the forma-
tion energy of charged point defects such as H, Vy, and complexes.
A detailed description of the growth setup with the UV-lamp can
be found elsewhere.”” The illumination was only used during the
growth of the p-GaN layer to avoid unintentional effects during the
cooldown, such as the post-growth annealing.”® Further details on
changes in the illumination power and the requirement of above
bandgap energy are found elsewhere.”

SIMS analysis was obtained using a CAMECA IMS-6f with a
magnetic sector analyzer. The error for all SIMS analyses is 20%
after calibration was done against an ion-implanted standard for
each species of interest. Analysis for H was achieved using a Cs*
primary beam and detection of negative secondary ions. The 15 nA
primary beam was typically rastered over a 120 x 120 um? area with
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ions detected from a 30 um diameter region at the center of the
raster. The error for the analysis is 20% after calibration was done
against an ion-implanted standard. The analysis of Mg was made
using an O primary beam with 50nA current rastered over a
180 x 180 um® area and positive secondary ions detected from a
60 um diameter area at the center of the raster. The photolumines-
cence measurements were performed at room temperature and 3 K
using a 325 nm (56 mW) HeCd laser. The PL setup consisted of a
Janis (SHI-RDK-415D) helium closed-cycle cryostat and a Princeton
Instruments (SP2750 0.75 m) spectrometer with an attached PIXIS
2K charged-coupled-device (CCD) camera. Electrical characteriza-
tion was performed on an Ecopia HMS-5500 AHT55T5 Hall effect
measurement system. Room temperature resistivity measurements
on the annealed films were performed using the van der Pauw
method. Ni/Au contacts (20/40 nm thick, respectively) annealed in
atmosphere for 10 min at 650 °C were applied.

lll. RESULTS

It is established that the formation energy of a point defect
directly affects its concentration in a semiconductor crystal.”® For
a charged point defect, the formation energy is a function of the
chemical potential and Fermi energy. Modifying the Fermi energy,
e.g., by doping, influences the incorporation of other charged point
defects. This is expected for the equilibrium or near equilibrium
processes, as there is a large excess energy available to be exchanged
with the Fermi level. As such, doping during growth promotes the
formation of compensating defects (either native, extrinsic, or com-
plexes), further reducing the available number of free carriers and in
an extreme case, pinning the Fermi level somewhere within the
bandgap away from the band edges. Therefore, it is desirable to find
methods by which the Fermi level is controlled during growth such
that the formation of compensating point defects is inhibited.

In the present work, a point defect control framework based on
a non-equilibrium process is used where excess minority carriers are
generated by above bandgap illumination inducing a photo-voltage
that changes the quasi Fermi level associated with compensating
defects (e.g., H and Vy-complexes) and performs work against their
incorporation or generation. Details of the technique are provided
elsewhere.'®*" In essence, the formation energy of the compensating
defects increases in this process, while the main dopant remains
unaffected. Furthermore, direct evidence for the role of minority car-
riers in reducing the defect density has been provided, and other
effects related to surface illumination as a probable cause of defect
reduction has been ruled out.”

Specifically, the increase in the energy of the formation of
hydrogen and nitrogen vacancies, the primary compensators in Mg
doped GaN, due to illumination is given by'*

AE[(H) = (Epy — E), 0
A1‘75‘5(‘/1\1) = (Epv, — Ep),

where Epy and Epy, are defect quasi Fermi levels of H and Vy,
respectively, under illumination and Ep is the Fermi level
The dQFL is dependent on the generated photovoltage energy,
E, = Ep, — Ep, (where Ep, and Ejp, are the electron and hole quasi
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Fermi levels) and the defect ionization energy (E;,,). The net increase
in the defect formation energy is then approximately given by'®

AE = |E,

— |Ei(m| fOI' |EP| > |Eian‘- (2)

Density functional theory (DFT) calculations®” indicate a
shallow H donor (E;,,,~0) and a relatively deep Vy donor in the
(+3/+1) transition (E;,, ~3 eV). Hence, the increase in the for-
mation energies of the defects of concern is

AE/(H) ~ E,,

Ss (3)
AE[(Vy) ~ E, — 3eV.

In general, above bandgap illumination is predicted to reduce only
compensating defects and, in particular, for Mg:GaN reduce shallow
H more effectively than self-compensation by the nitrogen vacancy.
To understand the effect of above bandgap illumination on
H during growth, SIMS atomic concentration depth profiles of
Mg and H were acquired on the Mg:GaN ladder structures grown
with and without UV-illumination. It should be noted that
undoped and n-type samples with these growth conditions typically
have a H concentration in the mid-10"” cm™ and are invariant to
the UV-illumination (not presented). With the introduction of Mg
into the layers, however, the total H increases. The data presented
for Mg and H are above the detection limits for their respective
analyses, 1x 10" and 1x 10" cm™, and are, therefore, considered
the real concentrations within the layers. Figure 1 displays the
results for these structures acquired immediately after the growth
without any thermal activation anneal. The illustrated portion of the
Mg:GaN depth profile highlights two of the layers with Mg doping
concentrations at 3x10"°cm™ and 6x10"®cm™. The sample
grown without UV-illumination has an overall high H concentra-
tion, suggesting the expected H passivation.” Two different behav-
iors can be discerned: for Mg levels around 6 x 10'*cm™3, the H

self-compensation- - - —f= -
1 01 9L onset

—Mg
1018 I
With UV H

self-compensation- - - -f- - - - - -

1 01 9L onset

Concentration (atoms cm™)

1018 1
0 450 900

Depth (nm)

FIG. 1. SIMS on Mg:GaN with and without UV illumination during growth.
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concentration follows closely the Mg concentration, and for higher
levels around 2x10'”cm™, the H concentration saturates at a
maximum of ~1.5x 10"° cm™ as expected from the literature.” On
the other hand, for the sample grown under UV-illumination, there
is a significant reduction in the overall H concentration for both Mg
doping levels. For the lower Mg concentration of 6 x 10'® cm™, the
H level is reduced down to a concentration of 2-3x 10" cm™.
Furthermore, for the Mg concentration above ~2 X 10Ycm™3, a
reduction in the H level is observed down to a concentration of
8 x 10" cm™. It is important to note that the UV-illumination does
not influence the Mg concentration, and the observed concentra-
tions agree with what is expected for the used Mg-flow.

Atomic concentrations of O, C, and Si were also measured by
SIMS. The actual atomic concentrations of both O and Si could not
be determined as they were below their corresponding background
levels for the particular measurement: less than 1 x 10'®cm™ and
1 x 10" cm™>, respectively. Consequently, O and Si are not consid-
ered to be the main compensators in Mg:GaN.”’ In addition, the
atomic concentration of C was constant at ~1 x 10'®cm™ indepen-
dent of UV-illumination.

Our p-type GaN activation conditions provide for a minimum
resistivity of around 1.5-3 Qcm for Mg concentrations of
2x10"cm™ and the growth conditions chosen for this experi-
ment. This resistivity is commonly quoted in the literature and is
considered to indicate “full” activation.”'”*>’"*> SIMS measure-
ments confirm a reduction of atomic hydrogen by annealing to a
concentration of around 2 x 10'®cm™ for Mg doping levels in the
mid-10"® cm ™ range. This H concentration agrees with other SIMS
measurements after “full” activation by annealing of p-type GaN
samples (not shown).

Figure 2 shows SIMS atomic concentration depth profiles for
the samples presented in Fig. 1 after an anneal following the previ-
ously described conditions. Both samples show comparable levels
of hydrogen after annealing. This demonstrates that growth under
UV-illumination reduces the amount of hydrogen to a similar

self-compensation- - - - f - - -\ - -

1 019 L onset

—Mg
1018 ——
:

lself-compensation- - - —f~ - - -\ - -

1 019 L onset

Concentration (atoms cm®)

1 018 1
0 450 900

Depth (nm)

FIG. 2. SIMS on Mg:GaN with and without UV-growth annealed in nitrogen.
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TABLE I. Van der Pauw Hall effect of activated Mg:GaN samples grown with and without above bandgap illumination.

Mg concentration (atoms cm ™) 1x 10" 2x 10" 3x 10" 4x%10"
Resistivity (€ cm) Non-UV 9 1.5 12 36
With UV 2 14 8 11
Hole concentration (x10'® cm™) Non-UV 8.4 41 94 4.7
With UV 22 47 10 7.5
Mobility (cm*V™"s™") Non-UV 8.3 11 6.7 3.7
With UV 14 9.5 7.8 7.6

degree as the post-growth annealing. It is important to note that
for a Mg doping level of 2 x 10" cm™, the sample still has a H
concentration of 8 x 10'®cm™ independent of illumination during
growth or post-growth annealing. This suggests that this amount of
hydrogen is not bound to the Mg in the expected Mg-H configura-
tion at this doping concentration and, therefore, does not respond
with further dissociation.” This amount of hydrogen could be
present in a different charge state or form a different complex, such
as bound to Vy (like the Vy-H complex),'>"* making it stable
against annealing or illumination during growth.

The boundary between the two H incorporation levels in SIMS
could be understood in terms of the self-compensation onset that is
also displayed in the resistivity measurements.” Below the onset, H
is present at the same concentration as Mg before the activation
anneal; thus, H bonding to Mg in the form of Mg-H complexes is
expected. Self-compensation by Vy and complexes plays a minor
role. Above the self-compensation onset of around 2 x 10 cm™3,
not all Mg is bonded to H. Thus, passivation by the Mg-H complex
cannot be the main reason for the increase in resistivity. Figure 2
clearly indicates that hydrogen formation in the form of hydrogen
donors or complexes becomes less favorable at Mg concentrations
above ~2 x 10" cm™, similar to the observation by Castiglia et al.’
This argument justifies the reasoning that above this limit, native
point defect complexes, such as Mg-Vi'' or Vg,(Vns), ¢ are
involved in the compensation.'”'”™'® Due to the lower amount of
hydrogen, V-H compensating complexes can be excluded as the
main compensating point defect at this higher doping range.'>"*

This discussion puts in perspective the effect of the
UV-illumination in the incorporation of H. Overall, there is a signif-
icant reduction in the H incorporation when the Mg:GaN is grown
under UV-illumination, independent of the Mg concentration and
its relation with the self-compensation onset. This indicates that
above bandgap illumination suppresses the incorporation of H as a
charged defect (H"), reducing the formation of the Mg-H complex
during growth. It is important to note that illumination only has an
effect on defects in a charged state, while having no influence on
neutral species. Additionally, the resistivity measurements (Table T)
reveal that with proper activation and use of Ni/Au contacts, the
UV-grown samples have a slight decrease in resistivity in compari-
son with non-UV-growth. This suggests that the UV illumination
has a further effect on the H incorporation as a compensator and
provides a benefit beyond the dissociation of the Mg-H complex by
thermal annealing.

To confirm and extend the observations from the SIMS mea-
surements, optical photoluminescence spectra were acquired to

show the impact of UV-illumination on the incorporation of com-
pensating Vyy defects and its complexes. As discussed, below the self-
compensation onset of 2 x 10'° cm™>, the electrical properties of Mg:
GaN are dominated by the passivation of Mg by H. Doping above
this limit leads to self-compensation dominated by Vy or its com-
plexes, such as Mg-Vy'' or Vg,(Vns),''® and a corresponding
increase in resistivity. PL spectra of UV and non-UV-grown samples
were measured for Mg doping concentrations ranging from 1 to
5x 10" cm™. The samples were measured both before and after the
post-growth annealing procedure. However, the typical donor accep-
tor pair (DAP) peak at 3.27 ¢V for Mg doping below 2 x 10" cm™
appeared only after the anneal. For the samples with doping above
this concentration, PL spectra do not show a difference before and
after annealing. For consistency, only the spectra acquired after the
annealing procedure will be presented.

In Fig. 3, two broad defect transitions can be observed for
Mg:GaN at room temperature (RT): the yellow luminescence cen-
tered at 2.2 eV and the blue luminescence centered at 2.8 eV. The
origin of the yellow luminescence is still controversial, but it has
been attributed to Vg, Cn,”* or C-related complexes such as
Cn-On.”” Tt is present in all samples, and no significant changes
can be observed as a function of doping or UV illumination. The
observation of a constant 1 x 10'® cm™ C concentration measured
with SIMS for all samples supports the connection to the 2.2 eV
luminescence. Since UV illumination is supposed to reduce com-
pensation by unintentional donors in p-type GaN, and the C
remained invariant, this observation supports the general inter-
pretation of the yellow luminescence being connected to Cy** or
the Cy-Oy defect complex in GaN.*”

However, the impact of the UV illumination on the blue lumi-
nescence at 2.8¢eV is significant. As shown in Fig. 3, the 2.8eV
donor acceptor pair (DAP) luminescence appears at Mg doping con-
centrations above the self-compensation onset at 2 x 10" cm™.°
The origin of the blue luminescence has been related to a Vy-Mg
donor and Mg acceptor DAP transition,”” but more recent studies
have shown a relationship to Vg,(Vx)z or Vga(Vi)s >'® The obser-
vation of the 2.8 eV luminescence is, therefore, an indication for the
onset of self-compensation in Mg:GaN. All samples grown under
UV illumination with Mg concentration above 2 x 10" cm™ dem-
onstrate a decrease in the blue luminescence at 2.8 eV, indicating a
reduction in self-compensation of Mg.

Similarly, the low temperature photoluminescence spectra
display clear evidence of compensation reduction using dQFL
control. In Fig. 4, the spectra acquired at 3 K for the samples pre-
sented in Fig. 3 are shown. Now, the prominent DAP transition at
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FIG. 3. RT PL luminescence of samples grown with and without UV
illumination.

3.27eV related to Mg acceptors is observed in the spectra.”’
Typically, this peak is expected for Mg concentrations before the
onset of nitrogen vacancy related self-compensation. In addition,
acceptor bound exciton transitions can be observed if the Mg has
been activated by post-growth annealing (3.4-3.5¢eV).”® Indeed,
the non-illuminated samples show this transition from Mg accep-
tor DAP at 3.27 eV to the nitrogen vacancy related “blue” com-
pensation peak at ~2.8eV once the Mg concentration exceeds
2x 10" cm™.'% At an intermediate stage, one can see an overlap
of these transitions leading to a maximum PL at ~3 eV. However,
the use of UV illumination delays this transition to the lumines-
cence at 2.8 eV. Illuminated samples with Mg concentrations of
3-4x 10" cm™ do not have the strong emission at 2.8 eV and
maintain the acceptor related transition at 3.27 eV. At the highest
Mg doping level, the self-compensation related peak at ~2.8 eV
dominates both spectra, but the UV-illumination reduces the
intensity of this peak. Thus, the PL results for room temperature
and 3K indicate a reduction in self-compensation of Mg when
the dQFL control process is adopted.

Data presented thus far provide the compelling evidence that
above bandgap illumination reduces both the H and Vy-related
defects that incorporate during a Mg:GaN growth. The samples
were further studied using van der Pauw Hall effect measurements
to assess the impact on the electrical properties and confirm the
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FIG. 4. 3K PL luminescence of samples grown with and without UV
illumination.

reduction in passivation and compensation from the SIMS and PL
data above. Initially, the samples were tested as-grown with sol-
dered In for contacts to avoid any potential “activation” by the
post-contact deposition anneal required by the traditional Ni/Au
stack. The non-UV grown samples were too resistive for measure-
ment as expected from the literature.”™” However, resistivity of the
UV-grown samples was measured, and values of 11, 3, and 16 Qcm
were obtained for Mg concentrations of 1, 2, and 3 x 10" cm™2,
respectively. These values are higher than the samples measured
with the Ni/Au contacts and treated with the post-growth thermal
activation (Table I), but it is not clear if this is due to poor ohmic
contact formation with soldered In or if the samples were not fully
“activated” by skipping the annealing step. Despite this limitation,
the results are still remarkable because they indicate some of the
Mg atoms are entering the film as acceptor dopants via this dQFL
control process and not in the neutral Mg-H complex.”™

Table I lists the resistivity, free hole concentration, and mobil-
ity for the samples with Mg concentrations ranging from 1 up to
4x10¥ cm™ after post-growth thermal activation, and Ni/Au
p-type contacts were deposited. The highest doped samples of
5x10"cm™ were too resistive to achieve an ohmic contact
needed for Hall measurements’” and have been excluded from the
discussion. Two main regions of increased resistivity were observed
centered around a Mg doping concentration of ~2 x 10" cm™. As
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expected from the literature and our previous results, this concen-
tration represents a typical “minimum” in the resistivity where the
H concentration saturates, and the onset of the Vy-related self-
compensation begins.

Beginning with the Mg doping level of 1x 10" cm™, the
resistivity was reduced from 9 to 2 Qcm when the sample was illu-
minated with above bandgap light. This corresponded to an
increase in the free hole concentration by a factor of 2.5 and the
mobility by 2.7. The root of the improvement, however, is not
immediately evident. Because the Viy-related defect peak was not
observed in the PL, and previous work suggests that the Vg,(Vys)
(s=2 or 3) complexes do not increase in concentration until Mg
doping exceeds 1x 10" cm™,'>'® the Vy-related compensation is
not expected to affect the resistivity for this doping level. Instead, it
is proposed that the resistivity reduction is due to an illumination
effect on the residual H. Although SIMS confirmed the total H
concentration after activation was similar between the conventional
and dQFL-grown samples (Figs. 1 and 2), it cannot determine the
defect configuration of this residual H, i.e., if it is charged, neutral,
or exists as a complex. As such, it is proposed that the illumination
causes the residual H to incorporate in a more neutral configura-
tion that does not compensate the Mg, similar to the effect of illu-
mination on the C impurity in n-type GaN.”’

Above the self-compensation onset, the UV-illuminated
samples also demonstrated a clear improvement to the electrical
characteristics. At the Mg doping concentration of 3x 10" cm™,
the measured resistivity decreased from 12 to 8 Qcm., with slight
increases in the hole concentration and mobility in the Hall mea-
surement. A more pronounced effect was observed for the
4x10" cm™ Mg doping level, where the resistivity decreased to
11 Qcm from 36 Qcm, and an increase in the free hole concentra-
tion by a factor 1.5 and mobility by 2 was observed. Since the H
concentration saturates well before these doping levels, the change
in resistivity is interpreted as a decrease in the V-related compen-
sation. From the PL spectra, the blue luminescence associated with
the Vy-complexes is either reduced at room temperature (Fig. 3) or
shifted back to the DAP at low temperature (Fig. 4). In the previous
work,'>'¢ the appearance of the blue luminescence peak at a Mg
concentration greater than 1x10'°cm™ was correlated to an
increased Vg,(Vys) (s =2 or 3) concentration. From the diminished
blue luminescence signals in Figs. 3 and 4, it is concluded that the
UV-illumination reduced the incorporation of these Vy-complexes
and led to the improved resistivity of the films.

In general, the UV-grown samples showed a lower resistivity
with higher free hole concentrations and mobilities than the
annealed, non-UV-grown samples. This supports the conclusion
that the above bandgap illumination reduced both H passivation
and Vy-related self-compensation. It should be noted that the
Vy formation depends strongly also on the process supersaturation,
which was not a part of this study, and can be further reduced from
the levels reported herein.

IV. CONCLUSIONS

A defect quasi-Fermi level point defect control process was

used to control compensation in Mg doped GaN. For Mg concen-
trations at or below the self-compensation onset of ~2 x 10 cm~3,

ARTICLE scitation.org/journalljap

the use of above bandgap illumination by UV-light during growth
reduces the amount of H to similar concentrations as achieved in the
standard post-growth annealing process. For Mg concentrations
above the self-compensation onset, photoluminescence measurements
reveal a significant reduction in the blue luminescence associated
with Vy and its complexes. Corresponding electrical measurements
reveal that samples grown with above bandgap illumination resulted
in lower resistivity values than samples grown without the UV-light,
and confirm the reduction in compensation using this dQFL
control process. These experimental results are in quantitative
agreement with the theoretical framework of point defect control
via generation of minority carriers in a steady state above bandgap
illumination process. This process is based on the following
general rules: (1) the illumination significantly affects the minority
carriers (not majority carries); (2) the change in the minority
carrier concentration impacts the formation energy of compensat-
ing defects, which in turn reduces their concentration; and (3) the
applied UV-illumination does not influence the growth itself,
i.e., temperature, pre-reactions, or surface kinetics.
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