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Hydrogen diffusion, complex formation, and dissociation in acceptor-doped silicon carbide
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The diffusion of deuterium?H) in B and Al doped 4 and & silicon carbide(SiC) has been studied in
detail by secondary ion mass spectrometry. Friindepth profiles, following trap limited diffusion with
negligible complex dissociation, an effective capture radius for the formatir-& complexegat 460 °Q is
determined toR"8=(21+4) A. This value is in good agreement with that expected for a Coulomb force
assisted trapping mechanism. At annealing conditions where dissociation is non-negligitid, dtitision
follows Fick’s law with a constant effective diffusivity, from which the complex dissociation frequemncies
determined. The extracted valuesiofover three orders of magnitude and exhibit a close to perfect Arrhenius
temperature dependence for bdiH-B and H-Al complexes. The large difference between the extracted
complex dissociation energieE ®=(2.51+0.04) eV andE"'=(1.61+0.02) eV, suggests that the atomic
configurations of the two complexes are significantly different. The corresponding extracted dissociation at-

tempt frequencies;y®=(1.20.7)x 10s* and vj*' = (0.7=0.3)x 10'3s ™%, are very close to the character-
istic oscillation frequency of the SiC latticep.<..=1.6x 10'3s™%. This is strong evidence for the assumption

of a first order dissociation process. No difference betwedn @nd 6H-SiC has been observed.
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[. INTRODUCTION the dissociation energy of a H-defect complex. In the first,
prehydrogenated samples are thermally annealed in the pres-
Hydrogen(H) has been extensively studied in semicon-ence of a strong electric field supplied by a reversed biased
ductors since the 1950s, but the ability of hydrogen to elecp-n or Schottky diode at the sample surface. The charged H
trically passivate shallow acceptors and donors was not disatoms, released from H-defect complexes, are then swept out
covered until the early 1980s. Theoretical studies, supportedf the surface region by the applied field, minimizing the
by several experimental observations, have further showrecapture of H. In this way the H-defect complex dissocia-
that isolated hydrogen also behaves as a negative U centertiion frequencyr is directly obtained from the reduction rate
many semiconductors. This means that an uncontrolled presf H close to the surface, providing it follows first order
ence of hydrogen in a semiconductor material may be detrikinetics. The drawback of this method is that the electric
mental for device performance. On the other hand, H mayield may influence the trapping/dissociation kinetics and that
also be used beneficially for example for passivation ofit also must be shown that the recapture of H can be ne-
interface-trapped charge of a MOS transistor. Due to thiglected. The second class of experiment exploits the fact that
strong influence—positive or negative—knowledge of thethe diffusion of H in a trap rich materiglvithout an electric
hydrogen diffusion properties is of crucial importance to anyfield) is entirely limited by the trapping and dissociation pro-
semiconductor technology. For further reviews on these topeesses. The dissociation frequency can then be calculated
ics see, e.g., Refs. 1 and 2. from the measured effective H diffusion constant provided
In a typical diffusion experiment, H is introduced to the that the trap concentration and the effective capture raRlius
semiconductor from a hydrogen plasma or using low energyf the complex are known. In practice, this is only possible if
H* ion implantation. The sample is then subjected to variouR has a small temperature dependence. Fortunately, for trap-
thermal treatments and finally the distribution of H is mea-ping of mobile H" at ionized acceptorR is determined by
sured either directlfe.g. using secondary ion mass spec-long range coulomb attraction and can therefore be expected
trometry (SIMS)], or by registering the combined effects of to have a small temperature dependence. Zundel and Weber
H passivation and compensation through electrical techhave employed the two different experimental procedures in
nigues such as capacitance-voltda@&) measurements. two independent studies of the H-B complex in(Biefs. 3
The solubility for isolated interstitial H at temperatures and 4 and obtained identical dissociation energies for the
below ~1000°C has been found to be very low in mostcomplex.
semiconductors, and the overwhelming majority of the H Silicon carbide(SiC) is a close packed material with
atoms appears in the form of—more or less—immobile Hequal amount of Si and C atoms whose strong covalent/ionic
defect, or H-H complexesAs a consequence, the measur-Si-C bonds give rise to its superior properties for different
able effective mobility of H is not primarily determined by technological applications. SiC is a very hard material and
the diffusivity of the mobile H atoms, but rather by the for- has—under the name carborundum—been used as an abra-
mation and dissociation properties of the dominatingsive substance for over 10038iC is thermally stable up to
H-defect complex. 2700°C and is, therefore, used as a protective coating in
Two classes of experiments have been used to determinarious high temperature applications. Being a Bwefrac-
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tory material with good thermal shock resistance SiC is ardemonstratett that H can be incorporated intype SiC,
aspirant as a first wall material in fusion plasma devftes.coated with a thin Ni or Pt film, directly from ajtontain-
SiC is also a semiconductor, characterized by a wide bandng ambient at temperatures600 °C. No hydrogen was
gap, large breakdown electric field, high saturation electrofound in samples with a Au or Ti coating or in samples with
velocity and an extremely high thermal conductivity. Thesea bare SiC surface. Furthermore, no H was observed in
properties make SiC a prime candidate for a new generatiofrtype samples irrespective of metal coating and annealing
of high power, high frequency, and high temperature devicedemperaturéup to 8200 °Q. This is also true for experiments
The high chemical stability and radiation tolerance alsgusing implanted H? i.e., no donor passivation has been ob-
make SiC suitable for sensor applications in harsh environS€rved in any of these experiments.
ments’ Other studies of H diffusion in SiC include the early
Hydrogen is expected to be a major impurity in epitaxialWorks of Causeyet al?” They determined the H diffusion
SiC layers due to its presence in the epitaxial precursor gasé@nstant by measuring the release rate of gaseous tritium
[ SiH,, C3Hg, Al(CHa)5] and since His used as carrier gas (®*H) during thermal a_nn.ez-illng of d|fferent.S|C materials hy-
during growth® Indeed, high concentrations of H have beendrogenated by recoil injectedH. For highly Al-doped
observed—by SIMS and low temperature photoluminesimonocrystalline SiC they obtained an activation energy of
cence (LTPL)—in p-type®'® and—by nuclear reaction (1.5+0.2) eV for diffusion, while the corresponding values
analysis and infrared absorption measurementsa-type't ~ for (relatively) low doped material were typically 1 eV
epitaxial layers. These studies also showed that a poshigher.
growth anneal in Ar atmosphere at temperaumemoo °C Ab initio calculations regarding H in SiC have so far been
reduced the H content in th{-type) layers, while the carrier devoted to interstitial F**® and to H-vacancy com-
concentration increased. This was a first indication of H in-Plexes®** Deak, Gali, and Arad? predicted a negative U
duced acceptor passivation in SiC. In 1995, Gendron an@¢ehavior of interstitial hydrogen inH-SiC with the(+/—)
Clerjaud et al***° demonstrated a decrease in the carriedevel situated 2.25 eV above the valence band edge, in ac-
concentration with a corresponding drop of the N, B, and Alcordance with the experimental observations of‘agthte in
related electron spin resonan¢ESR spectra in samples P-type SiC. The most stable form of noncomplexed H in
subjected to a klanneal at 1600°C and 10 bar. This was N-type material was predicted to be.F This could explain
attributed to formation of H-dopant complexes since the ESRhe difficulty to observe H diffusion and passivation in
spectra of the virgin samples were recovered for the hydrot-type SiC.
genated samples by a second anneal in a He atmosphere. OnIn this work we focus on the diffusion of H in acceptor
the other hand, in a subsequent experiment under the sarfi@ped SiC. The aim is to establish the diffusion kinetics and
experimental conditions as in Ref. 12, but with lighter to accurately determine the dissociation energies of the pas-
N-doped material no donor passivation was fotthd. sivating H-B and H-Al complexes. H was introduced using
Acceptor and donor passivation in SiC has also been studon implantation while the H profiles were determined by
ied using H plasma treatmerifs2In general these investi- SIMS. Deuterium fH) was used throughout the study since
gations show that passivation can be obtainep-iype ma-  the sensitivity for’H is ~10° times higher than fotH in the
terial while the effect onntype SiC is small. This SIMS measurements. To extract the parameters from the ex-
passivation effect can not, however, be entirely assigned tperimental data we make extensive use of the theory for trap

the formation of H-acceptor complexes since substitution ofimited diffusion. To make this present article more compre-
the H plasma to that of He or Ar has given similar hensive we have included a detailed description of this

resultst®18 theory adapted to our experimental conditions. This is done
Further evidence for B and Al passivation by H has, how-in the next sectior{Sec. I). Section III outlines the experi-

ever, been given in the works of Linnarssetal,'®~?Acht- ~ mental procedure while we present and discuss the experi-

ziger et al,?*?% Hilsen et al,?* and Jansoret al?® In the ~ mental results in Sec. IV.

majority of these experiments H was introduced into the ma-

terial using low energyH or 2H ion implantation while the

H distributions were recorded by SIMS and/or CV measure- Il. KINETICS OF TRAP LIMITED DIFFUSION

ments. The major results of these works can be summarized

as follows: H passivates both Al and B where the H-B com-

plex is more thermally stable than H-A12°??The reactiva-

tion of passivated acceptors under a reverse biased Schott

diode?® and the H diffusion kinetics in the presence of a

large doping gradierf® show that mobile H has a positive A+BwAB 1)

charge state ip-type SiC. The reactivation kinetics give an

upper limit of 1.8 eV for the H-Al dissociation enerdy

which is in accordance with our recently published value ofcan be formulated mathematically using Fick's second law of

(1.66+0.05) eV, obtained from effective diffusivity diffusion®® and first order reaction kinetics. When the total

experimentg® The reactivation process is faster fii than  concentration of trapB,,=[B]+[AB] remains constant over

for ?H passivated Al-doped sampl&spossibly indicating an  time, the trap-limited diffusion is described by two coupled

isotope shift in the dissociation frequency. It has also beewlifferential equationgbrackets denote concentration valyes

Diffusion of mobile atomsA including the formation of
immobile complexe#\B at immobile trapping centei® and
%}e subsequent dissociation of these complexes,
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JA]l o J[A] J[AB] be found for limited regimes of E¢2) following appropriate
o &( A ox ) et (28  simplifications(see Refs. 2, 4 and 35
A major simplification is the assumption of local equilib-
[AB] rium (LE) in reaction(1), which means that the process of
=K[A][B]—-v[AB], balancing the complex formation and dissociation rates is
Jt much faster than the spatial change of any of the constitu-
ents. Withd[ AB]/dt=0 in Eq. (2b), the balance equation
K=47RDa, (2b) (ABJE— Byt ©
wheret is the time andD 4 is the (intrinsic) diffusion coeffi- 1+ v/ (K[A]*E)’

cient for A. The expression for the complex formation rate
constantK is given by the theory of bimolecular reaction
rates in solid¥ in which R is the effective capture radius of
the trapB and is usually set to a value of the same order a
the interatomic distance in the lattice. However, in the cas
of trapping of charged atoms at traps of opposite chéage
in the trapping of H at an ionized acceptprone would
anticipate a considerably largBrdue to Coulomb attraction.
This reaction radiuR, is often estimated as the distance
between thésingly) chargedA™ andB~ where the Coulomb
potential energy loss equals the thermal energy,

where the LE superscripts refer to local equilibrium values. It
is difficult to find a general condition for the validity of LE,
but a rule-of-thumb states that the time needed for a nonequi-
Jibrium system to reach LEas in the initial stage of a heat
?reatmenl is on the order of . Numerical simulations
show that this is usually a rather conservative constraint.

Equation(2) may be divided into two regimes depending
on the magnitude of: (A) a regime with a high dissociation
constant, and(B) a regime with negligible dissociation.
These cases are considered below.

2 . A. High dissociation regime
AmeR. =kgT (Sl unity, (3

From Eqg.(6) is it seen that for sufficiently high complex
dissociation frequencies;, the LE concentration of com-
plexes will be much smaller than the concentration of traps
and vice versa:

wheree is the elementary charge, the dielectric constant,
kg Boltzmann constant, an@l absolute temperature. Equa-
tion (3) originates from the theory of recombination in
gase¥’ and the direct adaptation to solid state diffusion has vI(K[A]'E)> 1< [AB]-E<B,,. 7)
not been thoroughly investigated.in Eq. (2b) is the com-

plex dissociation frequency of the complex and is expected)nder the constraint set by E(}), Eq. (6) can be simplified

to follow an Arrhenius temperature dependence to
Eq e_ KBt e
V=17 exr{ - kB—T) , (4) [AB] - v [A] . (8)

where v, is the so called attempt frequency aRg is the  Equation(2) can now be greatly simplified. Substitution of
dissociation energy of the complexg should in turn be of Eq. (8) in Eq. (28 and introducind A, ]=[A]+[AB] gives
the same order of magnitude as the characteristic oscillation

frequency of the latticey ,ice, Which may be calculated by A _ (Aol
weighing each vibration mode, with the energy of that ot eff —ox2
mode,
1 1 S wdin) Dy= DA _p, A (9)
kW Wk eff— = Un )
= - RN 1+ KBy /v A
Vattice 27T<w> 2 S wdi(n) (5) tot [Atot]

) o ) where we have assumed a constBnt and a homogenous
Here (n) is the Planck distribution function, antl the re-  yrap concentratio,,,. The total concentration o&s is thus
duced Péaggk constant. Typical values ifice are in the  oynected to diffuse according to Fick’s law with a constant
low 10s™ range and depend on the Debye tem-gffective diffusion coefficienD . (The use of Ay here is
perature 6 . Numerical integration of Eq(5), with the  mqtivated by the fact that the SIMS technigue provides total
dispersion relation given by the Debye approximatitﬂﬁ'c( chemical concentrations.
= 1120 K) * yields an oscillation frequency for SIiC of |t is evident from Eq(9) that D in turn can be divided
Viatiee= 1.6X 10°s™ at 600 K, and is nearly independent on in two regimes depending on the ratid(KB,,). At very

temperature above 300 K. high dissociation frequencies the mob#és will dominate
The solution to Eq(2), with a given set of boundary and over the complex concentration and
initial conditions, can generally only be accomplished nu-

merically. Even the standard problems, i.e., an infinite source Dei=Da,
at the surface or an initial Gauss distribution, lack general
analytical solutions. Analytical solutions may, nevertheless, (vl(KB)>1=[A]F>[AB]'E). (109
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At more moderate, but still high enough to satisfy Eq7), 10"® s — —
the complexes are the dominating species Bpgbecomes E Calculations of trap limited diffusion with
entirely determined by the trapping/dissociation process, in " negligible complex dissociation
dependent o, : I
v £ \ ‘
Det= 2R Biot’ S
Q
(v (KB,y) <1=[A]*E<[AB]E). (100 jf 106 1
A simple picture to illustrate this independence is that the <C :
average time between detrapping and retrapping oA as ":§
negligible compared to the average lifetime of a complex. <C
An experimental consequence of E(®.and(10b) is that 10" | .
D, cannot be extracted at temperatures where the major pe F ]

of the mobile species is present in the form of complexes
([AB]=~[Atl), unless the concentration of untrapp&'d is
established. Unfortunately, this is usually not possible. This 44
is the reason for the great difficulty to extract the intrinsic 0
diffusion constant for hydrogen in Si at temperatures

<1000 °C%* On the other hand, by the use of Efj0b), it is

possible to determine the dissociation energy of a complex FIG. 1. An example of numerical solutiofithick solid lines to

from measurements of the H diffusion. Eq. (2) (Dpo=10 Pcm?/s, R=10A, v=10 %s%) with boundary
condition Eq.(12) (A,=10"*cm™) and homogenous trap level
—107 3 Diffusion i
B. Negligible dissociation regime B,=10"cm3. Diffusion timest are 5's, 60 s, 2 h, and 10 h.

Dissociation of formed complexes is negligible according to condi-
At low temperatures, dissociation is negligible and the LEtion Eq.(11) sincev/(KA,) =8x 10~ *<1. The analytical solutions
complex concentration becomes essentially equal to the trajeq. (15)] for t=5 and 60 sdashed linesare in good agreement
concentration; AB]E~B,,, assuming a non-limiting source with the numerical results as is the analytical predicfigq. (18)]
of A’'s. As seen in Eq(6) this occurs when for the thickness of the saturated layerthin vertical lines.

vI(K[A]F)<1. (1) Figure 1 shows numerically calculatg¢d\] profiles, and

Without dissociation, diffusion of's will only take place ~ their analytical counterparts for a system with negligible dis-

with a renewed supply oA's or with an initial concentration ~Sociation [»/(KAg)=8x10""<1] and with an infinite

of A's exceeding the initial trap concentration. The problemSource ofA's at x=0. The numerical and analyticgEq.

studied here will be with an infinite source @s at the (15]results are in good agreement for5 and 60 s, which

surface is to be expected sindAB]~[Ayt]<Bii- When the com-
plex concentration approaches the trap concentraBgp

[Aly—o=Ay, (12 =10"cm 3, [Ay flattens out and further diffusion results
in the development of a saturated layer of thicknesnded
by an exponential diffusion front. Although no formal ana-

the initial condition[ Ayth—o=0. Initially, complexes start to \iica| solution has been obtained in this regirhét) can be
build up close to the surface and at this early stage, when the, - jated by considering that the region of the diffusion

complex concentration has not yet reached the trap conceRnt acts as a sink for tha’s and that thet\s diffuse unaf-

tration, [AB]<B, Eq. (2b) can be simplified to fected by the saturated traps from the source to this sink.
Assuming a perfect sink, the flux éfs through the saturated

=KB{ Al (13)  layer becomes

a homogeneous trap concentratiBpy (Ag<By), and with

J[AB]
at

Substitution of Eq(13) in Eqg. (2a) gives a steady state so-
lution, d[ Al/dt=0, which, together with the boundary con-
dition (12) becomes

L (0=Ay)

F=—Da—p (16)

This flux must, however, be balanced by the flux needed to

[A]=Aq expl— ax), gradually saturate the free trapsat the diffusion front
a=\B47R. (149 oL
" . . F=Biy—. 1
Furthermore, substitution of E¢L4) in Eq. (13) and integra- ot gt (17)

tion gives the expression for the total concentratiom\sf
The differential equation constituted by Eq46) and (17)
[Apid = (1+ KBt Ag expl — aX). (15  yields the solution
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TABLE I. Sample name, SiC polytype, B and Al concentrations 2 h, respectively, while the All sample was heat treated at
(determined by SIMPof the epitaxial layers used in this study. 300 °C for 30 min. The annealings were performed in a re-
sistively heated vacuum furnace with a base pressure in the

[BJS [A'Jg low 10" Torr range and with a temperature accuracy of
Sample Polytype (em™) (em™) AT=<5°C. Subsequently, the implanted surface layer was
Bl 4H 9.6x 10 3.4x 10 etched off using an inductively coupled plasiti€P) etch
B2 4H 1.4x 10 1.4x 10" system with a Sfplasma. The epilayers were finally cut into
B3 4H 5.0x 10 1.7x 10 smaller pieces which were further annealed at 470—-620 °C
B4 6H 8.1x 10 1.8x 10 (B1, B2, and B4, and at 270—400 °CAI1). The durations of
5 8 the anneals varied between 30 min and 146 h, and two an-
All 4H 2x 10 2'4X 10 neal times differing by a factor of four, were performed at
Buried layer

each temperature.

L= IZZAAOL (18) B. Measurement technique
tot

The atomic concentration versus depth profiles were ob-
This result is represented in Fig. 1 as vertical lines and agregained by SIMS utilizing a Cameca IMS 4nicroanalyzer. A
with the numerical calculations. An important observationprimary sputtering beam of 8 ke\}6p)2+ ions (for Al and B)
from Fig. 1 is that the steep fronts following the saturatedyy 13,5 keV!33Cs* ions H), was rastered over an area of
layers have the same exponential slopess in the profiles  200x 200.m?2. The erosion rate was typically 10 and 25 A/s
of the initial diffusion phase, given by E@l4). This can, at i, the Cs and @measurements, respectively. Secondary ions
least In'[l:IItlve|y, be understood_ by the fact tha_t a homqgenougf 27A1+, 1B+ or 2H™ were collected from an area, G
flux of A's through the layer, given by E¢16), in combina- in diameter, in the center of the sputtered crater. The total

tion with an absence of free trafis will cancel all the right- boron concentration in the epitaxial layers was assumed to be
hand terms in Eqsi2a) and (2b) between the surface and .o, higher than that of'B in order to account for thé’B

front region. The essential difference between the initial . 1
stage described by Eq14) and the subsequent diffusion isotope. The use dH instead of'H is due to the fact that the
front, is then the concentration @fs. However, « in Eq. sensitivity for the former isotope is three orders of magnitude

(14) is independent ofA] (or Ay) and the slopes of the two higher than for the latter. The SIMS background concentra-

profiles will be the same. tions were typically 1&cm™3, 10" cm™3, and 18%cm 3 for
Unfortunately, Eqs(15) and(18) reveal the same problem °H, "B, and*’Al, respectively. o

regarding the determination @, as noted above for the ~ Afrequent problem in SIMS analysis of implanted nonan-

case of moderate, i.e., D, can not be determined without nealed, or highly passivated SiC, is sample charging. To

specific knowledge aboUiA] (or Ay). minimize this effect a thin gold layer~20 nm was depos-
ited on the samples in order to increase the surface conduc-
1. EXPERIMENT tivity. Moreover, electron flooding was employed during the

O, measurements to further compensate the charging by the
primary beam. The depth of the sputtered craters were mea-
For the study of’H-B interaction, three K- (B1-B3), sured using an Alphastep-200 stylus profilometer giving an
and one &1- (B4), SiC epitaxial layers were used. These uncertainty<3% in the depth of the converted profiles. Cali-
layers were doped with B in the low to mid ¥@m 3 range  bration to absolute concentration values was carried out by
and also contained Al to equal or somewhat smaller amountsneasuring implanted standard samples along with the other
For the2H-Al study, a 41-SiC epitaxial structuréAl1) with samples. Under stable conditions, the accuracy in concentra-
a buried Al layer doped to the mid 3xm 3 range was used. tion was limited by the accuracy in the given implanted dose
The buried Al layer had a thickness ofdm, starting at 1  of the standard samples;20%. To ensure stable measure-
um below the sample surface. All also contained a smalinent conditions a matrix signal, related to Si and/or C, al-
amount of B, homogeneously distributed with a concentraways accompanied the other signals. For the measurements
tion of 2x10"®cm 3. The epitaxial layers were grown in a where absolute concentration values were vital, variations in
horizontal CVD reactor, described in detail elsewHtfable  the matrix signal between the measured and standard
| lists the B and Al concentrationgs determined by SIMS samples did not exceed 10%. We should also mention that no
as well as the polytype of each epitaxial layer. samples subjected to SIMS measurements were further used
Deuterium was introduced into the layers by implantingin the investigation. This was done as a precaution since a
10keV?H™ ions at 300 K to a dose of410*°cm 2 The  recent stud$? have shown that dH related photo lumines-
energy was chosen such that the implantation profile wouldence spectra appeared in some SiC samples subjected to
not extend into the buried Al layer of Al1. The epilayers wereSIMS analysis. This SIMS inducetH is localized to the
then heat treated in a first annealing step in order to diffussurface region only<0.1 um) but further annealing could
some of the implante@H deeper into the layers. Two sets of release this'H and thereby disturb the’H diffusion
the B1-B4 samples were annealed at 460 °C for 30 min andharacteristics.

A. Sample preparation
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""""" Tr o ) TABLE Il. Exponential slopesy of the 2H diffusion fronts ex-
10%° ‘ 10 keV 2H*, 1x10"° cm™ _ tractedofrom theH implanted B1-B4 samples annealed in vacuum
o : 3 at 460 °C for 30 min or 2 h. The effective capture radius of the
460 "C for 30 min anneal 1 245 complexR™® are calculated, using E§L4), from « and the B
‘*-’A‘I 019 1 concentrations listed in Table I.
\S/ o RHB
.5 1018 ] Sample Anneal time (1P cm™) (A)
© T 3 B1 30 min 4.7 18
T 47 1 2h 5.2 22
g10 B2 30 min 6.6 24
o 2h 6.4 23
© 401 B3 30 min 10 16
2h 12 23
B4 30 min 4.6 21
1 015

0 0.2 0.4 concentration at 0.0em and exhibits a shoulder starting at
) Depth ( mj ' 0.12 um. This type of profile is not expected for a single
H energy “random”direction implant and the reason for this

FIG. 2. SIMS measurements 8 concentration versus depth anomalous shape is still unclear although channeling could
(O) in the 2H implanted B1, B2, and B3 samples, as implanted andPl2y some role. However, the detailed shape of the implan-
annealed at 460 °C for 30 min. The B concentration in each sampléation profile is of little importance to this study since the
is indicated by the horizontal dashed lines. The solid lines represeriiplantedH is only used as a diffusion source. During the
least square fits of exponential functions to the diffusion fronts. annealing at 460 °GH diffuses deeper into the samples and

profiles with a constant concentration, closely correlated to

IV. RESULTS AND DISCUSSION the B conpentratign in each sample, appear. The constant
_ concentration profiles are followed by steep exponential dif-
A. Hydrogen-acceptor complex formation fusion fronts with steeper slopes for samples with higher B

Figure 2 shows concentration versus depth profiled-bf doping while the in-diffused depth of the profiles are in-
in the B1, B2, and B3 samples, as implanted and annealed ¥grsely dependent on the B content. Figure 3 displays the
460 °C for 30 min. The as implanted profile has a maximumiemporal development of the implanted and 460 °C annealed

B1 samples. ThéH diffusion profile of the sample annealed

for 2 h reaches 20% deeper than that annealed for 30 min.
] Furthermore, both profiles exhibit exponential diffusion
10 keV *H*,1x10"° cm™ ]  fronts with parallel exponential slopes. With the recent
460 °C anneal proofs for the existence of a passivating H-B complex in
1 sict21%%the profiles in Figs. 2 and 3 are interpreted as
E diffusion of H out of the implanted region with subsequent
i formation of nondissociatingH-B complexes. The close
correlation between th#H and B concentrations also suggest
that the concentration of the migratifl, as well as of any
existing ?H-Al complexes, is lower than théH-B complex
concentration. With a seemingly large source?sff in the
Y ]  surface region, the diffusion profiles of Figs. 2 and 3 should
% 2 hours ] follow the kinetics of trap limited diffusion with negligible
1 dissociation and with an infinite diffusion source, as de-
scribed in Sec. IIB. However, even though the penetration
{  depthsL" of the 2H profiles in Fig. 2 do qualitatively have
\oo B2 | the [B] dependence as predicted by H@8), the weakt
,,,,,,,,,,,,,,,,, A5 °31  dependence di (Fig. 3 shows that the source 8H is far
0.4 0.6 from ideal (i.e., constant concentration over tim&his is_
Depth (um) due to the fact that only a very small fraction of the im-
planted?H is free to migrate into the samples at the present
FIG. 3. SIMS measurements 8f concentration versus depth temperatures. A redistribution of implantedi has been
(O) in the 2H implanted B1 sample, annealed at 460 °C for 30 minfound to take place with an activation energy of 3.5%V,
and 2 h, respectively. The B concentration is indicated by the horiwhile the activation energy of th@irst ordep out diffusion
zontal dashed line. The solid lines represent numerical simulationsf implanted?H has been determined to 4.9 These rela-
of the trap limited?H diffusion as described in Sec. IV B. tively high activation energies for the H mobility in the im-
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FIG. 4. Concentrations versus depth from SIMS measurements
of 2H (solid ling), 2’Al (dashed ling and B(thin solid ling in the FIG. 5. SIMS measurements & concentration versus depth
2H implanted Al1 sample, annealed at 300 °C for 30 min. The B(O) in the ?H implanted, initially annealed460 °C for 2 B, and
signal represent 1.28[ 'B] to account for the natural abundance of 0-35um ICP etched B2 sample, as etched and annealed at 620 °C
10, for 30 min and 2 h, respectively. The B concentration is indicated
by the horizontal dashed line. The solid lines represent least square

. . fits of Gaussian functions to the diffusion profiles. THé back-
planted region, presumably due to the trapping and detrapyound concentration of: 10:cm™2 has been subtracted from the

ping of H at implantation induced defects, results in a2y profiles in the figure prior to the Gaussian fitting procedure.
decreasing “surface” concentration &f during the present

heat treatments. The relatively large spread in the measurement dr

In contrast toL, the expression for the slope of the  combination with the narrow experimental temperature inter-
exponential diffusion front, Eq14), does not depend on the val, imposed by the condition for negligible complex disso-
concentration of the diffusing species and may, thereforegiation, makes it difficult to experimentally confirm the rela-
exhibit a better agreement with the experimental results. Itively weak temperature dependenceRpf. This is probably
should be noted, however, that even thougldoes not ex- one reason why there are so few quoted valueB o the
plicitly depend on théH concentration it may, in principle, literature, and to the best of our knowledge only two contri-
be sensitive to a nonconstant diffusion source, as investbutions exists in the literature where the effective capture
gated in Sec. IV B by numerical simulations. The exponentiaradius of a H-acceptor complex in a semiconductor has been
slopes are extracted from the central parts of the diffusiomletermined independently; Zundel and Weband Seager,
fronts in each sample and are listed in Table Il. Th¢  Anderson and Brice®® obtainedR™® values in Si of (40
background concentration—(1x 10°cm3) was subtracted +4)A and (45-5) A, at 80°C and 25°C, respectively.
from the SIMS profiles prior to this extraction. The least These values are also in good agreement with those predicted
square exponential fits are plotted in Fig. 2 as solid lines antly Eq. (3); R.=40A and 47 A respectivelyaf'z 11.9).
show both the exponential nature of the profiles as well agquation(3) appears therefore to give a comprehensive de-
qualitatively confirming Eq.(14), i.e., steeper fronts for scription of R, but more experimental data and a theoretical
higher trap concentrations. Table Il shows that the slopegeatment including the specific nature of the solid state dif-
remain constant—within the experimental accuracy—wherfusion are needed for a more detailed understanding of a
increasing the annealing time from 30 min to 2 h, confirmingCoulomb force assisted reaction radius in crystalline matter.
the negligible dissociation of théH-B complexes. The ef- The 2H diffusion profile in the Al1 sample differs some-
fective capture radius for formation of tiel-B complex(at  what from those in Figs. 2 and 3 due to the use of a buried Al
460 °0 R"8 is then calculated from the extracted using layer. Figure 4 shows the Al, B, arfth SIMS profiles of the
Eq. (14) with B,,=[B] in each sample. The extracted valuesAll epitaxial layer, implanted with 10 keVVH" ions to a
of R™® are listed in Table Il and scatter somewhat althoughdose of 1x 10'°cm™2 and annealed at 300 °C for 30 min.
this scatter appears to be uncorrelated to the annealing timigere, the original implantedH distribution is confined to
and the B concentration. Averaging over all values giveshe low doped surface layer of the sample and exhibits a
RHB=(21+4) A. This value is in fact in close agreement similar anomalous profile as observed in the BL—B4 samples.
with the theoretical value obtained from E@) at 460°C:  During the anneal, a small amount @ has migrated into
R.=23A (¢7°=10). the buried Al layer forming a well defined peak at the edge
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AR, FIG. 7. The Gaussian standard deviatien®btained from least

E square fits to théH profiles of the etched and annealed @1), B2
(@), B4 (0), and All (W) samples, plotted as?/2 versus the
anneal timet. The effective diffusion constant for each sample/
4 temperature combination is given by the slope of the straight line
3 connecting the corresponding(t). For the B4 sample, with only
o ] one extractedr value, the samed?/2),_, was assumed as for the
. B1 sample(which has similar B doping
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1
Depth (um)

significant amount ofH has diffused out through the sample

FIG. 6. Concentrations versus depth from SIMS measurementsurface. This redistribution dH implies a significant disso-
of 2H (O), and Al (dashed ling in the ?H implanted, initially  ciation of the?H-B complexes and the observed diffusion is
annealed300 °C for 30 min, and 0.5um ICP etched All sample, thus a process of continuous dissociation and formation of
annealed at 350 °C fol h and 4 h, respectively. The solid lines 2H-B complexes as discussed in Sec. Il A. According to Eq.
repr_esent least square fits of Gaussian functions to the diffusiO(g), the total?H concentration[2H,], should, once a local
profiles. (The sum of two Gaussians are used to account for theyqyjlibrium has been established between complex formation
reflective boundary condition at=1.4.m.) The ?H background o gissociation, diffuse according to Fick's law with a con-
concentration of X 10°°cm® has been subtracted from tiel o effective diffusivityD .. The Gaussian shapes of the
profiles in the figure prior to the Gaussian fitting procedure. profiles in Fig. 5 support this since the solution of Fick's

diffusion equation with an initial delta-shaped profile, just

of the layer. This accumulatetH peak suggests the forma- inside a reflective boundary at=x,, is a Gaussian function
tion of 2H-Al complexe$??*?°but could also be caused by a centered around,. The Gaussian standard deviationis
segregation of positively chargét in the presence of the related to the diffusivity a® =04/2t.%° The redistribution
built in electric field at the junction between the low and highof ?H in the etched and annealed Al1 samplEg). 6) show
doped acceptor layef8 However, in Sec. IV B we show that the same characteristic Gaussian profiles as for the B
the majority of the®H in the buried layer consists 6H-Al  samples, with the difference that tRe atoms pile up at the
complexes. A closer look at the profile of the peak shows deeper interface of the buried Al lay€850 °C for 4 h profile
that the front does not have an exponential decay. This imin Fig. 6). The pileup and conservation of tRel dose dem-
plies that the complexes experience non-negligible dissociapnstrate that both interfaces of the Al layer act as reflective
tion at 300°C, making an independent extractionR5f" boundaries. Numerical simulations show that this can be ex-
impossible. The concentration 8H between the implanted plained solely by trap limited diffusion but the pile-up will
region and the buried layer coincides with the homogenous Be further pronounced by the built-in electric field at the Al
concentration in All suggesting the presence of staHI8 layer edges, directed so that the moBi" are “trapped” in
complexes. the layer® Figure 6 also reveals an unexpected accumulation
of 2H in the surface regionx<0.25um) of the etched and
annealed Al1 samples; one explanation may be tHahas
formed stable complexes with defects induced by the plasma

To determine the’H-B and ?H-Al dissociation energies etch. Indeed, such defects in SiC have been recently reported
we have used the implanted and “primary” annealed All,by several group$!® To extractD.s, Gaussian functions
and B1, B2, and B4 samplé& h anneal described in Sec. are fitted to the’H profiles. For the All samples the sum of
IV A. To obtain well defined initial conditions for the further two Gaussian functions are used, with eqaadnd with the
diffusion steps, the surface layers of the samples were etchestcond Gaussian centered arourd2.4um, to account for
off, including all ?H that did not diffuse out of the implanted the deeper reflective boundary at=1.4um. The fitted
region during the primary anneal. Figure 5 shows the  Gaussian functions are displayed in Figs. 5 and 6 as solid
profiles of the etched B2 sample, before and after annealintines and exhibit good agreement to the SIMS profiles.
at 620 °C for 30 min and 2 h, respectivefd has diffused Equally good fits were obtained for all profiles used in the
deeper into the samples forming Gaussian shaped profilesxtractions oD . However, it should be mentioned théd
but the integratedH dose remains constant showing that noprofiles in B1 samples, annealed to obtain considerably

B. Dissociation of H-acceptor complexes
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TABLE lIl. Effective 2H diffusion constant® .4 extracted2 from T (°C)
the B1, B2, B4, and All samples at anneal temperafutbe “H-B
(B1, B2, B4 and ?H-Al (All)pdissociation frequpencies are cal- sic 1200 6(:)0 390
culted fromD ¢ using Eq.(10b) with respective trap concentration Viattice —
given in Table I.
T Deg " 10"
Sample (°C) (cnfls) (s @
>
B1 470 4310716 1.2x10°4 Q
B2 510 1.9¢10° 15 7.4x10°% g
B4 510 3.6¢10°15 7.8x10° g10°
B2 550 1. 10" 4.2x1073 =
B2 620 2.%x10° 18 9.1x 1072 _5
©
All 270 8.7x 10716 8.1x10°3 (3]
All 300 46101 4.1x10°2 ? 10°
All 350 7.5¢10° 6.1x10°* g
All 400 7.9x10713 5.9x 10°
2H-B
-5
shorter diffusion lengths than those in Fig. 5, could not be 10 0 0'5 1 1'5 >

explained by Fickian diffusion and a constant diffusivity.
This is most likely due to the addition of a drift component
to the ?H diffusion, imposed by the band bending towards

1000/T (K1)

FIG. 9. Arrhenius plot of the H-acceptor dissociation frequen-
cies extrapolated to 1000A0. The experimental dissociation fre-

T (°C) quencies(O, @, ¢, and M) and the Arrhenius equationsolid
2 6(}0 590 490 390 lines) are the same as insli:Cig. 8. The characteristic oscillation fre-

10

quency of the SiC latticeyj .= 1.6x 101s™2, is indicated at the
ordinate and display the close agreement of the extracted dissocia-
tion attempt frequencies anef... The dissociation frequencies
deduced from the diffusion constants®f in highly Al doped SiC

in Ref. 27(X), closely follow the predicted Arrhenius dependence
of the ?H-Al dissociation frequencies.

0.7x10"%exp(-1.61eV/k ;T)

the surface and/or the gradient of active doping as a result of
the 2H passivation. With deeper penetration of fittand the
subsequent decrease of the passivation, these effects can be
neglected as confirmed by the Gaussian shapes of the
(deeper profiles. Further indications of a surface induced
electric field can be found in Fig. 5, where a depletiorftaf
1.2x10"%exp(-2.516Vrk ;. T) in the near surface regionx€£90nm) of the annealed
samples occurs. As an example, if a surface band bending of
—1 eV is assumed, roughly pinning the Fermi level to the
middle of the band gap at the surface, this field would extend

: . . . 60 nm into the annealed B2 samples and add an inward drift
12 1.4 A 16 1.8 component to the mobiléH*. The —1 eV band bending
1000/T (K™") would therefore also account for the reflective boundary at
. . . . . the sample surface of the B samples.
o n B o Ssoston Tedueies e The extacted vlues of are ploied a2 versust i

’ ' i ' Fig. 7 andD ¢ is determined as the slope of the straight line

square fits of Arrhenius equatior(solid lineg to the H-SiC i the t dat ints at h ot i d
samplegB1, B2, and Al} yield the 2H-acceptor complex dissocia- connecting the two data points al each temperature an

tion energiesE{®= (2.51+0.04) eV andEYA = (1.61+0.02) eV. sample combination. The extrapolated lines of all All

d - . .
The extracted dissociation attempt frequencieg®=(1.2+0.7) samples, and of all B1 and B2 samples, intercept the ordinate

L 2 _ —9
x 10857t and »7=(0.7+0.3)x 10852, are very close to the &t @ common point: ¢“/2);-o~0.0, and 0.X10 cn,

characteristic oscillation frequency of the SiC lattioC. ~1.6  respectively. This confirms thet evolution of the diffusion

X 10571 The error limits are the sum of the random errors, ob-process. For sample B4 only one annealing was performed
tained from the fittings, and the systematic experimental errors. Th@nd D was here extracted by forcing the line through the
2H-B dissociation frequency from theHs SiC sample(B4) agrees  ordinate at a the same point as for the B1 and B2 samples.
with that of the H-SiC sample(B2). This is not expected to add any significant error to D%

Dissociation frequency (s'1 )
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value considering the large value offor sample B4. The all reported dissociation energies are in the range of 1.15—
extractedD o values are listed in Table Ill and demonstrate a1.45 eV for both H-acceptdf® and H-donot®*! complexes.
large difference when comparing the B- and Al-doped Only one dissociation frequency was extracted from the
samples; similar values are obtained, but at an approximate-doped 61-SiC sample(B4). However, the spot-on agree-
temperature difference of 200 °C. ment between this value o4,z and the value obtained from

In the following discussion, we will assume that all ex- the B2 sample at the same temperat(Fable Ill, Fig. 8
tractedD o are limited by the trapping and dissociation pro- provides strong evidence that the formation and dissociation
cesses as expressed by Etpb), i.e., that the concentration properties of the?H-B complex do not differ between
of trapped?H dominate over the amount of mobifel. This ~ 4H-and 6H-SiC.
seems to make sense at least for the B samples considering In the extraction of the dissociation frequenciBggx was
the negligible dissociation of théH-B complexes at a tem- assigned to the trapping/detrapping process, (EQb), and
perature not too far below the annealing temperature of thg0t to the intrinsic hydrogen diffusivitpy, Eq.(10a. The
etched samples. Furthermore, the big difference in the tengffective diffusivities in the B2 and All samples obey the
perature dependence of the extradieg between the B and Arrhenius — equations,Dgif=30x exp(~2.5 eVkg T) cn/s
Al doped samples makes it unlikely that; would be iden- andDag =2X exp(~1.6 eVkg T) cn/s, respectively, which
tical to the intrinsic hydrogen diffusivitip,, [Eq. (10a]. We ~ gives DZi>10°X D at 450 °C. Considering that the total
will present a more formal proof for this assumption later inacceptor doping concentration is less than a factor of 10
this section. Using Eq(10b) the 2H-B and 2H-Al dissocia- higher in All than in B2, a Fermi .Ievel dependence is not
tion frequencies are deduced from the effective diffusionPlausible to account for this large dlfferﬁ/rkllceDrgﬁéEurther-
constants. The trap concentratiBp, is set to the chemical B More, the close resembla.nce@B andvg™ , 10 Vice does
and Al concentrations given in Table I; hereby, we assumddeed support the assignment 8 to the trapping/
that the concentration dH-Al complexes in the B samples detrazppmg process. For the B samples it was assumed that
is negligible compared to that 6H-B. R is set to the Cou- the ["Hio] profiles were predommantly composed #1-B
lomb force assistedR, of Eq. (3), in accordance with the complexes_ although Al was presept n thesg samples. at a
experimental findings described in Sec. IVA. The extracteq:oncemratlon comparable to B. This assumption hold with a

. : ; : S igh degree of validity since the LE concentration ratio of
frequencies are listed in Table Il and are displayed in Fig. wo complexes with common mobile specig&], equal

together with least square fits of E) for the 4H-SiC trap concentration§B] and[A]), and equaR, is given by

samples. The fitted Arrhenius equations display excellenfq iy erse ratio of the complex dissociation frequencies, i.e.,
agreement over the three orders of magnitude covered by trEeH-B]/[zH-AI]= WHA L HB < exp(0.9 eVks T)=3X 10°  at

experimental™® and v"*', respectively. The fits yield the gggoc.

dissociation energiesEy®=(2.51+0.04) eV and E§* In the extraction of the effective capture radiR§® in
=(1.61+0.02) eV, and the attempt frequencie§>=(1.2  Sec. IVA it was assumed thé) the dissociation frequency
+0.7)x10%s! and »5=(0.7+0.3)x10%s ™, for the  was sufficiently low for Eq(14) to be valid, andii) that the
2H-B and ?H-Al complexes, respectively. The error limits nonconstant concentration of mobifél at the “surface,”
represent the sum of the random errors, obtained from th&Ho, did not affect the exponential profiles of the diffusion
99% confidence interval in the Arrhenius fitting procedure,fronts. To verify these assumptions computer simulations for
and of the systematic errors, from the uncertainty in annealthe implanted and 460 °C primary annealed B1 samples were
ing temperature £T<5 °C), in absolute concentrations of performed by solving Eq(2) numerically, with boundary
the SIMS measurement20%), and from the error in the condition(12) (Xsyface 0.24um) andR=R, v=»"5, and
effective capture radius\(R/R=20%). B.=[B]. NeitherD, nor ?H, are known, but since the depth
The extracted attempt frequencies are very close to thef °H penetrationL, Eq. (18), as well as the condition for
theoretical characteristic oscillation frequency of the SiC lathegligible dissociation, Eq11), both depend on the product
tice obtained in Sec. Il ApSS..=1.6x10"%s ™%, The agree- (DuX?Ho), itis possible to postulate one of them and treat
ment of the twov, values andvige is quite remarkable the other as a fitting parameter. WitRH, set to
considering the extrapolations over 13 orders of magnitudéHg=10"cm™2 during the first simulated 30 mirD,,=1.8
in the determination of, and the large difference between X 10” **cn¥/s provided the closest fit to the experimental
EHE and EYA | as clearly illustrated in Fig. 9. It should be data.’Ho was then abruptly lowered téHz=1x10"cm™3
mentioned that the agreement between the experim@eta| during the fO“OWing 90 min to account for the nonideal dif-
values for the H-acceptor dissociation frequencies and théusion source,Dy was kept unchanged. Several combina-
theoreticalvyyce is Not unique for SiC. Dissociation attempt tions of 2Hg? andDy, were tried giving identical?Hy,] pro-
frequencies in high 8 to the low 164s ! range have been files as long as the productD(x2H3) and the ratio
reported for H-acceptor and H-donor complexes in both S{?H}/?H2) were preservedwithin the limit of 2H3<[2H]).
(Ref. 3 and GaA<™ However, the dissociation energy for The simulated profiles are displayed in Fig. 3 and the close
the 2H-B complex is almost 1 eV larger than foH-Al fits to the SIMS profiles show that the analytical treatment of
which shows that the atomic configurations of the two com-the diffusion fronts employed in Sec. VIA is justified.
plexes must be quite different. This large differenc&jrhas Finally, the extensive amount of data from the present
not been observed in other semiconductors; in Si and GaAstudy of the H-acceptor complex formation and dissociation
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kinetics support previous brief reports suggesting a_maxiextracted fron?H depth profiles characterized by negligible
mum dissociation energy of 1.8 eV for the H-Al compiéx dissociation of théH-B complexes, has been determined to
and a higher thermal stability f207f the H-B compf&More-  RHE=(21+4) A. This relatively large value indicates that
over, in a study by Causest al™" the activation energy for the trapping occurs via Coulomb attraction betweenatd

*H diffusion in highly Al doped (6<10°°cm™®)a-SiC was B~ and agrees with the value obtained from the expression
determined to (1.480.18eV). Since this value resembles ¢?/(47R.)=ksT=R.=23A. (3) By measuring the effec-
the 2H-Al dissociation energy, it seems plausible that thetiye H diffusivity in B- and Al-doped 4-SiC epitaxial lay-
diffusion observed in Ref. 27 was governed by the same tra§r57 the respectiv@—]_B and 2H_,A\| Comp|ex dissociation fre-
limited mechanism as in our study. Using the diffusivities  quencies were determined. The extracted frequencies
from Ref. 27, the correspondint-Al dissociation frequen-  covered three orders of magnitude and displayed excellent
cies are deduced from E(LOb) with Bi,=6x10?%cn? and  Arrhenius dependence. The complex dissociation energies
R=R;. As can be seen in Fig. 8 these frequencies closelfrom the Arrhenius fits yielded = (2.51+0.04) eV and
follow the predicted Arrhenius dependence6f. Hence, EZA=(1.61+0.02) eV. The large difference iy shows
once again the universality of the trap limited diffusion yhat the atomic configurations of the two complexes are sig-
mechanism for H in acceptor doped SiC is demonstrated andificantly different in contrast to that observed for other

the agreement is quite remarkable, not only considering thgemiconductors(4) The close resemblance between the ex-
more than three orders of magnitude difference in Al conceng,ted dissociation attempt frequencieéjB: (1.2+0.7)

tration but also the very different experimental procedures o 1085 and ng: (0.7+0.3)x 10851, and the charac-

the two investigations. teristic oscillation frequency of the SiC latticep<..=1.6

X 103s71, validates the assumption of a first order dissocia-
tion process.(5) One dissociation frequency for B-doped
In this work we have presented a detailed experimentafH-SiC was determined and found to be identical with that
study of 2H diffusion, it's complex formation, and subse- for the B-doped #-SiC samples. This suggests strongly that
quent dissociation, with B and Al irp-type 4H- and the properties of the H-acceptor trap limited diffusion
6H-SiC. Furthermore, in Sec. | we reviewed the main pub-mechanism do not differ between the two polytypes.
lished data on this subject and in Sec. Il we gave a detailed
theoretical survey of the trap limited diffusion kinetics re-
lated to the diffusion of H in acceptor doped semiconductors.
Our main results can be summarized as follows. The authors are grateful to Stefan Karlsson and Nils Nor-
(1) 2H diffusion in p-type SiC follows the kinetics ex- dell for providing the SiC epitaxial layers, and to Erik
pected for a trap limited diffusion mechanism with formation Danielsson for assistance with the ICP plasma etch. This
and dissociation ofH-B and?H-Al complexes, respectively. work was funded by the Swedish Foundation for Strategic
(2) The effective capture radius betwe# and B at 460 °C, Research, within the SiCEP program.
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