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Hydrogen diffusion, complex formation, and dissociation in acceptor-doped silicon carbide

M. S. Janson,1 A. Hallén,1 M. K. Linnarsson,1 and B. G. Svensson1,2

1Royal Institute of Technology, Institute of Microelectronics and Information Technology,
P.O. Box E229, SE-164 40 Kista-Stockholm, Sweden

2University of Oslo, Physics Department/Physical Electronics, P.B. 1048 Blindern, N-0316 Oslo, Norway
~Received 14 May 2001; published 15 October 2001!

The diffusion of deuterium (2H) in B and Al doped 4H and 6H silicon carbide~SiC! has been studied in
detail by secondary ion mass spectrometry. From2H depth profiles, following trap limited diffusion with
negligible complex dissociation, an effective capture radius for the formation of2H-B complexes~at 460 °C! is
determined toRHB5(2164) Å. This value is in good agreement with that expected for a Coulomb force
assisted trapping mechanism. At annealing conditions where dissociation is non-negligible, the2H diffusion
follows Fick’s law with a constant effective diffusivity, from which the complex dissociation frequenciesn are
determined. The extracted values ofn cover three orders of magnitude and exhibit a close to perfect Arrhenius
temperature dependence for both2H-B and 2H-Al complexes. The large difference between the extracted
complex dissociation energies,Ed

HB5(2.5160.04) eV andEd
HAl5(1.6160.02) eV, suggests that the atomic

configurations of the two complexes are significantly different. The corresponding extracted dissociation at-
tempt frequencies,n0

HB5(1.260.7)31013 s21 andn0
HAl5(0.760.3)31013 s21, are very close to the character-

istic oscillation frequency of the SiC lattice,n lattice
SiC 51.631013 s21. This is strong evidence for the assumption

of a first order dissociation process. No difference between 4H- and 6H-SiC has been observed.

DOI: 10.1103/PhysRevB.64.195202 PACS number~s!: 66.30.Jt, 66.30.Xj, 82.80.Ms
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I. INTRODUCTION

Hydrogen~H! has been extensively studied in semico
ductors since the 1950s, but the ability of hydrogen to el
trically passivate shallow acceptors and donors was not
covered until the early 1980s. Theoretical studies, suppo
by several experimental observations, have further sho
that isolated hydrogen also behaves as a negative U cen
many semiconductors. This means that an uncontrolled p
ence of hydrogen in a semiconductor material may be de
mental for device performance. On the other hand, H m
also be used beneficially for example for passivation
interface-trapped charge of a MOS transistor. Due to
strong influence—positive or negative—knowledge of t
hydrogen diffusion properties is of crucial importance to a
semiconductor technology. For further reviews on these t
ics see, e.g., Refs. 1 and 2.

In a typical diffusion experiment, H is introduced to th
semiconductor from a hydrogen plasma or using low ene
H1 ion implantation. The sample is then subjected to vario
thermal treatments and finally the distribution of H is me
sured either directly@e.g. using secondary ion mass spe
trometry ~SIMS!#, or by registering the combined effects
H passivation and compensation through electrical te
niques such as capacitance-voltage~CV! measurements.

The solubility for isolated interstitial H at temperatur
below ;1000 °C has been found to be very low in mo
semiconductors, and the overwhelming majority of the
atoms appears in the form of—more or less—immobile
defect, or H-H complexes.1 As a consequence, the measu
able effective mobility of H is not primarily determined b
the diffusivity of the mobile H atoms, but rather by the fo
mation and dissociation properties of the dominat
H-defect complex.

Two classes of experiments have been used to determ
0163-1829/2001/64~19!/195202~12!/$20.00 64 1952
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the dissociation energy of a H-defect complex. In the fir
prehydrogenated samples are thermally annealed in the p
ence of a strong electric field supplied by a reversed bia
p-n or Schottky diode at the sample surface. The charge
atoms, released from H-defect complexes, are then swep
of the surface region by the applied field, minimizing th
recapture of H. In this way the H-defect complex dissoc
tion frequencyn is directly obtained from the reduction rat
of H close to the surface, providing it follows first orde
kinetics. The drawback of this method is that the elect
field may influence the trapping/dissociation kinetics and t
it also must be shown that the recapture of H can be
glected. The second class of experiment exploits the fact
the diffusion of H in a trap rich material~without an electric
field! is entirely limited by the trapping and dissociation pr
cesses. The dissociation frequency can then be calcul
from the measured effective H diffusion constant provid
that the trap concentration and the effective capture radiuR
of the complex are known. In practice, this is only possible
R has a small temperature dependence. Fortunately, for t
ping of mobile H1 at ionized acceptorsR is determined by
long range coulomb attraction and can therefore be expe
to have a small temperature dependence. Zundel and W
have employed the two different experimental procedure
two independent studies of the H-B complex in Si~Refs. 3
and 4! and obtained identical dissociation energies for
complex.

Silicon carbide ~SiC! is a close packed material wit
equal amount of Si and C atoms whose strong covalent/io
Si-C bonds give rise to its superior properties for differe
technological applications. SiC is a very hard material a
has—under the name carborundum—been used as an
sive substance for over 100 yr.5 SiC is thermally stable up to
2700 °C and is, therefore, used as a protective coating
various high temperature applications. Being a low-Z refrac-
©2001 The American Physical Society02-1
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tory material with good thermal shock resistance SiC is
aspirant as a first wall material in fusion plasma device6

SiC is also a semiconductor, characterized by a wide ba
gap, large breakdown electric field, high saturation elect
velocity and an extremely high thermal conductivity. The
properties make SiC a prime candidate for a new genera
of high power, high frequency, and high temperature devic
The high chemical stability and radiation tolerance a
make SiC suitable for sensor applications in harsh envir
ments.7

Hydrogen is expected to be a major impurity in epitax
SiC layers due to its presence in the epitaxial precursor g
@SiH4, C3H8, Al~CH3!3# and since H2 is used as carrier ga
during growth.8 Indeed, high concentrations of H have be
observed—by SIMS and low temperature photolumin
cence ~LTPL!—in p-type,9,10 and—by nuclear reaction
analysis and infrared absorption measurements—inn-type11

epitaxial layers. These studies also showed that a p
growth anneal in Ar atmosphere at temperatures>1000 °C
reduced the H content in the~p-type! layers, while the carrier
concentration increased. This was a first indication of H
duced acceptor passivation in SiC. In 1995, Gendron
Clerjaud et al.12,13 demonstrated a decrease in the carr
concentration with a corresponding drop of the N, B, and
related electron spin resonance~ESR! spectra in samples
subjected to a H2 anneal at 1600 °C and 10 bar. This w
attributed to formation of H-dopant complexes since the E
spectra of the virgin samples were recovered for the hyd
genated samples by a second anneal in a He atmospher
the other hand, in a subsequent experiment under the s
experimental conditions as in Ref. 12, but with light
N-doped material no donor passivation was found.14

Acceptor and donor passivation in SiC has also been s
ied using H plasma treatments.15–18 In general these investi
gations show that passivation can be obtained inp-type ma-
terial while the effect on n-type SiC is small. This
passivation effect can not, however, be entirely assigne
the formation of H-acceptor complexes since substitution
the H plasma to that of He or Ar has given simil
results.15,18

Further evidence for B and Al passivation by H has, ho
ever, been given in the works of Linnarssonet al.,19–21Acht-
ziger et al.,22,23 Hülsen et al.,24 and Jansonet al.25 In the
majority of these experiments H was introduced into the m
terial using low energy1H or 2H ion implantation while the
H distributions were recorded by SIMS and/or CV measu
ments. The major results of these works can be summar
as follows: H passivates both Al and B where the H-B co
plex is more thermally stable than H-Al.19,20,22The reactiva-
tion of passivated acceptors under a reverse biased Sch
diode,23 and the H diffusion kinetics in the presence of
large doping gradient,26 show that mobile H has a positiv
charge state inp-type SiC. The reactivation kinetics give a
upper limit of 1.8 eV for the H-Al dissociation energy24

which is in accordance with our recently published value
(1.6660.05) eV, obtained from effective diffusivity
experiments.25 The reactivation process is faster for1H than
for 2H passivated Al-doped samples,24 possibly indicating an
isotope shift in the dissociation frequency. It has also b
19520
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demonstrated21 that H can be incorporated intop-type SiC,
coated with a thin Ni or Pt film, directly from a H2 contain-
ing ambient at temperatures>600 °C. No hydrogen was
found in samples with a Au or Ti coating or in samples w
a bare SiC surface. Furthermore, no H was observed
n-type samples irrespective of metal coating and annea
temperature~up to 800 °C!. This is also true for experiment
using implanted H,22 i.e., no donor passivation has been o
served in any of these experiments.

Other studies of H diffusion in SiC include the ear
works of Causeyet al.27 They determined the H diffusion
constant by measuring the release rate of gaseous tri
(3H) during thermal annealing of different SiC materials h
drogenated by recoil injected3H. For highly Al-doped
monocrystalline SiC they obtained an activation energy
(1.560.2) eV for diffusion, while the corresponding value
for ~relatively! low doped material were typically 1 eV
higher.

Ab initio calculations regarding H in SiC have so far be
devoted to interstitial H28,29 and to H-vacancy com-
plexes.29,30 Deak, Gali, and Aradi29 predicted a negative U
behavior of interstitial hydrogen in 4H-SiC with the~1/2!
level situated 2.25 eV above the valence band edge, in
cordance with the experimental observations of a H1 state in
p-type SiC. The most stable form of noncomplexed H
n-type material was predicted to be H2.

29 This could explain
the difficulty to observe H diffusion and passivation
n-type SiC.

In this work we focus on the diffusion of H in accepto
doped SiC. The aim is to establish the diffusion kinetics a
to accurately determine the dissociation energies of the
sivating H-B and H-Al complexes. H was introduced usi
ion implantation while the H profiles were determined
SIMS. Deuterium (2H) was used throughout the study sin
the sensitivity for2H is ;103 times higher than for1H in the
SIMS measurements. To extract the parameters from the
perimental data we make extensive use of the theory for
limited diffusion. To make this present article more comp
hensive we have included a detailed description of t
theory adapted to our experimental conditions. This is do
in the next section~Sec. II!. Section III outlines the experi-
mental procedure while we present and discuss the exp
mental results in Sec. IV.

II. KINETICS OF TRAP LIMITED DIFFUSION

Diffusion of mobile atomsA including the formation of
immobile complexesAB at immobile trapping centersB and
the subsequent dissociation of these complexes,

A1B↔AB ~1!

can be formulated mathematically using Fick’s second law
diffusion31 and first order reaction kinetics. When the tot
concentration of trapsBtot5@B#1@AB# remains constant ove
time, the trap-limited diffusion is described by two couple
differential equations~brackets denote concentration value!,
2-2
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]@A#

]t
5

]

]x S DA

]@A#

]x D2
]@AB#

]t
, ~2a!

]@AB#

]t
5K@A#@B#2n@AB#,

@B#5Btot2@AB#,

K54pRDA, ~2b!

wheret is the time andDA is the~intrinsic! diffusion coeffi-
cient for A. The expression for the complex formation ra
constantK is given by the theory of bimolecular reactio
rates in solids32 in which R is the effective capture radius o
the trapB and is usually set to a value of the same order
the interatomic distance in the lattice. However, in the c
of trapping of charged atoms at traps of opposite charge~as
in the trapping of H1 at an ionized acceptor! one would
anticipate a considerably largerR due to Coulomb attraction
This reaction radiusRc is often estimated as the distan
between the~singly! chargedA1 andB2 where the Coulomb
potential energy loss equals the thermal energy,

e2

4p«Rc
5kBT ~SI units!, ~3!

wheree is the elementary charge,« the dielectric constant
kB Boltzmann constant, andT absolute temperature. Equa
tion ~3! originates from the theory of recombination
gases33 and the direct adaptation to solid state diffusion h
not been thoroughly investigated.n in Eq. ~2b! is the com-
plex dissociation frequency of the complex and is expec
to follow an Arrhenius temperature dependence

n5n0 expS 2
Ed

kBTD , ~4!

wheren0 is the so called attempt frequency andEd is the
dissociation energy of the complex.n0 should in turn be of
the same order of magnitude as the characteristic oscilla
frequency of the lattice,n lattice, which may be calculated by
weighing each vibration modevk with the energy of that
mode,

n lattice5
1

2p
^v&5

1

2p

(kvk~vk\^n&!

(k~vk\^n&!
. ~5!

Here ^n& is the Planck distribution function, and\ the re-
duced Planck constant. Typical values forn lattice are in the
low 1013s21 range and depend on the Debye te
peratureuD . Numerical integration of Eq.~5!, with the
dispersion relation given by the Debye approximation (uD

SiC

51120 K),34 yields an oscillation frequency for SiC o
n lattice

SiC 51.631013s21 at 600 K, and is nearly independent o
temperature above;300 K.

The solution to Eq.~2!, with a given set of boundary an
initial conditions, can generally only be accomplished n
merically. Even the standard problems, i.e., an infinite sou
at the surface or an initial Gauss distribution, lack gene
analytical solutions. Analytical solutions may, neverthele
19520
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be found for limited regimes of Eq.~2! following appropriate
simplifications~see Refs. 2, 4 and 35!.

A major simplification is the assumption of local equilib
rium ~LE! in reaction~1!, which means that the process
balancing the complex formation and dissociation rates
much faster than the spatial change of any of the cons
ents. With ]@AB#/]t'0 in Eq. ~2b!, the balance equation
becomes

@AB#LE5
Btot

11n/~K@A#LE!
, ~6!

where the LE superscripts refer to local equilibrium values
is difficult to find a general condition for the validity of LE
but a rule-of-thumb states that the time needed for a none
librium system to reach LE~as in the initial stage of a hea
treatment! is on the order of 1/n. Numerical simulations
show that this is usually a rather conservative constraint

Equation~2! may be divided into two regimes dependin
on the magnitude ofn: ~A! a regime with a high dissociation
constant, and~B! a regime with negligible dissociation
These cases are considered below.

A. High dissociation regime

From Eq.~6! is it seen that for sufficiently high comple
dissociation frequencies,n, the LE concentration of com
plexes will be much smaller than the concentration of tra
and vice versa:

n/~K@A#LE!@1⇔@AB#LE!Btot . ~7!

Under the constraint set by Eq.~7!, Eq. ~6! can be simplified
to

@AB#LE5
KBtot

n
@A#LE. ~8!

Equation~2! can now be greatly simplified. Substitution o
Eq. ~8! in Eq. ~2a! and introducing@Atot#5@A#1@AB# gives

]@Atot#

]t
5Deff

]2@Atot#

]x2 ,

Deff5
DA

11KBtot /n
5DA

@A#

@Atot#
, ~9!

where we have assumed a constantDA and a homogenous
trap concentrationBtot . The total concentration ofA’s is thus
expected to diffuse according to Fick’s law with a consta
effective diffusion coefficientDeff . ~The use of@Atot# here is
motivated by the fact that the SIMS technique provides to
chemical concentrations.!

It is evident from Eq.~9! that Deff in turn can be divided
in two regimes depending on the ration/(KBtot). At very
high dissociation frequencies the mobileA’s will dominate
over the complex concentration and

Deff5DA ,

„n/~KBtot!@1⇔@A#LE@@AB#LE
…. ~10a!
2-3
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At more moderaten, but still high enough to satisfy Eq.~7!,
the complexes are the dominating species andDeff becomes
entirely determined by the trapping/dissociation process,
dependent onDA :

Deff5
n

4pRBtot
,

„n/~KBtot!!1⇔@A#LE!@AB#LE
…. ~10b!

A simple picture to illustrate this independence is that
average time between detrapping and retrapping of anA is
negligible compared to the average lifetime of a complex

An experimental consequence of Eqs.~8! and~10b! is that
DA cannot be extracted at temperatures where the major
of the mobile species is present in the form of comple
(@AB#'@Atot#), unless the concentration of untrappedA’s is
established. Unfortunately, this is usually not possible. T
is the reason for the great difficulty to extract the intrins
diffusion constant for hydrogen in Si at temperatur
<1000 °C.35 On the other hand, by the use of Eq.~10b!, it is
possible to determine the dissociation energy of a comp
from measurements of the H diffusion.

B. Negligible dissociation regime

At low temperatures, dissociation is negligible and the
complex concentration becomes essentially equal to the
concentration,@AB#LE'Btot , assuming a non-limiting sourc
of A’s. As seen in Eq.~6! this occurs when

n/~K@A#LE!!1. ~11!

Without dissociation, diffusion ofA’s will only take place
with a renewed supply ofA’s or with an initial concentration
of A’s exceeding the initial trap concentration. The proble
studied here will be with an infinite source ofA’s at the
surface

@A#x505A0 , ~12!

a homogeneous trap concentrationBtot (A0!Btot), and with
the initial condition@Atot#t5050. Initially, complexes start to
build up close to the surface and at this early stage, when
complex concentration has not yet reached the trap con
tration, @AB#!Btot , Eq. ~2b! can be simplified to

]@AB#

]t
5KBtot@A#. ~13!

Substitution of Eq.~13! in Eq. ~2a! gives a steady state so
lution, ]@A#/]t'0, which, together with the boundary con
dition ~12! becomes

@A#5A0 exp~2ax!,

a5ABtot4pR. ~14!

Furthermore, substitution of Eq.~14! in Eq. ~13! and integra-
tion gives the expression for the total concentration ofA’s

@Atot#5~11KBtott !A0 exp~2ax!. ~15!
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Figure 1 shows numerically calculated@Atot# profiles, and
their analytical counterparts for a system with negligible d
sociation @n/(KA0)5831024!1# and with an infinite
source ofA’s at x50. The numerical and analytical@Eq.
~15!# results are in good agreement fort55 and 60 s, which
is to be expected since@AB#'@Atot#!Btot . When the com-
plex concentration approaches the trap concentrationBtot
51017cm23, @Atot# flattens out and further diffusion result
in the development of a saturated layer of thicknessL ended
by an exponential diffusion front. Although no formal an
lytical solution has been obtained in this regime,L(t) can be
calculated by considering that the region of the diffusi
front acts as a sink for theA’s and that theA’s diffuse unaf-
fected by the saturated traps from the source to this s
Assuming a perfect sink, the flux ofA’s through the saturated
layer becomes

F52DA

~02A0!

L
. ~16!

This flux must, however, be balanced by the flux needed
gradually saturate the free trapsB at the diffusion front

F5Btot

]L

]t
. ~17!

The differential equation constituted by Eqs.~16! and ~17!
yields the solution

FIG. 1. An example of numerical solutions~thick solid lines! to
Eq. ~2! ~DA510210 cm2/s, R510 Å, n51025 s21! with boundary
condition Eq. ~12! (A051014 cm23) and homogenous trap leve
Btot51017 cm23. Diffusion times t are 5 s, 60 s, 2 h, and 10 h
Dissociation of formed complexes is negligible according to con
tion Eq.~11! sincen/(KA0)5831024!1. The analytical solutions
@Eq. ~15!# for t55 and 60 s~dashed lines! are in good agreemen
with the numerical results as is the analytical prediction@Eq. ~18!#
for the thickness of the saturated layerL ~thin vertical lines!.
2-4
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L5A2DAA0

Btot
t. ~18!

This result is represented in Fig. 1 as vertical lines and ag
with the numerical calculations. An important observati
from Fig. 1 is that the steep fronts following the saturat
layers have the same exponential slopesa as in the profiles
of the initial diffusion phase, given by Eq.~14!. This can, at
least intuitively, be understood by the fact that a homogen
flux of A’s through the layer, given by Eq.~16!, in combina-
tion with an absence of free trapsB, will cancel all the right-
hand terms in Eqs.~2a! and ~2b! between the surface an
front region. The essential difference between the ini
stage described by Eq.~14! and the subsequent diffusio
front, is then the concentration ofA’s. However,a in Eq.
~14! is independent on@A# ~or A0! and the slopes of the two
profiles will be the same.

Unfortunately, Eqs.~15! and~18! reveal the same problem
regarding the determination ofDA as noted above for the
case of moderaten, i.e., DA can not be determined withou
specific knowledge about@A# ~or A0!.

III. EXPERIMENT

A. Sample preparation

For the study of2H-B interaction, three 4H- ~B1–B3!,
and one 6H- ~B4!, SiC epitaxial layers were used. The
layers were doped with B in the low to mid 1017cm23 range
and also contained Al to equal or somewhat smaller amou
For the2H-Al study, a 4H-SiC epitaxial structure~Al1! with
a buried Al layer doped to the mid 1018cm23 range was used
The buried Al layer had a thickness of 1mm, starting at 1
mm below the sample surface. Al1 also contained a sm
amount of B, homogeneously distributed with a concen
tion of 231015cm23. The epitaxial layers were grown in
horizontal CVD reactor, described in detail elsewhere.8 Table
I lists the B and Al concentrations~as determined by SIMS!
as well as the polytype of each epitaxial layer.

Deuterium was introduced into the layers by implanti
10 keV2H1 ions at 300 K to a dose of 131015cm22. The
energy was chosen such that the implantation profile wo
not extend into the buried Al layer of Al1. The epilayers we
then heat treated in a first annealing step in order to diff
some of the implanted2H deeper into the layers. Two sets
the B1–B4 samples were annealed at 460 °C for 30 min

TABLE I. Sample name, SiC polytype, B and Al concentratio
~determined by SIMS! of the epitaxial layers used in this study.

Sample Polytype
@B#

~cm23!
@Al #

~cm23!

B1 4H 9.631016 3.431016

B2 4H 1.431017 1.431017

B3 4H 5.031017 1.731017

B4 6H 8.131016 1.831016

Al1 4H 231015 2.431018

Buried layer
19520
es

d

s

l

ts.

ll
-

ld

e

d

2 h, respectively, while the Al1 sample was heat treated
300 °C for 30 min. The annealings were performed in a
sistively heated vacuum furnace with a base pressure in
low 1027 Torr range and with a temperature accuracy
DT<5 °C. Subsequently, the implanted surface layer w
etched off using an inductively coupled plasma~ICP! etch
system with a SF6 plasma. The epilayers were finally cut int
smaller pieces which were further annealed at 470–620
~B1, B2, and B4!, and at 270–400 °C~Al1!. The durations of
the anneals varied between 30 min and 146 h, and two
neal times differing by a factor of four, were performed
each temperature.

B. Measurement technique

The atomic concentration versus depth profiles were
tained by SIMS utilizing a Cameca IMS 4f microanalyzer. A
primary sputtering beam of 8 keV (16O)2

1 ions~for Al and B!
or 13.5 keV133Cs1 ions (2H), was rastered over an area
2003200mm2. The erosion rate was typically 10 and 25 Å
in the Cs and O2 measurements, respectively. Secondary io
of 27Al1, 11B1, or 2H2 were collected from an area, 60mm
in diameter, in the center of the sputtered crater. The t
boron concentration in the epitaxial layers was assumed t
25% higher than that of11B in order to account for the10B
isotope. The use of2H instead of1H is due to the fact that the
sensitivity for the former isotope is three orders of magnitu
higher than for the latter. The SIMS background concen
tions were typically 1015cm23, 1014cm23, and 1014cm23 for
2H, 11B, and 27Al, respectively.

A frequent problem in SIMS analysis of implanted nona
nealed, or highly passivated SiC, is sample charging.
minimize this effect a thin gold layer~;20 nm! was depos-
ited on the samples in order to increase the surface con
tivity. Moreover, electron flooding was employed during t
O2 measurements to further compensate the charging by
primary beam. The depth of the sputtered craters were m
sured using an Alphastep-200 stylus profilometer giving
uncertainty<3% in the depth of the converted profiles. Ca
bration to absolute concentration values was carried ou
measuring implanted standard samples along with the o
samples. Under stable conditions, the accuracy in concen
tion was limited by the accuracy in the given implanted do
of the standard samples,;20%. To ensure stable measur
ment conditions a matrix signal, related to Si and/or C,
ways accompanied the other signals. For the measurem
where absolute concentration values were vital, variation
the matrix signal between the measured and stand
samples did not exceed 10%. We should also mention tha
samples subjected to SIMS measurements were further
in the investigation. This was done as a precaution sinc
recent study36 have shown that a1H related photo lumines-
cence spectra appeared in some SiC samples subjecte
SIMS analysis. This SIMS induced1H is localized to the
surface region only~<0.1 mm! but further annealing could
release this 1H and thereby disturb the2H diffusion
characteristics.
2-5
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IV. RESULTS AND DISCUSSION

A. Hydrogen-acceptor complex formation

Figure 2 shows concentration versus depth profiles of2H
in the B1, B2, and B3 samples, as implanted and anneale
460 °C for 30 min. The as implanted profile has a maximu

FIG. 2. SIMS measurements of2H concentration versus dept
~s! in the 2H implanted B1, B2, and B3 samples, as implanted a
annealed at 460 °C for 30 min. The B concentration in each sam
is indicated by the horizontal dashed lines. The solid lines repre
least square fits of exponential functions to the diffusion fronts.

FIG. 3. SIMS measurements of2H concentration versus dept
~s! in the 2H implanted B1 sample, annealed at 460 °C for 30 m
and 2 h, respectively. The B concentration is indicated by the h
zontal dashed line. The solid lines represent numerical simulat
of the trap limited2H diffusion as described in Sec. IV B.
19520
at

concentration at 0.06mm and exhibits a shoulder starting
0.12 mm. This type of profile is not expected for a sing
energy ‘‘random’’direction implant and the reason for th
anomalous shape is still unclear although channeling co
play some role. However, the detailed shape of the impl
tation profile is of little importance to this study since th
implanted2H is only used as a diffusion source. During th
annealing at 460 °C2H diffuses deeper into the samples a
profiles with a constant concentration, closely correlated
the B concentration in each sample, appear. The cons
concentration profiles are followed by steep exponential
fusion fronts with steeper slopes for samples with highe
doping while the in-diffused depth of the profiles are i
versely dependent on the B content. Figure 3 displays
temporal development of the implanted and 460 °C annea
B1 samples. The2H diffusion profile of the sample anneale
for 2 h reaches 20% deeper than that annealed for 30 m
Furthermore, both profiles exhibit exponential diffusio
fronts with parallel exponential slopes. With the rece
proofs for the existence of a passivating H-B complex
SiC,12,19,22 the profiles in Figs. 2 and 3 are interpreted
diffusion of 2H out of the implanted region with subseque
formation of nondissociating2H-B complexes. The close
correlation between the2H and B concentrations also sugge
that the concentration of the migrating2H, as well as of any
existing 2H-Al complexes, is lower than the2H-B complex
concentration. With a seemingly large source of2H in the
surface region, the diffusion profiles of Figs. 2 and 3 sho
follow the kinetics of trap limited diffusion with negligible
dissociation and with an infinite diffusion source, as d
scribed in Sec. II B. However, even though the penetrat
depthsLH of the 2H profiles in Fig. 2 do qualitatively have
the @B# dependence as predicted by Eq.~18!, the weakt
dependence ofLH ~Fig. 3! shows that the source of2H is far
from ideal ~i.e., constant concentration over time!. This is
due to the fact that only a very small fraction of the im
planted2H is free to migrate into the samples at the pres
temperatures. A redistribution of implanted1H has been
found to take place with an activation energy of 3.5 eV37

while the activation energy of the~first order! out diffusion
of implanted2H has been determined to 4.9 eV.38 These rela-
tively high activation energies for the H mobility in the im

d
le
nt

i-
ns

TABLE II. Exponential slopesa of the 2H diffusion fronts ex-
tracted from the2H implanted B1–B4 samples annealed in vacuu
at 460 °C for 30 min or 2 h. The effective capture radius of t
2H-B complexRHB are calculated, using Eq.~14!, from a and the B
concentrations listed in Table I.

Sample Anneal time
a

(105 cm21)
RHB

~Å!

B1 30 min 4.7 18
2 h 5.2 22

B2 30 min 6.6 24
2 h 6.4 23

B3 30 min 10 16
2 h 12 23

B4 30 min 4.6 21
2-6
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planted region, presumably due to the trapping and det
ping of H at implantation induced defects, results in
decreasing ‘‘surface’’ concentration of2H during the present
heat treatments.

In contrast toL, the expression for the slopea of the
exponential diffusion front, Eq.~14!, does not depend on th
concentration of the diffusing species and may, therefo
exhibit a better agreement with the experimental results
should be noted, however, that even thougha does not ex-
plicitly depend on the2H concentration it may, in principle
be sensitive to a nonconstant diffusion source, as inve
gated in Sec. IV B by numerical simulations. The exponen
slopes are extracted from the central parts of the diffus
fronts in each sample and are listed in Table II. The2H
background concentration (;131015cm23! was subtracted
from the SIMS profiles prior to this extraction. The lea
square exponential fits are plotted in Fig. 2 as solid lines
show both the exponential nature of the profiles as well
qualitatively confirming Eq.~14!, i.e., steeper fronts for
higher trap concentrations. Table II shows that the slo
remain constant—within the experimental accuracy—wh
increasing the annealing time from 30 min to 2 h, confirmi
the negligible dissociation of the2H-B complexes. The ef-
fective capture radius for formation of the2H-B complex~at
460 °C! RHB is then calculated from the extracteda, using
Eq. ~14! with Btot5@B# in each sample. The extracted valu
of RHB are listed in Table II and scatter somewhat althou
this scatter appears to be uncorrelated to the annealing
and the B concentration. Averaging over all values giv
RHB5(2164) Å. This value is in fact in close agreemen
with the theoretical value obtained from Eq.~3! at 460 °C:
Rc523 Å (« r

SiC510).

FIG. 4. Concentrations versus depth from SIMS measurem
of 2H ~solid line!, 27Al ~dashed line!, and B~thin solid line! in the
2H implanted Al1 sample, annealed at 300 °C for 30 min. The
signal represent 1.253@11B# to account for the natural abundance
10B.
19520
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The relatively large spread in the measurements ofR in
combination with the narrow experimental temperature int
val, imposed by the condition for negligible complex diss
ciation, makes it difficult to experimentally confirm the rela
tively weak temperature dependence ofRc . This is probably
one reason why there are so few quoted values ofRc in the
literature, and to the best of our knowledge only two cont
butions exists in the literature where the effective captu
radius of a H-acceptor complex in a semiconductor has b
determined independently; Zundel and Weber;3 and Seager,
Anderson and Brice,35 obtainedRHB values in Si of (40
64) Å and (4565) Å, at 80 °C and 25 °C, respectively
These values are also in good agreement with those predi
by Eq. ~3!; Rc540 Å and 47 Å respectively (« r

Si511.9).
Equation~3! appears therefore to give a comprehensive
scription ofR, but more experimental data and a theoretic
treatment including the specific nature of the solid state d
fusion are needed for a more detailed understanding o
Coulomb force assisted reaction radius in crystalline mat

The 2H diffusion profile in the Al1 sample differs some
what from those in Figs. 2 and 3 due to the use of a buried
layer. Figure 4 shows the Al, B, and2H SIMS profiles of the
Al1 epitaxial layer, implanted with 10 keV2H1 ions to a
dose of 131015cm22 and annealed at 300 °C for 30 min
Here, the original implanted2H distribution is confined to
the low doped surface layer of the sample and exhibit
similar anomalous profile as observed in the B1–B4 samp
During the anneal, a small amount of2H has migrated into
the buried Al layer forming a well defined peak at the ed

ts
FIG. 5. SIMS measurements of2H concentration versus depth

~s! in the 2H implanted, initially annealed~460 °C for 2 h!, and
0.35 mm ICP etched B2 sample, as etched and annealed at 62
for 30 min and 2 h, respectively. The B concentration is indica
by the horizontal dashed line. The solid lines represent least sq
fits of Gaussian functions to the diffusion profiles. The2H back-
ground concentration of 131015 cm23 has been subtracted from th
2H profiles in the figure prior to the Gaussian fitting procedure.
2-7
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of the layer. This accumulated2H peak suggests the forma
tion of 2H-Al complexes12,22,25but could also be caused by
segregation of positively charged2H in the presence of the
built in electric field at the junction between the low and hig
doped acceptor layers.26 However, in Sec. IV B we show tha
the majority of the2H in the buried layer consists of2H-Al
complexes. A closer look at the profile of the2H peak shows
that the front does not have an exponential decay. This
plies that the complexes experience non-negligible disso
tion at 300 °C, making an independent extraction ofRHAI

impossible. The concentration of2H between the implanted
region and the buried layer coincides with the homogenou
concentration in Al1 suggesting the presence of stable2H-B
complexes.

B. Dissociation of H-acceptor complexes

To determine the2H-B and 2H-Al dissociation energies
we have used the implanted and ‘‘primary’’ annealed A
and B1, B2, and B4 samples~2 h anneal! described in Sec.
IV A. To obtain well defined initial conditions for the furthe
diffusion steps, the surface layers of the samples were etc
off, including all 2H that did not diffuse out of the implanted
region during the primary anneal. Figure 5 shows the2H
profiles of the etched B2 sample, before and after annea
at 620 °C for 30 min and 2 h, respectively.2H has diffused
deeper into the samples forming Gaussian shaped profi
but the integrated2H dose remains constant showing that

FIG. 6. Concentrations versus depth from SIMS measurem
of 2H ~s!, and 27Al ~dashed line! in the 2H implanted, initially
annealed~300 °C for 30 min!, and 0.5mm ICP etched Al1 sample,
annealed at 350 °C for 1 h and 4 h, respectively. The solid line
represent least square fits of Gaussian functions to the diffu
profiles. ~The sum of two Gaussians are used to account for
reflective boundary condition atx51.4mm.! The 2H background
concentration of 131015 cm23 has been subtracted from the2H
profiles in the figure prior to the Gaussian fitting procedure.
19520
-
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significant amount of2H has diffused out through the samp
surface. This redistribution of2H implies a significant disso-
ciation of the2H-B complexes and the observed diffusion
thus a process of continuous dissociation and formation
2H-B complexes as discussed in Sec. II A. According to E
~9!, the total2H concentration,@2Htot#, should, once a loca
equilibrium has been established between complex forma
and dissociation, diffuse according to Fick’s law with a co
stant effective diffusivityDeff . The Gaussian shapes of th
profiles in Fig. 5 support this since the solution of Fick
diffusion equation with an initial delta-shaped profile, ju
inside a reflective boundary atx5x0 , is a Gaussian function
centered aroundx0 . The Gaussian standard deviations is
related to the diffusivity asDeff5s2/2t.39 The redistribution
of 2H in the etched and annealed Al1 samples~Fig. 6! show
the same characteristic Gaussian profiles as for the
samples, with the difference that the2H atoms pile up at the
deeper interface of the buried Al layer~350 °C for 4 h profile
in Fig. 6!. The pileup and conservation of the2H dose dem-
onstrate that both interfaces of the Al layer act as reflec
boundaries. Numerical simulations show that this can be
plained solely by trap limited diffusion but the pile-up wi
be further pronounced by the built-in electric field at the
layer edges, directed so that the mobile2H1 are ‘‘trapped’’ in
the layer.26 Figure 6 also reveals an unexpected accumula
of 2H in the surface region (x<0.25mm) of the etched and
annealed Al1 samples; one explanation may be that2H has
formed stable complexes with defects induced by the plas
etch. Indeed, such defects in SiC have been recently repo
by several groups.15,18 To extractDeff , Gaussian functions
are fitted to the2H profiles. For the Al1 samples the sum o
two Gaussian functions are used, with equals and with the
second Gaussian centered aroundx52.4mm, to account for
the deeper reflective boundary atx51.4mm. The fitted
Gaussian functions are displayed in Figs. 5 and 6 as s
lines and exhibit good agreement to the SIMS profil
Equally good fits were obtained for all profiles used in t
extractions ofDeff . However, it should be mentioned that2H
profiles in B1 samples, annealed to obtain considera

ts

n
e

FIG. 7. The Gaussian standard deviationss, obtained from least
square fits to the2H profiles of the etched and annealed B1~s!, B2
~d!, B4 ~L!, and Al1 ~j! samples, plotted ass2/2 versus the
anneal timet. The effective diffusion constant for each samp
temperature combination is given by the slope of the straight
connecting the correspondings(t). For the B4 sample, with only
one extracteds value, the same (s2/2)t50 was assumed as for th
B1 sample~which has similar B doping!.
2-8
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shorter diffusion lengths than those in Fig. 5, could not
explained by Fickian diffusion and a constant diffusivit
This is most likely due to the addition of a drift compone
to the 2H diffusion, imposed by the band bending towar

FIG. 8. Arrhenius plot of the dissociation frequencies obtain
from the B1~s!, B2 ~d!, B4 ~L!, and Al1 ~j! samples. The leas
square fits of Arrhenius equations~solid lines! to the 4H-SiC
samples~B1, B2, and Al1! yield the2H-acceptor complex dissocia
tion energies:Ed

HB5(2.5160.04) eV andEd
HAl5(1.6160.02) eV.

The extracted dissociation attempt frequencies:n0
HB5(1.260.7)

31013 s21 and n0
HAl5(0.760.3)31013 s21, are very close to the

characteristic oscillation frequency of the SiC lattice,n lattice
SiC 51.6

31013 s21. The error limits are the sum of the random errors, o
tained from the fittings, and the systematic experimental errors.
2H-B dissociation frequency from the 6H-SiC sample~B4! agrees
with that of the 4H-SiC sample~B2!.

TABLE III. Effective 2H diffusion constantsDeff extracted from
the B1, B2, B4, and Al1 samples at anneal temperatureT. the 2H-B
~B1, B2, B4! and 2H-Al ~Al1! dissociation frequenciesn are cal-
culted fromDeff using Eq.~10b! with respective trap concentratio
given in Table I.

Sample
T

~°C!
Deff

~cm2/s!
n

~s21!

B1 470 4.3310216 1.231024

B2 510 1.9310215 7.431024

B4 510 3.6310215 7.831024

B2 550 1.1310214 4.231023

B2 620 2.7310213 9.131022

Al1 270 8.7310216 8.131023

Al1 300 4.6310215 4.131022

Al1 350 7.5310214 6.131021

Al1 400 7.9310213 5.93100
19520
e

the surface and/or the gradient of active doping as a resu
the 2H passivation. With deeper penetration of the2H and the
subsequent decrease of the passivation, these effects ca
neglected as confirmed by the Gaussian shapes of
~deeper! profiles. Further indications of a surface induce
electric field can be found in Fig. 5, where a depletion of2H
in the near surface region (x<90 nm) of the annealed
samples occurs. As an example, if a surface band bendin
21 eV is assumed, roughly pinning the Fermi level to t
middle of the band gap at the surface, this field would exte
60 nm into the annealed B2 samples and add an inward d
component to the mobile2H1. The 21 eV band bending
would therefore also account for the reflective boundary
the sample surface of the B samples.

The extracted values ofs are plotted ass2/2 versust in
Fig. 7 andDeff is determined as the slope of the straight lin
connecting the two data points at each temperature
sample combination. The extrapolated lines of all A
samples, and of all B1 and B2 samples, intercept the ordin
at a common point: (s2/2)t50'0.0, and 0.131029 cm2,
respectively. This confirms theAt evolution of the diffusion
process. For sample B4 only one annealing was perform
and Deff was here extracted by forcing the line through t
ordinate at a the same point as for the B1 and B2 samp
This is not expected to add any significant error to thisDeff

d

-
e

FIG. 9. Arrhenius plot of the H-acceptor dissociation freque
cies extrapolated to 1000/T50. The experimental dissociation fre
quencies~s, d, L, and j! and the Arrhenius equations~solid
lines! are the same as in Fig. 8. The characteristic oscillation f
quency of the SiC lattice,n lattice

SiC 51.631013 s21, is indicated at the
ordinate and display the close agreement of the extracted disso
tion attempt frequencies andn lattice

SiC . The dissociation frequencies
deduced from the diffusion constants of3H in highly Al doped SiC
in Ref. 27~3!, closely follow the predicted Arrhenius dependen
of the 2H-Al dissociation frequencies.
2-9
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JANSON, HALLÉN, LINNARSSON, AND SVENSSON PHYSICAL REVIEW B64 195202
value considering the large value ofs for sample B4. The
extractedDeff values are listed in Table III and demonstrate
large difference when comparing the B- and Al-dop
samples; similar values are obtained, but at an approxim
temperature difference of 200 °C.

In the following discussion, we will assume that all e
tractedDeff are limited by the trapping and dissociation pr
cesses as expressed by Eq.~10b!, i.e., that the concentratio
of trapped2H dominate over the amount of mobile2H. This
seems to make sense at least for the B samples consid
the negligible dissociation of the2H-B complexes at a tem
perature not too far below the annealing temperature of
etched samples. Furthermore, the big difference in the t
perature dependence of the extractedDeff between the B and
Al doped samples makes it unlikely thatDeff would be iden-
tical to the intrinsic hydrogen diffusivityDH @Eq. ~10a!#. We
will present a more formal proof for this assumption later
this section. Using Eq.~10b! the 2H-B and 2H-Al dissocia-
tion frequencies are deduced from the effective diffus
constants. The trap concentrationBtot is set to the chemical B
and Al concentrations given in Table I; hereby, we assu
that the concentration of2H-Al complexes in the B sample
is negligible compared to that of2H-B. R is set to the Cou-
lomb force assistedRc of Eq. ~3!, in accordance with the
experimental findings described in Sec. IV A. The extrac
frequencies are listed in Table III and are displayed in Fig
together with least square fits of Eq.~4! for the 4H-SiC
samples. The fitted Arrhenius equations display excel
agreement over the three orders of magnitude covered by
experimentalnHB and nHAl, respectively. The fits yield the
dissociation energiesEd

HB5(2.5160.04) eV and Ed
HAl

5(1.6160.02) eV, and the attempt frequenciesn0
HB5(1.2

60.7)31013s21 and n0
HAl5(0.760.3)31013s21, for the

2H-B and 2H-Al complexes, respectively. The error limit
represent the sum of the random errors, obtained from
99% confidence interval in the Arrhenius fitting procedu
and of the systematic errors, from the uncertainty in ann
ing temperature (DT<5 °C), in absolute concentrations o
the SIMS measurements~20%!, and from the error in the
effective capture radius (DR/R520%).

The extracted attempt frequencies are very close to
theoretical characteristic oscillation frequency of the SiC
tice obtained in Sec. II A,n lattice

SiC 51.631013s21. The agree-
ment of the twon0 values andn lattice

SiC is quite remarkable
considering the extrapolations over 13 orders of magnit
in the determination ofn0 and the large difference betwee
Ed

HB and Ed
HAl , as clearly illustrated in Fig. 9. It should b

mentioned that the agreement between the experimentan0
values for the H-acceptor dissociation frequencies and
theoreticaln lattice is not unique for SiC. Dissociation attemp
frequencies in high 1012 to the low 1014s21 range have been
reported for H-acceptor and H-donor complexes in both
~Ref. 3! and GaAs.40 However, the dissociation energy fo
the 2H-B complex is almost 1 eV larger than for2H-Al
which shows that the atomic configurations of the two co
plexes must be quite different. This large difference inEd has
not been observed in other semiconductors; in Si and G
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all reported dissociation energies are in the range of 1.1
1.45 eV for both H-acceptor3,40 and H-donor40,41 complexes.

Only one dissociation frequency was extracted from
B-doped 6H-SiC sample~B4!. However, the spot-on agree
ment between this value ofnHB and the value obtained from
the B2 sample at the same temperature~Table III, Fig. 8!
provides strong evidence that the formation and dissocia
properties of the2H-B complex do not differ between
4H-and 6H-SiC.

In the extraction of the dissociation frequencies,Deff was
assigned to the trapping/detrapping process, Eq.~10b!, and
not to the intrinsic hydrogen diffusivityDH , Eq. ~10a!. The
effective diffusivities in the B2 and Al1 samples obey th
Arrhenius equations,Deff

B25303exp(22.5 eV/kB T) cm2/s
andDeff

Al1523exp(21.6 eV/kB T) cm2/s, respectively, which
gives Deff

Al1.1053Deff
B2 at 450 °C. Considering that the tota

acceptor doping concentration is less than a factor of
higher in Al1 than in B2, a Fermi level dependence is n
plausible to account for this large difference inDeff . Further-
more, the close resemblance ofn0

HB andn0
HAl , to n lattice

SiC does
indeed support the assignment ofDeff to the trapping/
detrapping process. For the B samples it was assumed
the @2Htot# profiles were predominantly composed of2H-B
complexes although Al was present in these samples
concentration comparable to B. This assumption hold wit
high degree of validity since the LE concentration ratio
two complexes with common mobile species@2H#, equal
trap concentrations~@B# and @A#!, and equalR, is given by
the inverse ratio of the complex dissociation frequencies,
@2H-B#/@2H-Al #5nHAl/nHB'exp(0.9 eV/kB T)533105 at
550 °C.

In the extraction of the effective capture radiusRHB in
Sec. IV A it was assumed that~i! the dissociation frequency
was sufficiently low for Eq.~14! to be valid, and~ii ! that the
nonconstant concentration of mobile2H at the ‘‘surface,’’
2H0, did not affect the exponential profiles of the diffusio
fronts. To verify these assumptions computer simulations
the implanted and 460 °C primary annealed B1 samples w
performed by solving Eq.~2! numerically, with boundary
condition ~12! (xsurface50.24mm) andR5Rc , n5nHB, and
Btot5@B#. NeitherDH nor 2H0 are known, but since the dept
of 2H penetrationL, Eq. ~18!, as well as the condition for
negligible dissociation, Eq.~11!, both depend on the produc
(DH32H0), it is possible to postulate one of them and tre
the other as a fitting parameter. With2H0 set to
2H0

151015cm23 during the first simulated 30 min,DH51.8
310211cm2/s provided the closest fit to the experimen
data. 2H0 was then abruptly lowered to2H0

25131014cm23

during the following 90 min to account for the nonideal d
fusion source;DH was kept unchanged. Several combin
tions of 2H0

1,2 andDH were tried giving identical@2Htot# pro-
files as long as the product (DH32H0

1) and the ratio
(2H0

1/2H0
2) were preserved~within the limit of 2H0

1!@2Htot#!.
The simulated profiles are displayed in Fig. 3 and the cl
fits to the SIMS profiles show that the analytical treatment
the diffusion fronts employed in Sec. VI A is justified.

Finally, the extensive amount of data from the pres
study of the H-acceptor complex formation and dissociat
2-10
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kinetics support previous brief reports suggesting a ma
mum dissociation energy of 1.8 eV for the H-Al complex24

and a higher thermal stability for the H-B complex.22 More-
over, in a study by Causeyet al.27 the activation energy for
3H diffusion in highly Al doped (631020cm23)a-SiC was
determined to (1.4860.18 eV). Since this value resemble
the 2H-Al dissociation energy, it seems plausible that t
diffusion observed in Ref. 27 was governed by the same
limited mechanism as in our study. Using the3H diffusivities
from Ref. 27, the corresponding3H-Al dissociation frequen-
cies are deduced from Eq.~10b! with Btot5631020cm3 and
R5Rc . As can be seen in Fig. 8 these frequencies clos
follow the predicted Arrhenius dependence ofnHAl. Hence,
once again the universality of the trap limited diffusio
mechanism for H in acceptor doped SiC is demonstrated
the agreement is quite remarkable, not only considering
more than three orders of magnitude difference in Al conc
tration but also the very different experimental procedures
the two investigations.

V. SUMMARY

In this work we have presented a detailed experime
study of 2H diffusion, it’s complex formation, and subse
quent dissociation, with B and Al inp-type 4H- and
6H-SiC. Furthermore, in Sec. I we reviewed the main pu
lished data on this subject and in Sec. II we gave a deta
theoretical survey of the trap limited diffusion kinetics r
lated to the diffusion of H in acceptor doped semiconducto
Our main results can be summarized as follows.

~1! 2H diffusion in p-type SiC follows the kinetics ex
pected for a trap limited diffusion mechanism with formati
and dissociation of2H-B and2H-Al complexes, respectively
~2! The effective capture radius between2H and B at 460 °C,
s
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extracted from2H depth profiles characterized by negligib
dissociation of the2H-B complexes, has been determined
RHB5(2164) Å. This relatively large value indicates tha
the trapping occurs via Coulomb attraction between H1 and
B2 and agrees with the value obtained from the express
e2/(4pRc)5kBT⇒Rc523 Å. ~3! By measuring the effec-
tive H diffusivity in B- and Al-doped 4H-SiC epitaxial lay-
ers, the respective2H-B and2H-Al complex dissociation fre-
quencies were determined. The extracted frequen
covered three orders of magnitude and displayed exce
Arrhenius dependence. The complex dissociation ener
from the Arrhenius fits yieldedEd

HB5(2.5160.04) eV and
Ed

HAl5(1.6160.02) eV. The large difference inEd shows
that the atomic configurations of the two complexes are s
nificantly different in contrast to that observed for oth
semiconductors.~4! The close resemblance between the e
tracted dissociation attempt frequencies,n0

HB5(1.260.7)
31013s21 and n0

HAl5(0.760.3)31013s21, and the charac-
teristic oscillation frequency of the SiC lattice,n lattice

SiC 51.6
31013s21, validates the assumption of a first order dissoc
tion process.~5! One dissociation frequency for B-dope
6H-SiC was determined and found to be identical with th
for the B-doped 4H-SiC samples. This suggests strongly th
the properties of the H-acceptor trap limited diffusio
mechanism do not differ between the two polytypes.
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10A. Schöner, K. Rottner, N. Nordell, M. K. Linnarsson, C. Peppe

müller, and R. Helbig, Diamond Relat. Mater.6, 1293~1997!.
11J. Portman, C. Haug, R. Brenn, J. Schneider, K. Rottner, an

Helbig, Nucl. Instrum. Methods Phys. Res. B155, 132 ~1999!.
12F. Gendron, L. M. Porter, C. Porte, and E. Bringuier, Appl. Ph

Lett. 67, 1253~1995!.
l.

.

r.

R.

.

13B. Clerjaud, F. Gendron, C. Porte, and W. Wilkening, Solid St
Commun.95, 463 ~1995!.

14B. Theys, F. Gendron, C. Porte, E. Bringuier, and C. Dolin,
Appl. Phys.82, 6346~1997!.

15A. O. Konstantinov, P. A. Ivanov, O. I. Kon’kov, and E. I. Te
ukov, in Fifth International Conference on Silicon Carbide an
Related Materials, edited by M. G. Spencer, R. P. Devaty, J. A
Edmond, M. A. Khan, R. Kaplan, and M. Rahman, IOP Co
Ser. Proc. No. 137~IOP, Bristol, 1994!, p. 275.

16G. J. Gerardi, E. H. Pointdexter, and D. J. Keeble, Appl. Sp
trosc.50, 1428~1996!.

17F. Ren, J. M. Grow, M. Bhaskaran, R. G. Wilson, and S.
Pearton, J. Electron. Mater.26, 198 ~1996!.

18G. McDaniel, J. W. Lee, E. S. Lambers, S. J. Pearton, P.
Holloway, F. Ren, J. M. Grow, M. Bhaskaran, and R. G. Wilso
J. Vac. Sci. Technol. A15, 885 ~1997!.

19M. K. Linnarsson, M. Janson, A. Scho¨ner, N. Nordell, S. Karls-
son, and B. G. Svensson, inInternational Conference on SiC
III-Nitrides and Related Materials, 1997, edited by G. Pensl,
H. Morkoc, B. Monemar, and E. Janze´n, Mater. Sci. Forum
Proc. No. 264–268~Trans Tech Publ., Switzerland, 1998!,
p. 761.
2-11



S

99
te
,

n,

.

ls
te
-

-
d
.

.

H

i,

56

,

rum

oc.
h,

,

re,
-

in

ett.
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M. Syväjärvi, R. Yakimova, and E. Janze´n, in European
Conference on SiC and Related Materials 2000, edited by
G. Pensl, D. Stephani, and M. Hundhausen, Mater. Sci. Fo
Proc. No. 353–356~Trans. Tech. Publ., Switzerland, 2001!,
p. 373.

37M. K. Linnarsson, J. P. Doyle, and B. G. Svensson, inIII-Nitride,
SiC and Diamond Materials for Electronic Devices, edited by D.
K. Gaskill, C. D. Brandt, and R. J. Nemanich, Mater. Res. S
Symp. Proc. No.423 ~Materials Research Society, Pittsburg
1996!, p. 635.

38M. Janson, M. K. Linnarsson, A. Halle´n, and B. G. Svensson
in Hydrogen in Semiconductors and Metals, edited by
N. H. Nickel, W. B. Jackson, R. C. Bowman, and R. G. Leisu
Mater. Res. Soc. Symp. Proc. No.513 ~Materials Research So
ciety, Warrendale, 1998!, p. 439.

39J. Philibert,Atom Movements Diffusion and Mass Transport
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