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Co-implantation of Si ¿N into GaN for n-type doping
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Si-doping characteristics have been systematically investigated for Si1N co-implanted GaN.n-type
regions were produced in undoped GaN films by the co-implantation and subsequent annealing with
an SiO2 encapsulation layer at high temperatures. The sheet carrier concentration is seen to be
precisely controllable between 331012 and 531014 cm22 with Si activation efficiencies of;50%
when the samples were annealed at 1300 °C. From atomic force microscopic observations, the
co-implanted sample shows smooth surface morphology identical to that before implantation,
whereas Ga islands are found to be formed in the surface region by the activation annealing in the
case of conventional Si implantation. Therefore, the Si1N co-implantation technique turns out to be
an effective method to enhance electrical and structural properties in view of GaN stoichiometry.
However, implantation-induced microdefects seem to remain even after the high-temperature
annealing process for both Si- and Si1N-implanted GaN samples. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1504500#
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I. INTRODUCTION

GaN has attracted much interest for high-temperat
and high-power electronic devices because of its outstan
properties, such as a wide band gap of 3.39 eV, a high br
down field of 53106 V/cm, and a high saturation drift ve
locity of 2.73107 cm/s.1,2 Various electronic devices base
on GaN-related materials have already been reported.3–8 Re-
cently, for the design of these electronic devices, espec
from a selective-area doping point of view, implantation do
ing of GaN has become a practical option.6–12

In general, group IV and II elements such as Si and
are promising donor and acceptor impurities for GaN,
spectively. Theory suggests that these elements occupyi
Ga-lattice site in GaN will have a low formation energy a
will form donor or acceptor energy levels. As for implant
tion doping of GaN, severaln- andp-type implantation tech-
niques have already been reported with the use of Si6–12

being the most common dopant forn-type and Mg7–9,13and
Ca,6,14 the main elements implanted forp-type doping. Re-
cent studies have indicated that annealing at high temp
tures is effective for high electrical activation of the im
planted dopant atoms.11 However, in the case of convention
implantation, where only one kind of dopant is used,
generation of many N vacancies and self-compensation
duced by site switching may occur in the implanted reg
after the high-temperature annealing process. Therefore
order to suppress the generation of N vacancies, a N-
condition should be created prior to implantation of the do
ant atoms, and thus the implantation of additional N ato
into GaN might be expected to increase the probability of
particular dopant atoms occupying a Ga-lattice site.15 In our
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previous work,16 we proposed the co-implantation of N an
dopant atoms to achieve high electrical activation of the d
ant, and demonstrated that Ge1N co-implantation into GaN
can significantly enhance the Ge electrical activation us
Ge as ann-type dopant for GaN. However, Si-doping cha
acteristics in GaN have not yet been studied by using
co-implantation technique. As mentioned above, Si is
most commonly used dopant which generatesn-type conduc-
tivity in GaN. In addition, the Si implantation is expected
enhancen-type electrical activation, because Si is mu
lighter than Ge and consequently may introduce much
damage in GaN. In this study, we have systematically inv
tigated the Si-doping characteristics of Si1N co-implanted
GaN in view of GaN stoichiometry, and the results are co
pared to those of conventional Si-implanted GaN.

II. EXPERIMENT

The epitaxial GaN films used in these experiments w
1 mm thick. They were grown ona-plane sapphire substrate
by metalorganic chemical-vapor deposition at 1050 °C, o
predeposited 20 nm AlN buffer layer grown at 400 °C. T
GaN films were not intentionally doped, and showed se
insulating properties. After growth, the GaN samples w
implanted using pure N2 and SiF4 gases as the sources of th
14N and 28Si species, respectively. First the N1 ions were
implanted at energies of 35, 65, and 100 keV, respectively
position the ion peak 53, 95, and 143 nm from the surfa
The Si1 ions were then implanted at a fixed energy of
keV to place its peak range at the same position as that
the N1 implanted at 35 keV. The N and Si implant dosag
were varied between 131013 and 131016 cm22. In the case
of the Si1N co-implantation, the N/Si ratio was kept;1 for
an optimum doping.16 Conventional Si- and N-implanted
GaN samples were also prepared for reference. All the
il:
5 © 2002 American Institute of Physics
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plants were performed at room temperature, with an in
dence angle 7° off the normal surface. After implantation
500 nm thick SiO2 capping layer was deposited on the t
surface of the samples by radio-frequency sputtering at ro
temperature to provide an encapsulation cap for the su
quent implant activation annealing. All the samples were
nealed on a SiC-coated graphite susceptor at tempera
between 1100 and 1300 °C in flowing H2 gas at a pressure o
10 Torr. Following the anneal step, HF~49% concentration!
was used to remove the SiO2 cap, and then Al contacts wer
formed at the corners of each sample by electron-be
evaporation. Carrier activation was characterized by roo
temperature Hall-effect measurements. Hall data of sh
carrier concentrationns and electron mobilityme were in
error by less than 1% on these measurements. The d
distribution of the implanted Si atoms was measured by s
ondary ion mass spectrometry~SIMS!. The surface morphol-
ogy of the implanted region of the GaN samples was a
lyzed by atomic force microscopy~AFM!.

III. RESULTS AND DISCUSSION

A. SIMS profiles of the implanted Si atoms

The dependence of the depth distribution of the i
planted Si atoms on the co-implanted N peak range was
vestigated. The implant conditions for typical samples, nu
bered 1–4, are summarized in Table I, together with th
electrical data. Here, the implanted N and Si dosages w
fixed at 131015 cm22. Figure 1 shows SIMS profiles of th
implanted Si atoms before and after annealing at 1300 °C
5 min, together with N and Si atomic profiles calculated
Transport of Ions in Matter~TRIM! software. Before the an
nealing, the experimental peak position of the implanted
atoms is in reasonable agreement with that of theTRIM cal-
culations, regardless of the implanted N peak range. Furt
more, the implanted Si atoms are found to diffuse into a li
deeper-lying region of the GaN films by the annealing
1300 °C, which seems to be also independent on the N
plant conditions. This annealing-induced diffusion is diffe
ent from the situation of Ge1N co-implantation.16 That is,
this redistribution of the implanted Si atoms may occur d
to Si having much lighter ion mass than Ge. In addition,
atoms cannot be detected for N-implanted GaN after the
nealing by the SIMS measurements. This suggests tha
diffusion of Si atoms into GaN from an SiO2 encapsulation
layer cannot occur during the high-temperature annea
process and consequently that the use of the SiO2 cap does
not influence the Si-doping characteristics, as discussed l
On the other hand, the diffusion of the implanted N ato

TABLE I. Implant conditions and sample characteristics.

Sample
No.

N implant
131015 cm22

~keV!

Si implant
131015 cm22

~keV!

Sheet carrier
concentration
(1014 cm22)

Mobility
(cm2/V s)

1 none 65 5.85 80.2
2 35 65 4.87 98.5
3 65 65 5.27 86.8
4 100 65 6.84 75.8
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cannot be determined because of it being difficult to dist
guish the implanted N atoms from the component N atoms
the GaN lattice even when isotope15N atoms were im-
planted.

B. Electrical properties

The co-implanted N peak range dependence of the
activation was investigated for typical samples 1–4. He
the activation annealing was performed at 1300 °C for 5 m
First, a different of electrical properties is found between
conventional Si-implanted samples~sample 1! and the Si1N
co-implanted sample~sample 2!, as shown in Table I. Sampl
2 shows a lowerns and a higherme than sample 1, in spite o
the identical Si dosage of 131015 cm22 for both samples. In
particular, the highme of ;100 cm2/V s can be achieved
even at a Si dosage of 131015 cm22 for the co-implanted
sample 2 in which the N peak range is equivalently placed
the Si peak range. This reflects the high quality of the G
lattice in the co-implanted region compared to the conv
tional Si-implanted one. Si activation efficiency of sample
is estimated to be;49% from the implanted Si dosage o
131015 cm22. As compared to sample, the highns seen for
sample 1 may be related to the generation of N vacan
besides the Si electrical activation. That is, there are
tremely insufficient N atoms available to maintain GaN s

FIG. 1. TRIM simulated atomic profiles of implanted N~dashed line! and Si
~solid line! and SIMS profiles of Si implanted in GaN, as-implanted~h! and
annealed~d! at 1300 °C for samples 1–4.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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ichiometry in the conventional Si-implanted region. Cons
ering that the N vacancies form a shallow donor leve17

many carriers can be generated from these N vacancies.
result, the conventional Si implantation may show an
crease inns all the more after introducing the N vacancies.
this case, the concentration of the N vacancies gener
should be ideally equal to that of the implanted Si atom
That is, the effective carriers from the Si doping except
the N vacancies may be assumed to be only half thens .
Thus, the actual Si activation efficiency is roughly estima
to be as low as 29% for sample 1, considering the increas
carrier concentration caused by the generation of man
vacancies. On the other hand, in the case of the Si1N co-
implanted GaN samples~samples 2–4!, the ns and me

strongly depend on the implanted N peak range relative
the Si peak one, as shown in Table I. Thens decreases and
the me increases with close overlapping of the N peak ran
with the Si peak. From our previous study of the Ge1N
co-implantation,16 the distribution of the co-implanted N a
oms is expected to be unchanged even after the anneali
1300 °C. In addition, the N-implanted GaN sample sho
semi-insulating properties after the annealing. Thus, the
served increase inns is considered to be caused by the co
bined effects of Si doping and N-vacancy generation for
co-implanted samples~samples 3 and 4! in which the N peak
range does not completely overlap with the Si peak ran
Therefore, we can say that the co-implantation of additio
N atoms significantly enhances the actual Si electrical a
vation when the N peak range is equivalently placed at th
peak range.

Here, these results on the Si1N co-implantation are
compared with our previous study on that of the Ge1N.16,18

Thens andme obtained for the Ge1N system are lower than
those for the Si1N system, under the same condition whe
the N peak range overlapped the dopant peak range. In
ticular, the Ge1N coimplanted GaN samples show mu
lower me of 50–60 cm2/V s. In addition, the N peak rang
dependence ofns seen for the Ge1N system is found to be
just the opposite of that for the Si1N system. That is, thens

increases with relatively lowme with close overlapping of
the N peak range with the Ge peak range for the Ge1N
co-implanted GaN samples. These differences that we
served are considered to be caused by a considerable m
of ion mass between Si and Ge; the Ge1N co-implantation
process should be inclusive of implantation-induced dam
in addition to the combined effects of the Ge-doping and
N-vacancy generation. Conversely, the Si1N co-
implantation may suppress the damage due to Si being m
lighter than Ge, as expected. Therefore, we can determ
that the Si1N co-implantation technique is a more effectiv
method for achieving high qualityn-type doped GaN by im-
plantation, based on an ideal site-competition effect.

The annealing-condition dependence of the Si activa
was also investigated in the Si1N co-implantation process
The implant condition was the same one as sample 2
which the implanted N peak range overlaps with the Si p
range, as shown in Table I. Figure 2~a! shows room-
temperaturens andme as a function of annealing temperatu
for the Si1N co-implanted samples. Here, annealing tim
loaded 02 Sep 2010 to 133.68.192.98. Redistribution subject to AIP licens
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was fixed at 5 min. With the rise of annealing temperatu
from 1100 to 1200 °C, thens significantly increases from 2
31012 to 331014 cm22 with high me of ;75 cm2/V s. This
indicates that the Si electrical activation starts to occur
around 1200 °C. On the other hand, theme significantly in-
creases in spite of thens being saturated by annealing
1300 °C. This behavior indicates an improvement in t
crystallinity in the electrically activated region. Therefor
annealing at high temperatures above 1200 °C is require
activate the implanted Si atoms in GaN. Figure 2~b! shows
room-temperaturens andme as a function of annealing time
at 1300 °C for the Si1N co-implanted samples. Thens

gradually increases with an increase of annealing tim
whereas theme significantly increases from 51 to 10
cm2/V s. This result also suggests a significant improvem
of the crystallinity under an optimum condition of GaN st
ichiometry in accordance with increased annealing time.

Moreover, Si-doping characteristics were investigated
view of Si implant dosage. Figure 3 shows the roo
temperaturens and me as a function of Si dosage for th
Si1N co-implanted and subsequently annealed G
samples. Here, the N implantation was performed at 35 k

FIG. 2. Sheet carrier concentration~d! and mobility ~h! as a function of:
~a! annealing temperature and~b! annealing time for Si1N co-implanted
GaN samples with Si and N dosages of 131015 cm22.

FIG. 3. Sheet carrier concentration~d! and mobility~h! as a function of Si
implant dosage for the Si1N co-implanted samples after annealing
1300 °C.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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to overlap the N-implanted region with the Si one as sho
in Fig. 1~b!, and the N/Si ratio was fixed at 1 for the opt
mum Si activation as mentioned above. The activation
nealing was carried out at 1300 °C for 5 min. Thens in-
creases monotonically with increasing Si implant dosage
to 131015C cm22 under the Si1N co-implantation process
that is, thens seems to be precisely controllable between
31012 and 531014C cm22 with respect to the Si dosage. A
enhanced Si activation level of;50% is attained in this re
gion of the Si dosage. Therefore, improved doping char
teristics for Si implantation into GaN can be successfu
achieved by the Si1N co-implantation method. On the othe
hand, theme decreases gradually with increasing Si dosa
in this region. However, the behavior of theme does not
seem to be simply consistent with the variation seen for
ns in view of ionized impurity scattering. Theme may be
primarily dependent on the combined effect of ionized imp
rity scattering and space charge scattering induced by
presence of the implantation-introduced defects. In addit
the observedme is much higher than results previously r
ported in the literature. This indicates that the Si1N co-
implantation and subsequent annealing might significa
improve the crystallinity of the electrically activated regio
which results in suppressing the space charge scatte
caused by the generation of defects such as N vacancie
compared with the conventional implantation technique. F
thermore, thens and me seem to be saturated at around
31015 cm22 and 71 cm2/V s, respectively, by increasing th
Si dosage above 331015 cm22. This result suggests that th
Si-doping characteristics by the implantation technique m
attain the solid-solubility limit of the implanted Si atoms
GaN.

In this study, improved Si-doping characteristics ha
been achieved for GaN by the Si1N co-implantation where
the N/Si ratio was fixed at 1. However, there seem to
numerous implantation-induced damage and N vacan
even after the high-temperature annealing process. Thus
N/Si ratio needs to be optimized to see improvement in
doping characteristics and crystallinity of the co-implant
GaN.

C. AFM observations

Figures 4~a! and 4~b!, respectively, show typical AFM
images of the Si-~sample 1! and Si1N-~sample 2! implanted
GaN after annealing at 1300 °C for 5 min. A clear differen
can be seen between them. In the co-implanted GaN sam
a number of growth steps are clearly observed as show
Fig. 4~b!, whose surface morphology is identical to that
the as-grown GaN before implantation. That is, the surf
morphology is found to be unchanged even after the imp
tation and subsequent annealing processes for the
implanted GaN. Here, the dark points correspond to thre
ing dislocations. In sharp contrast, many white-color
islands with;25 nm in height and;140 nm in diameter can
be seen for the conventional Si-implanted sample, as sh
in Fig. 4~a!. These islands were found to be composed of
from Auger electron spectroscopy~AES! measurements
These Ga islands in the surface region are considered t
loaded 02 Sep 2010 to 133.68.192.98. Redistribution subject to AIP licens
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formed in accordance with GaN dissociation caused by
high-temperature annealing. In particular, in the case of
conventional Si implantation, the Ga islands are expecte
be more easily formed because there is insufficient N ato
in the implanted region to achieve stoichiometric GaN
compared to the Si1N co-implantation process. In addition
the growth steps are not clearly seen for the Si-implan
sample, which is in reasonable agreement with the GaN
sociation in the surface region. Thus, the Si1N co-
implantation turns out to significantly suppress the Ga-isla
formation in view of GaN stoichiometry. Therefore, we ca
conclude that the co-implantation technique is more effec
in enabling the reconstruction of the GaN lattice in the i
planted surface region, resulting in an improvement in
crystallinity of the electrically activated region. Howeve
implantation-induced microdefect ‘‘small holes’’ can be se
even after the high-temperature annealing process for b
Si- and Si1N-implanted samples, as shown in Figs. 4~a! and
4~b!. For reference, the microdefects cannot be observed
the N-implanted sample after annealing, indicating that
co-implantation of additional N atoms into GaN might b
expected to introduce much less damage in the implan
region than the implantation of Si dopant atoms. In additi
the microdefects observed in both the Si- and Si1N-
implanted GaN are probably associated with the implanta

FIG. 4. AFM images of Si- and Si1N-implanted GaN samples with a S
dosage of 131015 cm22 after annealing at 1300 °C. Both images are
35 mm2.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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of Si atoms and may have some kind of relation to the
fects characteristic of both the Ge- and Ge1N-implanted
GaN as determined by positron annihilation spectrosco
measurements in our previous study.18

IV. CONCLUSIONS

We have demonstrated that the Si1N co-implantation
into GaN and subsequent annealing at high temperatures
enhance the actual Si electrical activation based on a
competition effect compared to the conventional Si impla
tation. In particular, overlapping of the N-implanted regi
with the Si one makes the Si activation and crystallin
higher. The sheet carrier concentration is found to be p
cisely controllable between 331012 and 531014 cm22 with
the Si activation efficiencies of;50%. From AFM observa-
tions, Ga islands are found to be formed in the surface reg
for the conventional Si-implanted GaN after activation a
nealing, whereas the island formation is significantly su
pressed in the case of the Si1N co-implantation. However
implantation-induced microdefects can be seen to rem
even after the high-temperature annealing process for
Si- and Si1N-implanted samples.
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