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Electric-field-assisted migration and accumulation of hydrogen in silicon carbide
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The diffusion of deuterium?H) in epitaxial 44-SiC layers with buried highly Al-acceptor doped regions
has been studied by secondary ion mass spectronietnyas introduced in the near surface region by the use
of 20-keV implantation after which the samples were thermally annealed. As a result, an anomalous accumu-
lation of 2H in the high doped layers was observed. To explain the accumulation kinetics, a model is proposed
where positively chargetH ions are driven into the high doped layer and become trapped there by the strong
electric field at the edges. This effect is important for other semiconductors as well, since hydrogen is a
common impurity present at high concentrations in many semiconductors.

Numerous experiments have been performed to establisitrong gradient in thd?H] profile until it approaches a
the basic physical parameters connected to hydrogen diffusteady-state value at the boundaBrackets denote concen-
sion in semiconductors. The dissociation energies of the variration values. (i) The accumulation rate dH was identi-
ous hydrogen-defect complexes can often be determinegal in samples with different Al concentration in the buried
with a high accuracywhile it has been proven difficult to layer, as long as the thickness of the buried layer was con-
establish the intrinsic hydrogen diffusion constrfor re-  served. This contradicts first-order kinetics with trapping and
views see, e.g., Refs. 3 and 4. Silicon carbi®C) is a  detrapping, since the formation rate #i-Al complexes is
wide-band gap semiconductor with potential for a new genproportional to both the diffusing?H and the Al
eration of devices operating at high power, high frequencyconcentration§.(iii ) On the other hand, when comparing two
and high temperature. SiC crystallizes in many differentsamples with layers of different thicknesses but identically
polytypes of which #-SiC is most favored by the device annealed, it was seen that tfté concentration was higher in
community today due to its relatively high and isotropic the thinner layer although the Al concentration~&0 times
charge-carrier mobilities. Reports on hydrogen migration andhigher in the wider one. However, the thickness of the layer

associated complex formation in SiC are rare and only redoes not affect théH accumulation rate in the basic model.
cently has it been established that hydrogen passivates the

aluminum and boron acceptors in epitaxial SiBowever, 20
no quantitative data concerning the parameters of the diffu- 107 ¢ —21 800°C 3
sion and trapping processes have yet been published. In this ’ :
study, a series of diffusion experiments has been performed
where deuterium?H) was introduced into different epitaxial ~ ©_
structures by 20-keV ion implantation. Th&l4SiC epitaxial
layers were grown in a horizontal vapor-phase epitaxy
reactor® The samples were then annealed in a vacuum fur-
nace so that the implantet, acting as a diffusion source,
migrated into the epilayer. Due to the trappingZf at im-
plantation induced defecfspnly a minor part of the im-
planted?H was free to migrate into the layer at the investi-
gated temperatures. The chemiédl 2’Al, and *'B profiles
were then obtained using secondary ion mass spectrometry
(SIMS). In samples with a homogeneous Al and/or B accep- 10"
tor doping, the?H migration followed a basic diffusion

model of first-order kinetics with trapping and detrapping of 0 1
%H at the acceptor atonfs.

However, in samples with a buried Al-doped layer of high £ 1. 51Ms measurements & and?’Al concentrations ver-
concentration, the basic model could not explain all experig,g depth, bold and thin lines, respectively, in H-&iC Al-

mental observations ofH diffusion and accumulationli)  acceptor doped epitaxial layer with an undoped surface layer. The
The chemical content ofH in an Al layer was seen to in- samples were implanted with 20-ke¥H* ions to a dose of
crease as a function of anneal time at a homogeneous COR-10'°cm™2 and subsequently annealed at 800 °Cifand 1 h. The
centration level, i.e., with no gradient in the measured SIMSyariation in depth of the box-shap@d profile is attributed to varia-
profile (Fig. 1). In the basic diffusion model, one expects ations of the epilayer thickness over the wafer surface.

LA AL LA N (LB S O B B B S

27
19 Al
0 3 Epi-layer |Substrate J

N

(=)
“a
o]

-

o
L
]

Concentration (cm

10

3 4
Depth (um)

0163-1829/2000/611)/71954)/$15.00 PRB 61 7195 ©2000 The American Physical Society



7196 BRIEF REPORTS PRB 61

T T T Tt T T ] barrier between the layers as proposed by the model. When
E the anneal temperature was increased to 9004d] in the

] second layer reached levels above the SIMS detection limit,
as depicted in Fig. 2. At 900 °C thé1 concentration in the
first layer is practically unchanged for the two anneal times
while the concentration in the second layer increases almost
by one order of magnitude between theand 1 h anneal.
Another important observation is thafH] increases at a
homogeneous level also in the second layer.

In addition to this experiment a detailed analysis of the
diffusion and drift model is performed. To simplify the cal-
culations the following assumptions are madg.Since the
2H concentration never exceeds 10% of the Al concentration
the electric field is assumed to be unaffected by AHeac-
cumulation. (i) Complex formation betweefH and Al is
not taken into account. This is based on the result that the

0 1 2 3 4 2H-Al complex has proven to dissociate at temperatures as
Depth (um) low as 300°C (iii) The °H is assumed to migrate in the
positive charge state with a constant diffusivity independent

FIG. 2. SIMS measurements & and?’Al concentrations ver- of the doping level in the sampléyv) The impIantedZH is
sus depth, bold and thin lines, respectively, inta-&iC epilayer replaced by an infinite diffusion source at concentrafisig
with two highly Al doped regions surrounded by undoped epitaxialduring the entire anneal. WitE representing the electric

;nateria}" Tlgfs Sasz'edeef imp'amled with |20dk%bv lons 0 a  fielq strength the differential equation including diffusion
0s€ of~ cm * and subsequently annealed at 800 or 900°C.ony qrift of positively chargedH is written

solid and broken lines, respectively, fé)rand 1h.
From these observation€)—(iii ), it is evident that a differ- J°H] g A([°HIE) °H]
ent explanation for théH accumulation in the Al-doped ep- ar  kgT  ox T @
itaxial layers is needed.
Based on the assumption thaﬂ diffuses main|y as a where Einstein’s relation between the dlfoS|V|tp,.G) and
positively charged ion3H"), a model is proposed to explain mobility has been used. The substitution=tDy (t
the unexpected behavior. The assumption that hydrogen hasanneal timg s introduced to obtain a more general form
a positive charge state and reacts to an applied electric fielef the equation. The diffusion source is implemented by the
has been experimentally confirmed for ’&iand recently —boundary conditioH],_o="2H,. After a sufficiently long
also for SiC° In those experiments the electric field was time, diffusion and drift will balance each other and, with
externally applied at an elevated temperature in H-passivated °H1/d7|,..=0 in Eq. (1), the steady-state solution is
material. The reactivation of the dopants to a depth corregiven by
lated with the maximum depth of the applied field was then
measured by electricdCV) depth profiling. The basic idea B a (*_ ., ...,
behind the proposed model is that due to the large doping [*H]l=Ho eXF{kB—TJ’O E(x")dx
gradients at the junctions between the Al layer and the sur-
rounding low doped layers, strong built-in electric fields atThe electric-field distribution is calculated from the doping
the edges of the Al layer will add a drift component to the profiles using the device simulation prograngDiCl with
migration of 2H*. The fields are directed so that thd™ is  parameters according to Ref. 10. Assuming that all Al atoms
swept into the Al layers from the surrounding low dopedin the highly doped layers are electrically active as shallow
material. In this way the implantetH is “pumped” into the  acceptors; the doping concentrations in the Al layers are set
Al layer at the junction closest to the surface while beingto the chemical concentrations provided by SIMS. A major
retarded at the deep junction. problem in determining the field is that the background dop-
In order to test the validity of this model an experimenting between the Al layers is not accurately known. The de-
was performed with the aim to find out if the diffusifi  tection limit for boron and aluminum is-1Xx10*cm™2 in
actually is retarded at the deep junction of the Al layer. Anthe SIMS instrument, but the corresponding limit for nitro-
epitaxial layer was grown with several highly doped Al lay- gen(N) is in the high 16°cm 2 range. Figure 3 shows the
ers separated by undoped material, which for SiC meandoping profile and the electrical field as calculatedvmpici
INo—Np|=<10*cm™2 (Fig. 2. The epilayer was then im- for the case of ap-type background doping[Al]=5
planted by 20 keV’H" and annealed at several temperaturesx 10°cm™3) at 900 °C. The electrical field has a maximum
and durations. AnyH migrating past the firstmost shallow  value of 6.2<10% V/cm and is localized at the junctions be-
Al layer would then be accumulated in the second one. Howtween the highly doped Al layers and the background. The
ever, up to 800 °C ndH was detected above the SIMS de- electric-field distribution did not change significantly when
tection limit (~10*cm ) in the second Al layefFig. 2.  comparing simulations at 800 and 900 °C.
Hence, in the sample annealed at 800 °Cd the concen- Using the electric field calculated witltype background
tration of ?H in the second layer is at least a factor of 500doping (Fig. 3), Eq. (1) is solved numerically at 900 °C for
less than in the first layer, implying a very effective diffusion 7=1,2,4,...,1638% 10~ ° cn?. The result is displayed in Fig.

—?H, 800°C
~ = ?H, 900°C
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The linear and quadratic time dependencies of’thec-
cumulation in the first and second layers, respectively, can be
understood by considering the following simplified model.
First, the shallow junction of the first Al layej 1 in Fig. 3
is assumed to act as a perfect sink for fhediffusing be-
tween the surface and.. The flux between the surface and
the layer, and hence into the layer, will then be constant:
J1=—DH(O—2HO)/XI-1, wherex; is the position ofj1. If
the flux out of the layer at the deep junctioj2(in Fig. 3) is
further assumed to be negligible, the concentration in the
first Al layer, [2H] 4, is given by integratingl, over time
and dividing by the thickness of the first Al layeXxy, :

(worA L01) 3

2
HoDy
Xj1AXa1 "

[®H]an= (3

Depth (um)

FIG. 3. The built-in electric-field distributiotbold ling) as cal-  WHICh increases linearly with time. THét concentration in

2 . . . -
culated by the device simulation programepici for a multiple the second layef,"H]a , is calculated in a similar way but

Al-layer structure with an Al background doping of&05cm3  the corresponding “surface” concentratioffH]yjz+ , (i.€.,
(thin line). the concentration to the right ¢2 in the low doped region

is not constant but increases as a function of time. If the ratio
4 together with the steady-state solution given by @gand  of the ?H concentrations on each side j& is approximated
it is clearly seen that the electric field is large enough toby the steady-state vali&qg. (2)], then[*H],j,, is propor-
account for an accumulation & in the Al layers. When the  tional to[ °H],y; at all times and the proportionality factds;,
[2H] in the first layer is 50% above the surface concentratiors given by Eq.(2). Assuming that the flux between the first
H, (at 7~8x10 %cn?) the concentration profile in the and second layer is quasistatic, the flux into the second layer
layer is almost horizontal. ThéH concentration in the layer is given by:J,=—Dy(0—k[*H]a1)/(Xj3—X;5), Wherex;, 3
increases thereafter linearly with time untik~256 are the positions of junctiorj® andj3. [*H]ap, is then given
x 10~ ° cn? after which it converges to the analytically cal- by integrating the time dependent fldx and dividing by the
culated steady-state valug?H] in the second layer also thickness of the second layekxa, :
builds up with a horizontal profile, delayed relative to the

first layer, but the concentration increases approximately 5 2HODa
uadratic as a function of time. [H]a=
q A2 25 1(Xj3— X)2) AXan A Xal2
[ T — 1 T T v T ] 24
104 L steady state ] q X] 2
©=1,2,4,..,16384 (10°cm?), numerical Xexr{l(B_fojz E(X,)dX, t ' (4)

10° F© £=816...,256 (10 %m?), analytical

] which has a quadratic time dependence. The exponential in
3 Eq. (4) yields the proportionality factok and the limits of
] the integralxj2+ are taken on each side ¢2 where the
field is close to zero. The result of the analytical expressions
‘ ] (3) and(4) for r=8,16,...,256 10" ° cn? are plotted in Fig.
M 3 4 as circles and display good agreement with the numerical
1 calculations. This means that in the case gf-ype back-
— ] ground doping, the electric field only determines the bound-
ary conditions between the different regions, while the rate

&& of the 2H accumulation is solely determined by unperturbed

|

diffusion between the layers and the surface.
Simulations have also been performed based on a electric
field calculated for an-type background doping[N]=5
4 X 10°cm™3) between the Al-layers. Furthermore, to inves-
tigate how complex formation affects the accumulation ki-
FIG. 4. Simulated diffusion of positively chargétil from an netics, trapping and de-trapping & by the Al atoms have

infinite source at the surface of concentratiofikithe presence of also been included in the d_iff_usion and drift _m(_)dﬂot
the built-in electric field shown in Fig. 3. Equatiét) is calculated ~ SNOWN. Both these cases exhibit the same qualitative behav-

numerically for7=Dy, t=1,2,4,..., 1638410~ °cn? (thin lines. ior as the simulations shown in Fig. 4, but with considerably

The steady-state profile given by E@) is shown by the bold solid higher *H steady state concentrations in the Al layers. An-

line. The®H concentrations in the first and second Al layers givenother quantitative difference is that the delay of fhba(?cu-

by the analytical expressions Eq®) and (4), respectively, are mulation in the second peak relative to the first one is much
shown as circles for=8,16,..., 256 10~ ° cn?. greater in these simulations compared to the ones in Fig. 4.

Depth (um)
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The presented diffusion and drift model thus gives an ex- In summary, a model is presented to explain some unex-
planation to the unexpected observations of the measurgsected results in a series &f diffusion experiments per-
H-profiles: the accumulation in the Al-layers with horizon- formed using low doped epitaxial SiC layers with buried
tal profiles, the large difference of t§éH] in the first and  highly p-doped regions. The model involves drift of posi-
second Al-layers as well as the dependence of the width afvely charged?H ions in the presence of the built-in electric
the Al-layer on the’H-accumulation. In the light of the new fields at the junctions between low and high doped material.
model, the experimental data suggests that the steady stgi@y experiment using a multilayer structure supports the
level between diffusion and drift is reached in the first layermodel and the results are qualitatively reproduced by nu-
at a concentration of-1x10"*cm . Furthermore, the merical simulations. Calculations show that the multilayer
slower than quadratic but faster than linear time dependencgctyre could be a useful tool to determine diffusion con-
of thg H concentration in the second Al Iayer at 900°C IS gants of charged species migrating at concentration levels
consistent with the model since the quadratic time depeng,q |0y for conventional techniques. The next step in this
dence of the second layer is only expected in the phasgqq s to repeat the experiment using samples with a well
where the?H in the first layer increases linearly with time. It defined background doping in order to further establish the

is, however, not possible to find a pair of simulated curves,yjigity of the model and to determine the hydrogen diffu-
that give a good match to the measured 900 °C profiles. Thgjo, constant in SiC.

best fit is obtained with the=512 and 2048& 10 °cn?

curves which implies a diffusion constanD,=6 The authors are grateful to Erik Danielsson for assistance
x 10" P¢cné/s. This value should be viewed as a lower limit with the MEDICI simulations. This work was funded by the
since a lowerp-type or an-type background doping in the Swedish Foundation for Strategic Research, within the

simulation would give a significantly higher value. SIiCEP program.
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