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Trap-limited hydrogen diffusion in boron-doped silicon
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The hydrogen diffusion process in boron-doped silicon for temperatures T in the range from 60'C to
140 C is entirely trap limited and shows no dependence on the diffusivity of the free hydrogen. The
effective hydrogen diffusion coeScient D,ft- is determined at two values of the boron concentration
N„=1.4X10' cm ' and N„=3.8X10' cm . The values of D,ff satisfy the Arrhenius equation

N&D, ff=Poexp( —E~/kT) with E~=1.28 eV and PO=1X10 cm 's '. %'e present a model which

predicts that N~D, ff=v/(4m. R), where v is the dissociation frequency of the BH complex and R =3.5
nm the collision radius which describes the trapping of H at the boron atom.

I. INTRODUCTION

The electronic properties of isolated atomic hydrogen
were only recently observed in silicon. ' The reason is
that this species spontaneously forms immobile, molecu-
lar hydrogen, or is trapped at defects. ' The various de-
fect reactions have a strong inhuence on the H-atom
motion, and the diffusion profiles show anomalous
features which makes it very difticult or even impossible
to determine the "intrinsic" diffusivity D; of free atomic
hydrogen. '

The values of Van Wieringen and Warmoltz for the
diffusivity, derived from H-permeation measurements are
considered to be the most reliable ones. Their
diffusivities were determined in the temperature range
from 1090'C to 1200'C and satisfy the Arrhenius equa-
tion

D =Dp exp
—Em

kT

with a prefactor Do=9.4X10 cm /s and a migration
energy E =0.48 eV. All H-related defects are fully dis-
sociated in the investigated temperature range. It is
therefore reasonable to state that D equals the intrinsic
diffusivity D;. However, D is derived in a quite narrow
temperature interval and one should be cautious to use
Eq. (1) at low temperatures T & 300'C. There is no other
report of diffusion data at high temperatures (T)900'C).
The measurements of Van Wieringen and Warmoltz,
however, are supported by recent theoretical investiga-
tions. '

In contrast, a considerable amount of work has been
performed below 400'C. ' ' ' In typical experiments
the samples are exposed to a hydrogen plasma, ' "' or a
low-energy (1-keV) proton beam, "" and the hydrogen
incorporation is monitored as a function of the hydro-
genation time t and temperature T. '

In one kind of study the hydrogen profile is determined
indirectly using the ability of H to passivate an electrical-
ly active defect X (X represents boron' ' ' 'o' " or
gold' ' ). The depth L (T, t) to which the boron or the
gold is passivated is determined by electri-

cali7, i6, i3, i i, i4, is, 9 or re~ectanceip, i2 measurements. An
effective diffusion coefficient D,tt(T) is derived using the
equation L ( T, t) =QD, tt( T}t.

Systematic measurements of L vs t in H-implanted B-
doped samples ([B]=2X10'5cm 2} show that L is pro-
portional to ~t only for intermediate times. ' The corre-
sponding values of D,tt satisfy the Arrhenius Eq. (1) with
a prefactor Do,tt=2 cm /s and an activation energy
E ff 0.83 eV. No deeper H migration is observed for
times longer than =30 min. At short times (t & 2 min) a
very fast and weakly temperature-dependent increase of
L is observed in agreement with other studies. "' The
slowdown of the diffusion process is tentatively ex-
plained' ' by the formation of a thin subsurface layer
with a very high concentration of molecular hydrogen.
This layer would act as a barrier to H in-diffusion. Her-
rero et al. ' ' performed similar experiments on highly
doped ([B]=(10'—10 ) cm ) samples treated in a H
plasma. They give evidence of a strong dependence of I.
on the sample bias and the surface oxide thickness. '

Keeping these parameters fixed, they determine D,ff as a
function of T and [B]. A trap-limited diffusion model is
used to derive both the binding energy of the BH-
complex Ea =(0.6+0. 1) eV and the intrinsic diffusivity
D;. They assume D; to satisfy Eq. (1) and determine
Dp=2. 4X 10 cm s &E~ =0.43 eV.

In the other class of studies the tota/ hydrogen concen-
tration is measured by secondary-ion mass spectroscopy
(SIMS).s' ' The deuterium isotope is generally substi-
tuted for H in order to reach a detection limit of
10' cm . The H profiles do not only depend on temper-
ature and time but show complex features which strongly
depend on the conductivity type of the sample and the
dopant concentration. ' ' ' ' All profiles show a very
high H concentration in a layer near the surface. In
boron-doped saxnples, the H profiles show a plateaulike
region where the H concentration is pinned to the dopant
level, provided T is lower than the dissociation tempera-
ture of the hydrogen-dopant complexes. ' ' '

Several different models have been developed which
take into account the formation of molecular hydro-
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gen ' ' ' ' and/or the trapping and detrapping of H at
boron ' ' ' ' ' or phosphorus ' atoms. In some stud-9, 10, 12,23, 18,22

ies, these reactions and the intrinsic diffusivity are as-
sumed to depend on the charge state of H18, zi, 2p, 22 A
model derived by Cappizi and Mittiga and Cappizi, Mi-
tiga, and Frova favors as the driving force the drift of
charged hydrogen in the electrical field induced by the
dopant gradient. Unfortunately, the kinetic parameters
which control the formation of H2 and H-dopant com-
plexes as well as the H-energy levels, which determine the
relative concentration of the various charge states, are
unknown. Therefore the fit of the calculated profiles to
the experimental SIMS curves requires an adjustment of
many free parameters. Apparently the fits are very good,
provided the number of parameters is large enough. The
reliability of the parameters and especially that of D, de-
creases as their number increases. The choice of ap-
propriate boundary conditions makes the excellent fits
even more suspect. As was discussed above, the real
boundary conditions depend on the sample surface, on
the hydrogenation method, and probably vary with time
t. In most studies ' ' ' ' a constant surface H concen-
tration H& is assumed. It is recognized that good fits can
be obtained with various sets of parameters, e.g., the solu-
tion is not unique. ' ' ' Due to these experimental and
modeling problems the spread in the diffusivities reported
by different authors is very large, and no agreement has
been obtained on which data are the most reliable. A
critical, recent compilation of the hydrogen diffusion data
is given in Ref. 24.

In this work we try to determine D, from a simple
diffusion experiment. A sharp H-concentration gradient
in the bulk is generated by using the drift property ' of
hydrogen in B-doped silicon. This gradient defines a
well-defined initial state for subsequent diffusion from the
bulk towards the surface. The boundary conditions are
simple and well defined. Our results fully agree with a
model that requires only two free parameters. However,
it is clearly shown that the intrinsic diffusivity D; cannot
be determined in a sample with a boron concentration
larger than 10' cm, due to the ambiguity of the fitting
process.

Section II provides the experimental details. In Sec.
III we describe the method used to measure diffusion
profiles, which are modeled in Sec. IV. Further diffusion
data which confirm the model are presented in Sec. V and
are discussed in Sec. VI.

II. EXPERIMENTAL DETAILS

Boron-doped, (100) fioat-zone silicon samples with a
resistivity of 0.47 Qcm or 10 Qcm are exposed to a
radio-frequency- (13.6 MHz) driven hydrogen plasma at a
temperature of 130 C for 2 h. After the plasma treat-
ment at least 1 pm was chemically etched off from the
surface to reduce the near surface damage. Titanium
Schottky contacts (1 mm in diameter) are evaporated
onto the hydrogenated surface, and an indium-gallium al-
loy scratched onto the back surface gives the Ohmic con-
tact. The annealing experiments are performed in the
dark and under ambient atmosphere. Capacitance versus

voltage [C( V)] measurements at room temperature pro-
vide the profile Nl of the net electrically active boron
concentration, i.e., NI =N„—[BH]—[H+], where N„ is
the boron concentration in the nonhydrogenated control
samples, and [BH] and [H+] are the concentrations of
electrically inactive BH complexes and untrapped posi-
tively charged atomic hydrogen, respectively. We will
show in Sec. VI that the atomic hydrogen concentration
[H] is negligible compared to [BH]. Hence, the profile of
the BH complexes is easily derived from the C( V) profile
Nt, using R =N„Nt=—[BH]+[H+]=[BH].

III. DESCRIPTION OF A TYPICAL DIFFUSION
EXPERIMENT

We investigate the H diffusion at a temperature
TD=100'C in a sample with N„=3.8X10' cm . The
C( V) profile just after the H plasma treatment shows a
complete passivation of the boron acceptor up to a depth
of =2 pm. The starting conditions for the diffusion ex-
periment are generated by a two-step annealing process
with a reverse-bias Vz =9 V applied to the Schottky
diode. The corresponding thickness of the space-charge
layer is 8'=0.57 pm. The first annealing is performed at
T~ =140'C for a time t~ =10 h and is followed by a
treatment at Tz =TD=100'C for 24 h. The resulting

2

profile of the BH complexes (Fig. 1, curve labeled "ini-
tial") is characterized by a layer (x (0.5 pm) free of BH
complexes and a uniform BH-complex concentration
(NO=2. 1 X 10' cm ) in the region x )0.7 pm. The BH
concentration strongly increases in the transition region
0.5 pm &x &0.7 pm, which coincides with the edge of
the space-charge region in the biased diode. The ob-
served profile is well known from literature ' and has
been explained in the following way: Due to the electric
field, the positively charged hydrogen, which is released
by the thermal dissociation of the BH-complex drifts out
of the space-charge region and spreads over about one
effective diffusion length LD in the neutral bulk where
new complexes are formed. ' The boron-concentration
increases again at a depth xp located deeply in the bulk,
out of the range of the C( V) profiling. A crude estimate
of xp is given by xp —W +LD. The anneal at the higher
temperature Tz, gives a value of I.D=QD, ftttt, ——2 pm
(D,ft=8X10 ' cm /s, see Sec. V) which is much larger
than 8'. The long annealing step at the diffusion temper-
ature (T+2=TD) ensures that the BH concentration is in
thermal equilibrium at the beginning of the diffusion ex-
periment. Indeed, only a negligible change is observed in
the initial profile of Fig. 1 after an additional annealing of
the reversed bias diode for 10 h at T = 100 C.

The diffusion experiment starts when the bias is
switched off at time t~=0 at temperature TD=100'C;
the sample remains at this temperature for a duration tD

and is rapidly cooled to T =300 K for the C ( V) measure-
ment. The profiles of the BH complexes are shown in
Fig. 1 for different values of ta. As tD increases, the BH
concentration progressively decreases in the region
x )0.57 pm. In the region x &0.57 pm an increase of
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[BH] occurs; the sharp initial profile is thus smoothed
out. All profiles cross at the point defined by x =0.57
pm and [BH]/No =0.57.

IV. ANALYSIS OF THE DIFFUSION PROFILES

The profiles in Fig. 1 are explained in the following
way. The BH complexes partially dissociate, and the hy-
drogen diffuses towards the defect-free surface layer
where it is trapped by the boron atoms. The free H con-
centration satisfies the modified difFusion equation

FIG. 1. Normalized inactive boron profile AN/No after a
two-step reverse-bias annealing ( V& =9 V) at T&, = 140'C,
t&&=10 h, and T»=100'C, t&&=24 h (initial) and subsequent
zero bias annealing for various times at T, =TD =100'C. The
symbols N& and No denote the total boron concentration and
the normalization factor. The solid lines represent the fit to
Eqs. (1) and (2) with D; = 1 X 10 " cm /s, R =3.5 nm.

with v0=2. 8 X 10' s ' and the dissociation energy of the
BH complex ED =(1.28+0.03}eV.

A. Numerical solution

The profiles [H) vs x and [BH] vs x are calculated by
solving numerically Eqs. (2) and (3). For boundary condi-
tions, we assume that the medium is impermeable to
diffusion at the planes x = 8'(OV) =0.15 pm and x =xo
with x0=2.5 pm. The positively charged diffusing H
species are excluded from the zero-bias space-charge lay-

er of thickness W(OV). The room-temperature C(V)
measurement provides b,N = [BH]+[H+ ]. We will

demonstrate in Sec. V that the free hydrogen concentra-
tion is negligible at 300 K. Therefore the following ap-
proximations hold at 300 K for the total hydrogen con-
centration Hr = [BH]+[H]:HT= [BH]= [BH]+[H+ ]

There is only negligible H difFusion during the
rapid cooling from the diffusion temperature to the mea-
surement temperature, therefore Hr( TD ) =Hr(300
K }=hN. We fit the total hydrogen concentration
H (rT)=[BH]+[H] calculated from Eqs. (2) and (3) to
the experimental profiles hN of Fig. 1 by adjusting the
two parameters D; and R. The profiles HT calculated for
D;=1X10 '2 cm /s and R =(3.5+0.5) nm (Fig. 1, solid
lines) are in very good agreement with the experimental
curves. The two parameters are varied over wide ranges
and we find that it is impossible to obtain a good fit for D,
lower than about 4X10 ' cm /s. For D; larger than
1 X 10 '2 cm2/s the calculated profiles show a negligible
dependence on D; but are very sensitive to R. Therefore,
the fit provides only a lower limit D& of the diffusivity D;
which is in the range from 7 X 10 ' cm /s to
1X10 ' cm /s. The fit provides a constant value of
R [R =(3.5+0.5) nm] for any value of D; larger than DI.

t}[H] 8'[H] B[BH]
2

(2) B. Analytical solution

where D; is the H-diffusion coefficient in the absence of a
trap (intrinsic diffusivity). In our experiments the ratios
of the concentrations [NI(x ( W)/Nl(x & W)] are in the
order of 2 to 4 and we can neglect in Eq. (2) the small
internal field produced by the step in the active acceptor
concentration. The term t}[BH]/Bt accounts for the
trapping and detrapping of the H atom at the boron ac-
ceptor and is given by equation

B[BH] =o (N„—[BH]}[H]—v[BH], (3)

where o. is the capture rate of H at the B atom and v the
dissociation frequency of the BH complex. The parame-
ter o. is related to the collision radius R and the diffusion
coefficient D; according to

oN~ [H]
[BH]=

v+cr[H]

o.X~
[H] .

Substituting in Eq. (2), we obtain

B[H] t) [H]

We derive an analytical solution of Eqs. (2), (3), and (4)
which allows us to define an effective diffusion coefficient
D,z which can be accurately determined from the experi-
mental profiles. We make the following assumptions: (i)
dynamical equilibrium is achieved for the reaction
B+H~~BH, i.e., t}[BH]/t}t=0 in Eq. (3), (ii) v&&o [H],
(iii) crN„/v»1. The validity of the assumptions will be
discussed in Sec. VI.

Taking into account assumptions (i} and (ii), we calcu-
late [BH] from Eq. (3),

o. =4mRD; . (4)

v= vo exp (5)

The dissociation frequency v has been determined in Ref.
25 and is given by the Arrhenius equation

T
D;

D,ff oX~1+

D,

4mRD;X„1+

where D,ff is an effective diffusion coefficient given by

(8)
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If assumption (iii) is satisfied, (8) writes

V

4~RNq
(9)

BH BH
Bt

—Da (10)

which does not depend on the diffusivity D;, e.g. , the
diffusion process is entirely controlled by trapping and
detrapping of the H atom at the boron acceptor.

Using Eq. (6), it is easy to show that HT = [BH]+[H]
also satisfies Eq. (7),

T ('C) D~ (cm /s) R (nm) De@ DI /D, ff

100
120
140

(7+3)X 10 ' 3.5+0.5 (1.4+0.5) X 10
—14

(3+2)X10 " 3.3+0.5 (9+1)X10
(3+2)X 10 " 3.6+0.5 (7.5+1)X10

50
33
40

TABLE I. Lower limit of the H diffusivity and collision ra-
dius R obtained from the fit of the experimental profiles to the
numerical solution of Eqs. (2) and (3) and effective H diffusivity
D,ff calculated from the slopes of the diffusion profiles using Eq.
(12). The total boron concentration is N~ =3.8X10' cm ', T
denotes the diffusion temperature.

Assuming that the critical HT (or b,N) profile has a step-
like shape (H&=0 for x & w and HT =NO for x )w), the
solution of Eq. (10) is given by

HT(x, t) = Np w x
erfc

2+D,~t

It is clear from Eq. (11) that the profiles corresponding to
different values of t concur at the point x =w,

HT =0.5Np which is a center of symmetry. The effective
diffusivity D,ff can be calculated from the slope
s(t)=dHT(x, t)/dx ~„of the straight line which is
tangent to H T(x, t) at x =w,

Deff
Np

4mtg ~( r)' (12)

V. INFLUENCE OF TEMPERATURE
AND BORON-CONCENTRATION
ON THE DIFFUSION PROFILES

The profiles in Fig. 1 cross at xp =0 57 pm
(HT =AN =0.57NO) and are slightly asymmetric with
respect to this point. However, hN shows a nearly linear
dependence on x for x varying from =0.45 to 0.57 pm.
From the slopes we determine the mean value

D,s(100'C) =(1.4+0.5) X 10 ' cm /s.

profiles at TD =100'C are shown in Fig. 2 for t =2, 10,
and 33 h as well as the profiles calculated from Eqs. (1)
and (2) with D =8X10 ' cm /s and R =3.5 nm. A
negligible change in the profiles occurs for D & 8 X 10
cm /s. Therefore, only a lower limit of D& which is in the
range from 4X10 cm /s to 8X10 ' cm /s can be
determined. However, D& is about one order of magni-
tude larger than the corresponding value in the sample
with Nz =3.8X10' cm . All the profiles except the
one recorded at t =33 h cross at xp=8. 05 pm and
b,N =0.61 X No cm . The discrepancy at t =33 h (Fig.
2) is probably due to the fact that the uniform part
(x )9.0 pm) of the initial profile does not extend deeply
enough into the bulk and cannot be considered as infinite
for the longest diffusion time (33 h). Even though the
profiles are not symmetrical to the point of convergence,
they show a nearly linear part for x (7.8 pm, of which
the slope can be substituted in Eq. (12) to calculate the
effective diffusion coefficient D,fr

= ( 3 7+0 6.) X 10.

cm /s. Similar experiments are performed at
TD =120'C, 80'C, and 60'C. The results are summa-
rized in Table II.

In order to verify Eq. (9), we plot the product
P =NOD, z as a function of 1/T for Nz =3.8X10'
cm (Fig. 3, squares) and Nz =1.4X10' cm (Fig. 3,
crosses). The values of P are well fitted to the Arrhenius

In Eq. (9) it is predicted that D,fr is inversely propor-
tional to N„and is thermally activated with the activa-
tion energy ED=1.28 eV. To confirm this dependence,
we performed the diffusion experiments described in Sec.
III on the same material at T=120'C and T =140'C.
The changes in the diffusion profile are qualitatively simi-
lar to those in Fig. 1. At any temperature the profiles are
well fitted by Eq. (1) and (2). The adjusted values of R
and the lower limit of DI are shown in Table I as well as
the effective diffusivity D,ff calculated from the slope of
the profiles.

Similar diffusion experiments are also performed on a
sample with N~ =1.4X10' cm . Just after the plasma
exposure 90%%uo of the boron acceptors are passivated up to
a depth of =8 pm. The initial step profile is generated by
annealing the sample with the following parameters:
V~ —60 V, T~)=140 C, t~)=2 h, T~q —TD, t~~ —10 h.
The thickness of the space-charge layer is 8'=7.6 pm
for Vz =60 V. The total H concentration in the region
x & 9 0 pm is Np=1 08X10' cm . The diffusion

O
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FIG. 2. Normalized inactive boron profile AN/No after a
two-step reverse-bias annealing (V„=60 V) at T~, =140'C,
tel=2 h, and T&2=100'C, t»=10 h (initial) and subsequent
zero bias annealing for various times at T, = TD =100' C. The
symbols N~ and No denote the total boron concentration and
the normalization factor. The solid lines represent the fit to
Eqs. (1) and (2) with D; =8 X 10 ' cm /s, R =3.5 nm.
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equation P =Pc exp( —Ez/kT) with a prefactor
Po=(1+os)X10 cm 's ' and an activation energy
Ep =(1.28+0.03) eV. (See Fig. 3, solid line. }

From Eqs. (5) and (9) we derive the following expres-
sion for P:

r

vo ED

4+R kT (13)

The experimental activation energy Ep =(1.28+ 003) eV
is in excellent agreement with the dissociation energy of
the BH complex (ED=1.28+0.03 eV) which has been
determined from the thermal reactivation kinetics of the
BH complex after annealing under reverse bias. Taking
R =3.5 nm (Tables I and II) and vo=2. 8X10' s ' as
determined in Ref. 25, we are able to calculate
Po =vo/(4n R ) =6 X 10' cm ' s ' which agrees remark-
ably well with the experimental value Po=(1+o &) X 10
cm 's '.

VI. DISCUSSION

The values calculated for D,tr according to Eq. (13)
with the parameters vo and ED determined in Ref. 25 and
R =3.5 nm, derived from the 6t described above, agree

TABLE II. Lower limit of the H diffusivity and collision ra-
dius R obtained from the fit of the experimental profiles to the
numerical solution of Eqs. (2) and (3) and effective H diffusivity
D,z calculated from the slopes of the diffusion profiles using Eq.
(12). The total boron concentration is N~ =1.45 X 10' cm; T
denotes the diffusion temperature.

T (C) DI (cm /s) R (nm) Deff (cm /s) D(/'D. a

60
80

100
120

(8+4) X 10
(8+3)X 10
{6+3)X 10
(3+3)X10-"

4.8+0.4
3.9+0.4
3.5+0.5
3.9+0.5

(3.0+0.5) X 10
(3.5+0.5) X 10
{3.7+0.6) X 10
(2.2+0.5) X 10

26
22
16
13

10 I I I I I I

2.4- 2.5 2.6 2 7 2,8 2.9 3.0
10/T (K )

FIG. 3. Arrhenius plot of P =N& D,&. The solid line
represents the fit to equation P =Po exp( —Ep /R &) with
P0=1X10 cm 's ' and Ep=1.28 eV.

fully with the experimental effective diffusivities D,ff mea-
sured in the temperature range T =(60—140) 'C. Equa-
tion (13) is, however, valid only if assumptions (i), (ii), and
(iii) of Sec. IV B are satisfied.

In order to check assumption (i), we neglect diffusion;
e.g., we take a constant value of H&, and we solve analyt-
ically Eq. (3) to calculate [BH] as a function of time for
[BH](t =0)=N„, Hz =N„, and D;)D&. Under all in-

vestigated experimental conditions (T,Nz ) the [BH]-
complex concentration reaches an equilibrium value
within a time which is negligible compared to the typical
diffusion times. Therefore a dynamical equilibrium is al-
ways achieved for reaction B+H~~BH.

Taking t)[BH]/t) t =0 in Eq. (3), we have
[H]/[BH] = vier 'b,N '. The maximum of the ratio
[H]/[BH] is 0.2 which is obtained for the experimental
condition TD =120'C, N„=1.4X10' cm, and the fol-
lowing corresponding parameters AN =Ng No =3 ~ 7
X10' cm, D =DI=3X10 " cm /s, R =3.5 nm,
v=1X10 s '. Of course, this lower limit strongly de-
creases with temperature and increasing values of N„.
We conclude that assumption (ii), e.g., [H] « [BH) is also
satis6ed for all investigated annealing conditions and in
particular at the measurement temperature (300 K).
Therefore the relation bN=N~ NI = [BH—]+[H+ ]
= [BH] used to determine the BH profile (see Sec. II) is
valid. The inequality [H]«[HB] has also been estab-
lished from a careful analysis of the thermal reactiva-
tion kinetics of the H-passivated boron for annealing
temperatures below 220 'C.

Under assumptions (i) and (ii), D,tt is given by Eq. (8),
which also writes

D,g=
Do exp

4~N~ RDo EL —EM1+ exp
Vp kT

(14)

The fact that the experimental values of N~D, z rigorous-
ly satisfies Arrhenius Eq. (13) implies that

r

4m Nq RDo ED —E~
P (15)

is much larger than unity [condition (iii)] for any investi-
gated experimental condition (N„and TD). This defines
an upper limit of the H-migration energy
(EM ),„=ED kTDl„(avo/4mN—„RDo) with N~ =1.4
X10' cm and TD =120'C. Taking a=S, ED =1.28
eV, vo=2. 8X10' s ', R =3.5 nm, and the prefactor
Do =9.4X 10 cm /s determined by Van %ieringen and
Warmholtz, we find (EM ),„=0.7 eV which is consistent
with EM=0.48 eV derived from the high-temperature
measurements.

Herrero et al. ' ' determine the temperature depen-
dence of the effective H diffusivity from the boron pas-
sivation depth L in highly doped samples (N„~ 1.5 X 10'9
cm ). The Arrhenius plots of D,tt strongly deviate from
linearity, and the temperature and the N„dependence of
D,& is in agreement with an equation which is equivalent
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to Eq. (14). At N& =1.5X10' cm, D,s. equals D; for
T)200'C (e.g., a & 1) and becomes much less than D; for
T &200'C (e.g., u) 1) (see Fig. 4 in Ref. 10). Therefore
the value of a should be close to unity for T=200'C and
N~ =1.5X10' cm . The lower limit of a given by Eq.
(15) for this condition is a =3 X 10 (we take E~ =0.7
eV). Therefore Eq. (13) should hold for the whole tem-
perature and N~ range investigated by Herrero
et al. ,

' ' and the Arrhenius plots of D,ff should be
linear in contrast to what is observed in Refs. 10 and 12.
It should also be underlined that our values of
P =N~D, z- are several orders of magnitude lower than
the corresponding values from Ref. 10. (At T =100'C,
P =5X10 cm 's ' and P =1X10 cm 's ' from Fig.
3 and Ref. 10, respectively. )

In Ref. 13 the effective H diffusivity is derived from the
boron passivation depth L in moderately doped samples
(N„=2X10' cm ) after low-energy H implantation.
The values of lnD, s show a linear dependence on I /Tn in
the investigated temperature range (T=80'C —140'C),
but the activation energy E„=(083+ 0. 05) eV is much
lower than Ep =Ez =1.28 eV determined in the present
work. The values of P calculated from Ref. 13
(P =3X10 cm 's ' at 100'C) also largely exceed the
corresponding values of the present work.

In the studies by Herrero et al. ' ' and Zundel
et al. ,

' D,ff is determined during the hydrogenation
treatment. The method used in the present work allows
us to separate the hydrogenation treatment from the
diffusion experiment. Thermal equilibrium prevails, the
free-electron concentration is negligible, and H is
predominantly in the positive charge state. Due to the
Coulomb interaction between H+ and B, the trapping
of H at the boron atom is very effective, in agreement
with the large collision radius R =3.5 nm. The very
large values of P from Refs. 13, 10, and 12 might be ex-
plained by a strong increase of the electron concentration
n during the hydrogenation treatment. For large values
of n, a significant part of the hydrogen donor converts
from the positive to the neutral charge state. The trap-
ping at the boron becomes less effective; a decreases, and

D,ff or P increases in qualitative agreement with the re-
sults in Refs. 13, 10, and 12.

The excellent agreement between the experimental and
the calculated diffusion profiles ensures that Eqs. (2), (3),
(4) and the boundary conditions specified in Sec. IV A ful-

ly account for the diffusion process. We have assumed
that H is in the positive charge state in agreement with
the large collision radius and previous experimental
and theoretical investigations. We have implicitly
neglected the formation of molecular hydrogen H2. Some
molecular hydrogen probably forms during the hydro-
genation treatment and the reverse-bias annealing at
140 C, but this species is stable and immobile at least up
to 200'C (see Ref. 27) and does not contribute to the
diffusion process.

A remarkable result is the fact that the calculated
profiles are insensitive to the diffusion coefficient D, pro-
vided D exceeds a lower limit D& and o =4m.RD with a
constant value of R. From the analysis of the diffusion

profiles it is therefore impossible to determine the intrin-
sic diffusion coefficient D, . This behavior has not been
recognized by several authors ' ' ' ' who used models
based on Eqs. (2) and (3) in order to determine D from fits
of the H profiles in samples exposed to an H plasma. Of
course this basic problem remains if the present model is
complemented by an additional process such as Hz for-
mation ' ' ' ' or the drift of H+ in an electric field. '

The same ambiguity of the fitting process was encoun-
tered in Ref. 29. From the diffusion experiments only an
effective diffusion coefficient D,ff can be derived, contrary
to the conclusion drawn in Ref. 29.

The lower limit D& is well correlated with the effective
diffusivity D,z, and the ratio D&/D, z is in the range from
10 to 50. (See Tables I and II.) From Eqs. (8), (9), and
(15) we derive a =D/D, ff. Therefore the condition
D )D& is equivalent to the condition a)) 1 derived from
the analytical analysis. If this condition is satisfied, the
diffusion process is entirely controlled by the trapping
and detrapping of the hydrogen at the boron atom. On a
microscopic scale the interpretation is as follows. At
large values of the diffusivity D the transit time of a free
H atom between two next-nearest-neighbor traps is negli-
gible compared to the mean time t, the H atom stays at a
trap. The H-atom motion is then determined by the trap-
ping and does not depend on D;.

In order to derive the intrinsic diffusivity D; from such
experiments, one should increase the temperature and/or
decrease the boron concentration N~. Taking E =0.48
eV, DO=9. 4X10 cm /s from Ref. 5, Eq. (15) gives

a/N~ = 3 X 10 ' . The condition a (1 would be satisfied
for N~ lower than 3X10" cm . Such experiments re-

quire very pure material and have not been performed at
the present time.

VII. SUMMARY

Using the drift property of positively charged hydro-
gen, we generate a H concentration gradient in the bulk
which allows us to study the hydrogen motion in B-doped
silicon. The boundary conditions are well defined, and
the diffusion experiment is completely separated from the
hydrogenation procedure, in contrast to previous studies.
We present a model based on a modified diffusion equa-
tion which takes into account the trapping and detrap-
ping of H at the boron atom [Eqs. (2) and (3)]. The nu-

merical solution of Eqs. (2) and (3) fully agrees with the
experimental profiles provided the diffusivity D exceeds a
lower limit D&, and the collision radius R equals 3.5 nm.
The analytical treatment shows that the diffusion process
can be described by an effective diffusion coefficient

D,fr =v/(4~RN& ) [Eq. (9)]. The experimental values of
D,ff are accurately determined from the slope of the
diffusion profiles and agree quantitatively with Eq. (9).
In particular D,ff is inversely proportional to
N~(N~ =1.4X10' cm and N~ =3.8X10' cm ) and
shows the same temperature dependence as the BH-
complex dissociation frequency v. Under the experimen-
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tal conditions of this work (T~140 C, N„~ 1 X10'
cm ), the diffusion process is entirely controlled by the
trapping and detrapping of H at the boron atom, and it is
basically impossible to determine the intrinsic diffusivity
of H due to the ambiguity of the fitting process. We can,
however, estimate an upper limit of the H migration en-
ergy (E ),„=0.7 eV.
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