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ABSTRACT

lon channeling and transmission electron microscopy were used to examine the microstructure of
GaN implanted with deuterium (D) at high (>1 at. %) and low (< 0.1 at. %) D concentrations. At
high concentrations, bubbles and basal-plane stacking faults were observed. lon channeling
showed the D was disordered relative to the GaN lattice, consistent with precipitation of D, into
bubbles. At low D concentrations, bubbles and stacking faults are absent and ion channeling
shows that alarge fraction of the D occupies sites near the center of the c-axis channel.

INTRODUCTION

Hydrogen is incorporated into GaN during growth by MOCVD and also during subsequent
processing [1]. This hydrogen strongly affects the electrical properties by passivation of dopants
and lattice defects. Release of hydrogen from GaN films requires annealing at temperatures
above 800°C [2]. However, large reductions in resistivity of Mg doped GaN can be achieved by
annealing at lower temperatures where H is not released from the material [3,4]. This indicates
that the atomic configuration of H within the GaN lattice significantly affects its influence on
electrical properties.

Here we use ion channeling to examine the lattice location of deuterium implanted into
wurtzite GaN. Results from the channeling measurements are compared with first-principles
calculations of the lattice configuration of hydrogen in GaN [5,6]. In addition, we use ion
channeling and TEM to examine lattice defects produced by the implantation of deuterium.

EXPERIMENTAL PROCEDURES

Waurtzite GaN films with (0001) orientation and thickness in the range of 1.4 - 2.3 ym were
grown epitaxialy by MOCVD on 420 um thick c-oriented sapphire substrates as described
elsewhere [7]. The GaN was n-type with a carrier density of ~ 10/cm® as determined by
conductivity and Hall-effect measurements. The samples were implanted at room temperature
with deuterium (D) at 50 keV to fluences of 10*/cm?® and 10*/cm?®. This gives D concentration
profiles peaking 0.4 um beneath the surface at concentrations of about 0.05 and 5 atomic % for
these two fluences[8].

lon channeling measurements were done with the samples mounted on a 3 axis goniometer.
D was analyzed by counting protons from the D(®He,p)a nuclear reaction with an incident beam
of 0.85 MeV °He" ions. With this energy D at depths up to about 1 pm will be detected and the
peak in the nuclear reaction cross section [8] at 0.6 MeV occurs at the depth of the D. Analysis
beams of 2 MeV “He were used to examine lattice damage caused by the D implantation. Energy
spectra of “He backscattered at 155 degrees were recorded for angles of incidence near the c-axis.
The analysis beam size was typically 1 mm sguare and the angular divergence was 0.05 degree.
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Transmission electron microscopy, both plan view and cross section, shows that GaN
implanted with 50 keV H to fluences of 2x10"°/cm? and 10""/cm? and then vacuum annealed at
886°C for one hour, contains cavities with a typical size of 10 nm at the H implant depth [8].
These cavities are believed to result from precipitation of H, gas. Such samples also contain
planar defects typically ~50 nm in diameter, which are shown by high resolution imaging [8] to
be (0001) basal plane stacking faults containing one extra Ga-N bilayer bounded by a partial
edge dislocation loop with a Burgers vector ¢/2[0001]. The atomic configuration of such faults
has been discussed elsewhere [9]. TEM showed these cavities and stacking faults were not
present in GaN implanted with H to a lower fluence of 10™/cm? and annealed at 886°C. The
cavities and stacking faults can be seen in the micrographs shown in figure 1.
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Fig. 2. Energy spectra for channeled 2 MeV
“He backscattered from GaN. Yield from the
implanted region appears at channels in the
range from 90-120, while the surface
corresponds approximately to channel 140.
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Fig. 1. Cross-section TEM of abubble (a)
and a stacking fault (b) in GaN implanted
with 2x10™ H/cm? and then vacuum annealed
at 886°C for one hour. The barsindicate 5 nm.

Figure 2 shows channeled backscattering spectra for 2 MeV “He incident along the [0001]
axis for GaN implanted at room temperature with 10*" D/cm?. Also shown for comparison is a
spectrum for an off-axis unchanneled or random direction obtained by averaging spectra taken at
severa off-axis orientations, and a channeled spectrum taken on a sample as-grown, i.e. not
implanted with D. The channeled spectrum for a low-dose (10™°/cm?) implanted sample (not
shown) was the same as those for unimplanted samples. The low backscattering yield for axia
channeling in the unimplanted GaN of ~ 2% of random yield near the surface and 3.2% of
random yield at the depth of D implantation, is consistent with a film which has few lattice
defects.
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Room-temperature implantation of 10*" D/cm? at 50 keV creates a direct scattering peak,
which is shaded in the figure, at an energy corresponding to He scattered from Ga at the depth of
the implanted D, and increases the yield at lower energies due to dechanneling. Subsequent one
hour vacuum anneals in the temperature range 511-709°C removes the direct scattering peak and
increases the dechanneling step. The direct scattering peak shows that prior to annealing, Ga
atoms are displaced from lattice sites into the open [0001] channel, thereby enhancing the
backscattering yield of channeled “He ions. We refer to these displaced Ga atoms generically as
Ga interstitials without implying a specific lattice location. The disappearance of this direct
scattering peak with annealing indicates a return to lattice sites. The associated increase in
dechanneling is consistent with the formation of extended defects with large strain fields, eg.
dislocations, which dechannel the “He with little direct scattering. Reference 10 gives more
detailed discussion of defect analysis by ion channeling.

The area under the direct scattering peak can be used to calculate the areal density of Ga
interstitials. The number of countsin the peak is given by

Y:NHeSRWNif, (1)

where Ny is the number of incident “He ions, sr is the Rutherford differential cross section for
scattering of “He from Ga, Wis the solid angle subtended by the detector, N; is the areal density
of interstitial Ga and f is the flux enhancement due to channeling at the location of the interstitial
Ga With Y = 3500 from the channeled spectrum before annealing (fig. 2) and f = 2 from
computer simulations (discussed later) of “He channeling in GaN assuming all Ga interstitials are
near the center of the [0001] channel, we obtain N; = 3.0x10'%/cm?®. This number is smaller by
two orders of magnitude than the areal density of collisional displacements caused by the D
implantation, which is estimated to be ~40 displacements per incident ion or 4x10™
displacements/cm?®. However, the areal density of Ga interstitials estimated from the direct
scattering peak is close to the areal density 3.5 x 10*/cm? of Ga atoms displaced by the bubbles
[8]. Thisresult suggests the following model for bubble formation: the vacancies and interstitials
produced by atomic displacements mostly recombine, however a small fraction of the vacancies
agglomerate and combine with H to form high pressure H, bubbles, leaving a corresponding
number of interstitials in the neighboring lattice. At temperatures in the range from 500 to 700°C
most of these interstitials annihilate, possibly by diffusing to the surface while some agglomerate
into the stacking faults seen by TEM.

If it is assumed that the dechanneling step is due to strain fields from the dislocation loops
bounding the stacking faults, then the number of these defects and the areal density of interstitial
atoms enveloped by them can be estimated from the height of the dechanneling step. In general
the areal density of adefect isrelated to dechanneling by the equation [10]

Np = sq™ In[(1-c\)/(1-Cp)] , @)
were cp is the channeled backscattering yield above the step divided by the random or

unchanneled yield, and c, is the corresponding quantity in the absence of defects. The cross
section for dechanneling by the strain field of adislocation is given by [10]

sa=K (are b)* fy 4 3)

where arr is the Thomas-Fermi screening distance, b is the length of the Burgers vector, y 1 isa
critical angle for dechanneling. Using a value K=1.2, derived elsewhere for axial channeling
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perpendicular to an edge dislocation [11], we obtain sg = 5.3x10”" cm?/cm. With ¢, = 0.032 and
co = 0.19 from the channeled spectrum after annealing at 809°C, eq. 2 yields Np = 3.4x10°
cm/cm?. Assuming the stacking faults are circular with a diameter of 50 nm estimated from
TEM, this value of Np implies that the associated areal density of extra Ga and N atoms is
1.0x10*/cm?. This number is smaller by a factor of 70 than the areal density of Gaand N atoms
calculated to be displaced by bubble formation.

We adso conclude that the bubbles themselves do not contribute significantly to direct
scattering and dechanneling. The combined basal plane area of the bubbles per unit sample area
is estimated to be ~3 cm?/cm? [8]. If the He ions re-enter the lattice at random locations after
traversing a bubble, the direct scattering and dechanneling from the bubbles should be about
three times that of the external surface, which is small compared to the observed direct scattering
and dechanneling as can be seen in figure 2.

L ocation of D in the GaN lattice

The location of foreign atoms relative to the host |attice can be determined by ion channeling
[10]. Here we use the D(®He,p)a nuclear reaction to study the lattice location of D implanted into
GaN. The yield is proportional to the local flux of *He at the location of the D. For angles of
incidence far from major axes or planes the flux of *He is nearly the same at all locations in the
lattice. However, when the analysis beam is aligned along the c-axis, channeling reduces the flux
near the rows of host atoms and increases the flux near the center of the open channels relative to
fluxes with off-axis alignment. This will give rise to adip in the NRA yield if the D is near the
host atom rows, for example at a substitutional site, or conversely, to a peak in the NRA yield if
the D is near the center of the channel. The absence of a peak or dip would indicate that the D is
randomly located relative to the lattice.

Figure 3 shows the measured NRA Lo ' ' ' ' ' '
yield normalized to the off-axis or I —e— 10" D/lcm” |
random yield versus the angle between 14} o | —o—10" Dicm?® |
the analysis beam direction and the c- \
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whereas for GaN implanted with 10"’ N °« 2 *-
D/cm? there is no peak. The absence of 100%00&'[00000@%[%?;9&5#0—
a peak for the high dose implanted I

sample is consistent with the idea that 08 : ! : ! : !

at high concentrations most of the D 2 -1 0 1 2
precipitates as gas into cavities which Angle from c-axis (degrees)

would give random location for the D Fig. 3. NRA yield versus angle from the c axis.

relative to the GaN lattice sites. The

peak for the low dose sample shows that a large fraction of the D is in the open channels. The
height of this peak was observed to be a function of the analysis beam dose. Figure 4 shows the
peak height as afunction of off-axis *He analysis beam dose to the sample. The increase in peak
height with beam dose shows that the analysis beam is causing the D to change its location in the
lattice. The increase saturates after a few microcoulombs. The data shown in figure 3 were all
taken after this beam induced increase had saturated. Measurements of the NRA yield after one
hour vacuum anneals showed the peak remained unchanged up to 411°C, decreased with
increasing temperature above 511°C, and became poorly resolved by 809°C.
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We have carried out computer
simulations of the yield versus angle for
various D locations in the GaN lattice.

These simulations were done using a % % § § % %

=
o

statistical equilibrium continuum (SEC) 8 §

model [12] modified for the case of §1.4— |
channeling along the c-axis in wurtzite o

GaN. The SEC model has previousy & | §

been used to determine the lattice > e |

location of D implanted into silicon [12].
Our caculations use Doyle Turner
potentials [13] for the GaN lattice with 10 . . .
24 rows. The model includes 0 5 10 15 20
dechanneling due to thermal vibration of

the host atoms. RMS vibrational Off-axis “He beam dose (nCoulomb)
amplitudes of 0.00735 nm for Ga and Fig. 4. NRA yleld at axial alignment verses off-axis

0.00806 nm for N were used [14]. The beam dose for GaN implanted with 10™°D/cm?.

SEC model gave good agreement with the observed channeling dip for 2 MeV “He backscattered
from the host lattice as shown in figure 5, providing an important validation of the model. The
NRA yield curves were calculated using a vibrational amplitude of 0.010 nm for the D. The D
vibrational amplitude was estimated assuming a harmonic oscillator model with a vibrationa
frequency of ~ 2300 cm™ for the D-N stretch mode determined from infrared absorption
measurements [15] and from first principles calculations [9]. Except for the S site, changesin D
vibrational amplitude by factors of 2 do not significantly change the calculated yield curves. The
yields calculated by the SEC model correspond to values averaged over all azimutha angles. In
order to compare with the SEC model, the data shown in figures 3 (NRA) and 4 (RBS) are
averages of measurements at many azimuthal angles.
Figure 5 shows the vyield

predicted by the SEC model for 2.5 ' ' ' . ' '
various locations of D in the I
channel as indicated in the inset 2.0

diagram. Curve Cisfor D at the
channel center, curve Sisfor D in
line with the host atom rows
which includes substitutional
sites. Also shown is the yield for
D a a bond-center site midway
between the Ga and N atoms at
the channel edge. Another site
which has been proposed for
hydrogen in GaN is the nitrogen

antibonding site which is aong Angle from c-axis (degrees)
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center sites in-line with the host atom rows, are the same as for the S site. The yield curves for
the remaining three quarters of these sites, at locations indicated in the inset diagram as BC and
AB in theinset diagram, are shown in figure 5. In the wurtzite structure the two types of AB and
BC dites are not equivalent and need not be equally occupied by D. The peak we observe in the
measured NRA yield shows that a large fraction, of order 50% or more, of the D occupies sites
near the channel center such as the C or AB sites in the sample implanted with 10™ D/cm?.

The increase in NRA channeling yield with analysis beam dose which we observe, and the
fact the D depth distribution does not broaden during thermal release, suggest that the D is bound
at lattice defects. First-principles calculations have been reported for H bound to vacancies in
GaN [6]. These calculations predict that H in a N vacancy will be located near the center of the
vacancy. Accordingly, D trapped at N vacancies is expected to be located substitutionally at the
N lattice site which would correspond to the S site shown in figure 5. Our NRA channeling data
excludes significant occupation of D at this site.

D in a Ga vacancy should form a strong covalent bond with one of the N neighbors [6]. This
would place the D about 0.10 nm from an N atom along the tetrahedral bond direction. Since the
GaN bond length is 0.20 nm the predicted position for D in a Ga vacancy is therefore very close
to the bond center location, in the absence of relaxation of the lattice around the vacancy.
Therefore, the yield curves for D in a Ga vacancy for the N whose bond is along the ¢ direction,
should be similar to the curve for the S site. For D bound to the other three N, the yield curve
should be similar to that of the BC site shown in figure 5. Both of these sites for D at a Ga
vacancy give adip in the channeling yield as shown in figure 5. In a recent study, IR absorption
bands were observed due to H-N and D-N stretch mode vibrations in GaN implanted with H and
D [15]. These absorption bands were tentatively assigned to H or D bound to N at Ga vacancies.
Our channeling results show that most of the implanted D is not at such sites since this would
give adip in the NRA channeling yield in contrast to the peak we observe. It therefore seems
appropriate to consider other defect-related sites, including interstitials or solution sites adjacent
to defects as possible binding sites for D.
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