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ABSTRACT

The III-V nitride-containing semiconductors InN, GaN, and AIN and their
ternary alloys are the focus of extensive research for application to visible light
emitters and as the basis for high temperature electronics. Recent advances in
ion implantation doping of GaN and studies of the effect of rapid thermal
annealing up to 1100 °C are making new device structures possible. Both p-
and n-type implantation doping of GaN has been achieved using Mg co-
implanted with P for p-type and Si-implantation for n-type. Electrical
activation was achieved by rapid thermal anneals in excess of 1000 °C.
Atomic force microscopy studies of the surface of GaN after a series of anneals
from 750 to 1100 °C shows that the surface morphology gets smoother
following anneals in Ar or N2. The photoluminescence of the annealed
samples also shows enhanced bandedge emission for both annealing ambients.
For the deep level emission near 2.2 eV, the sample annealed in N2 shows
slightly reduced emission while the sample annealed in Ar shows increased
emission. These annealing results suggest a combination of defect interactions
occur during the high temperature processing.

*This work was performed at Sandia National Laboratories and

was supported by the US/DOE under contract DE-Ac04-94AL85000.
INTRODUCTION

The III-V nitride-containing semiconductors InN, GaN, and AIN and their ternary alloys
are attracting renewed interest for application to visible light emitters1»2 and as the basis for
high temperature electronics.3-> Their attractive material properties include bandgaps
ranging from 1.9 eV (InN) to 6.2 ¢V (AIN), an energy gap (Eg(GaN) = 3.39 eV) close to the
short wavelength region of the visible spectrum, high breakdown fields, high saturation drift
velocities and relatively high carrier mobilities.0
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There have been limited reports of the implantation properties of the III-V nitrides.”
Early work by Pankove® focused on the optical properties of GaN implanted with an arrag of
to

elements while Khan investigated the implantation of Be or N in GaN9 and AlGaNl
improve Schottky barrier characteristics. Recently there have been reports on the implant

isolation properties of II-Nitride materials11> 12, 13 but there has been only one report of the
achievement of implantation doping of GaN.14 1In this work we report in more detail on the
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properties of implantation doping in GaN. Specifically, Hall data for the sheet carrier
concentration versus annealing temperature is reported. Variable temperature Hall data is
reported and used to estimate the ionization energy levels for implanted Mg and Si in GaN.
In addition, secondary ion mass spectroscopy (SIMS) data is presented for as-implanted and
annealed samples to study the redistribution properties of implanted Mg and Si in GaN.
Furthermore, since an implant activation anneal in excess of 1000 °C is required to achieve
electrical activation, data for the effect of such an anneal on the morphology and
luminescence properties of GaN is presented. Results are also given for ohmic contact
formation to Si-implanted GaN.

EXPERIMENTAL

The GaN layers used in the implant doping experiments were 1.5 to 2.0 pm thick
grown on c-plane sapphire substrates by metalorganic chemical vapor deposition (MOCVD)
in a multiwafer rotating disk reactor at 1040 °C with a ~20 nm GaN buffer layer grown at 530
°C.15 The GaN layers were unintentionally doped, with background n-type carrier
concentrations < 5x1016 cm=3. The as-grown layers had featureless surfaces and were
transparent with a strong bandedge luminescence at 3.484 eV at 14 K. The GaN layers used
in the annealing experiments were also grown by MOCVD but in a RF-heated, horizontal
geometry reactor consisting of a double walled deposition chamber, a rectangular-section

flow-liner, and an uncoated graphite susceptor angled for optimum uniformity.16 This GaN

was grown on solvent cleaned, a-plane [1120] oriented, sapphire substrates. The growth
sequence involved a thin GaN buffer at 480 °C followed by a ~5 pm GaN layer at 1025 °'C
with a 2 pm/hr growth rate. The as-grown GaN is colorless, has a specular morphology,
shows a typical n-type background doping in the 6x1016 cm3 to 3x1017 cm3 range, a
mobility between 200 and 600 cm2/V-s, and an x-ray rocking curve FWHM of approximately
200 arc seconds.

For implantation doping, the samples were implanted with either 28si (5x1014 cm2,
200 keV), 24Mg (5x1014 cm-2, 180 keV), or 24Mg+31P(5x1014 cm2, 1807250 keV). The
samples were annealed from 700 to 1100 °C for 10 s in a SiC coated graphite susceptor in
flowing N2. Electrical characterization was performed by van der Pauw Hall measurements
using alloyed (350 °C, 10 s) Hgln contacts at the corners of each sample.

For the annealing experiment, the anneals were done in a similar fashion as above
except for 15 s and in one of three ambients: 4%H2:96%N2, Ar, or N2. The samples surface
morphology were characterized by atomic force microscopy (AFM) with a Digital
Instruments Dimension 3000 AFM operating in the tapping mode with a silicon tip by taking
10 um x 10 pm images at three points on each sample. Each image was then analyzed for the
RMS surface roughness. The as-grown material and the Ar and N2 1100 °C annealed samples
were also characterized by photoluminescence using a 10 mW HeCd laser (325 nm) excitation
source with the spectra taken at 15 K.

RESULTS AND DISCUSSION

Figure 1(a,b) shows the sheet electron and hole concentration versus activation
annealing temperature for Si, Mg, Mg+P, or unimplanted GaN. For Si-implantation (Fig. 1a)
electrical activation first occurs after a 1050 °C anneal with a ~16 fold increase in sheet
electron concentration which increases by a additional factor of 5 after a 1100 °C anneal. Co-
implantation of P with Mg was found to be necessary to achieve p-type material after a 1050
°C anneal as evident in Fig. 1b. In contrast, the Mg-only sample remains n-type and shows
little difference from the unimplanted sample. The effect of the P co-implantation may be
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explained by a reduction of N-vacancies or an increase in Ga-vacancies leading to a higher
probability of Mg occupying a Ga-site. Co-implantation of P has also been shown to be
effective in enhancing activation and reducing diffusion for p-type implantation in
GaAs.17.18,19 Figure 2a,b shows an Arrhenius plot of the sheet electron concentration and
the resistance/temperature product for Si-implanted GaN after a 1100 °C anneal. Both
Arrenhius plots for Si are included in Fig. 2, since there is some discussion regarding the
possibility of two-band conduction in GaN and its potential effect on the extracted ionization
energy for n-type conduction.20 By fitting the data of Fig. 2, ionization levels for Si-
implanted GaN of 61 or 29 meV are estimated. These values are in the range reported for
epitaxial Si-doped GaN.21 Figure 2c shows the Arrhenius plot for the sheet hole
concentration for Mg+P implanted GaN annealed at 1100 °C from which an ionization of 171

meV is estimated. This also is consistent with the literature values for Mg-doped GaN 2

1014 | L) T T T E 1013 L3 T H T T
Q‘E ~@-—-unimplanted I | =&—unimplanted
2 —-Siimplanted € t | —@—Mg (n-type)
5 10%; g t | ~m-~Mg+P (n-type)
g 2 {02t ={7=Mg+P {p-type)
€ 2 EJ)B
g g
§ 10 o

S

5 % 1011
2 11 - 3 3
s 10t o
05 c
5 (b)

010 i I i 1 1 1010 1. 1 1 1 t

600 700 800 900 1000 1100 1200 600 700 800 900 1000 1100 1200

annealing temperature (°C) annealing temperature (°C)

FIG 1. Sheet carrier concentration versus annealing temperature for unimplanted and a) Si-
implanted or b) Mg and Mg+P implanted GaN.
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FIG 2. Arrhenius plots of a) the sheet electron concentration and b) the resistance/temperature
product for Si-implanted and c) the sheet hole concentration for Mg-implanted GaN annealed
at 1100 °C.

When applying ion implantation doping to device structures, knowledge of impurity
redistribution during the activation anneal process is needed. Figure 3a,b shows the SIMS
profiles for Mg and Si implanted GaN either as implanted or after a 15 s, 1050 or 1150 °C
anneal. For Mg, the annealed samples show a slight shift towards the surface that is estimated
to be 50 nm near the profile peak. Based on a 50 nm diffusion length, an upper limit on the
diffusivity of Mg in GaN at 1150 °C of 6.75x10-13 cm2/s is estimated. Profiles for Mg co-
implanted with P gave similar results. For Si (Fig 3b) no measurable redistribution has
occurred after a 1050 °C anneal. Using a conservative estimate of the depth resolution of the
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SIMS measurement of 20 nm, an upper limit of 2.7x10-13 cm?2/s is estimated for the
diffusivity of Siin GaN at 1050 °C.
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FIG 3: SIMS plots for a) Mg-implanted (5x1014, 100/140 keV) or b) Si-implanted (5x1014,
100 keV) GaN either as implanted or annealed at the temperature listed in the legend.

Turning to the effect of high
temperature anneals on the surface

5 S morphology of GaN films, Fig. 4 shows
[ as-grown —eo—Ar] | the evolution of the root-mean-square
Ny 4 -' (RMS) surface roughness versus annealing
~ temperature for samples annealed in Ar or

N2. The roughness of these samples
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E ! dimensional AFM images of the as-grown
© .| ] and 1100 °C, N2 annealed samples. The
g T ] annealed sample is seen to be smoother
e , ] with less fine structure.22 Samples
T OLff annealed in forming gas (4%H2:96%N2)
609 800 1000 1200 were also studied and showed visual
annealing temperature (C) evidence of decomposition via Ga-droplet

-puddle f ti the surface.
FIG 4: Average RMS roughness of GaN versus %rhg:fg;le, : Voarlrirclia laosl;czrslmegt ng atcl::e

annealing temperature for anneals in Aror N2.  gyrface roughness of these samples could
not be made due to the Ga-rich regions and
thus data for forming gas annealed
samples are not included in Fig. 4.
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To further understand the effect of high
temperature annealing on  GaN,
photoluminescence measurements were
performed on as-grown and annealed

samples.22 Samples annealed at 1100 °C in Ar
or N2 demonstrated stronger bandedge
emission (2x for Ar, 4x for N2) than the as-
grown sample. This suggests that non-
radiative defect levels are being removed by
the annealing process. The annealed samples
also showed more intensity modulation of the
Fabry-Perot interference fringes associated
with the deep level emission. We attribute the
enhanced interference to the smoother surfaces
of the annealed samples as seen from the AFM
data of Figs. 4 and 5. Finally, both annealed
samples have higher ratios of the bandedge to
deep level emission than the as-grown sample.
Improvements in this ratio are often taken to
correspond to improved material quality.
Further structural and chemical analysis is
) . ) required to fully understand the mechanisms
FIG 5: Three dimensional AFM images of responsible for the material improvements
GaN a) as-grown and b) after a 15's, 1100 resulting from the high temperature anneals.
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°C anneal in N2. In particular, since studies on other compound
semiconductors have shown that changes in
£ 10?2 ‘ I 4500 photoluminescence properties resulting from
e & _ thermal treatments often depend on the
% 109 A 4000 5 condition of the starting material, more work is
< 3 las00 € needed to correlate the luminescence
ks s 3 improvements with the characteristics of the
e 10| 3000 €  as-grown material.
E € ¢ gﬁ
§ 105! A 4 1250 5 Finally, we have done preliminary work
Q 3 té ® ¢ l200 B on ohmic contact formation to n-type
H ] implantation doped GaN. Figure 6 shows the
& 10° e 11500 specific contact resistance and sheet resistance
300 400 500 600 700 800 of Si-implanted GaN contacted with Ti/Al (20
annealing T (C) nm/200 nm) metallization versus the contact
Ap ®p annealing temperature. A minimum specific
contact resistance of 1x10-3 Q-cm? was

FIG 6. Specific contact resistance of Ti/Al (ealized after a 550 °C anneal which is in the

Ton implantation is expected to play an enabling role in the realization of many high
performance devices in the III-Nitrides as it has in other mature semiconductor material
systems. To this end, we have reported on the realization of n- and p-type doping of GaN by

and sheet resistance versus contact annealing range typically reported for contacts to n-type o

temperature for Si-implanted GaN (5x1014, GaN. Further optimization of the implant and %

40 keV, 7.5x1014, 100 keV) annealed at anneal to reduce the sheet resistance of the »

1150 °C for 15 s. implanted region will improve this contact

resistance. ,
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implantation of Si and Mg+P, respectively. The high temperature anneal required for implant
activation was also shown to cause minimal redistribution of Si and Mg.
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