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Boron reactivation kinetics in hydrogenated silicon
after annealing in the dark or under illumination
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The reactivation kinetics of passivated boron in hydrogenated silicon are studied systematically
with respect to temperature, acceptor concentration, and illumination. The change of the net inac-
tive boron concentration R versus annealing time t satisfies the equation dR /dt = —rR /(N„—R ),
where NA is the total boron concentration. The annealing parameter r does not depend on N&, but
shows a linear dependence on the optically generated electron concentration, provided the light in-

tensity exceeds a threshold value. The annealing process is rate limited by the formation of a stable
electrically inactive complex H&, which involves two H atoms. The formation of H& strongly de-
pends on the charge state of H, which is controlled by a H donor level located in the upper half of
the band gap.

I. INTRODUC'ZION

Atomic hydrogen readily diffuses into crystalline sil-
icon, and removes from the band gap most of the energy
levels associated with a wide variety of chemical impuri-
ties or crystallographic defects. ' The passivation of the
group-III shallow acceptors A (A =B, Al, Ga, In, and
Tl) has been intensively studied by infrared and Ra-
man' ' spectroscopy, photoluminescence, ' channeling
techniques, ' ' perturbed angular correlation measure-
ments, ' and theoretical methods. ' An electrically
inactive acceptor-hydrogen complex ( A H) is formed,
with the H atom located near a bond-center (BC) position
between the acceptor and one of its nearest silicon neigh-
bors.

The thermal reactivation of the passivated boron fol-
lows first-order kinetics in the space-charge region of a
reverse-biased Schottky diode. The analysis of the ki-
netics leads to a dissociation energy of the BH complex of
ED = 1.28 eV. In contrast, the B reactivation at zero bias
shows a more complex behavior. A rapid initial step is
followed by a slower thermally activated second-order
process. Sah et al. proposed a model where the ini-
tial step is controlled by the trapping and detrapping of
H at the acceptor, and the second-order process is ex-
plained by the formation and dissociation of H2 mole-
cules.

There is, however, only indirect experimental evidence
for the existence of molecular hydrogen in silicon, due to
the presumed electrical, optical, and paramagnetic inac-
tivity of this species. Johnson et al. after annealing of
n +p junctions under reverse bias found an accumulation
of hydrogen in the p-type material near the edge of the
depletion layer. The H-related species in that region are
neutral, immobile, and stable up to 200'C, and were pro-
posed as molecular hydrogen H2 which forms according
to the reaction H++H ~H2+h+. The formation of
immobile H2 molecules is also assumed to explain the

anomalous decrease of the effective H diffusivity at tem-
peratures below 500 C. ' The theoretical stud-
ies' predict that H2 is located at a tetrahedral (T)
interstitial site. The molecule is more stable than two
noninteracting interstitial H atoms in their equilibrium
positions, ' ' except for Ref. 32 where the molecule is
slightly less stable. Several other electrically inactive
complexes involving two H atoms are theoretically stud-
ied in Refs. 18, 37, and 38.

The isolated interstitial hydrogen is difficult to detect
because this species preferentially binds to defects or
forms molecules. Channeling measurements in
deuterium-implanted high-resistivity Si reveal that most
of the deuterium atoms are located close to bond-center
sites after annealing. Gorelkinskii and Nevinnyi detect
an electron spin resonance (ESR) spectrum (labeled Si-
AA9) in H-implanted silicon, which is consistent with
BC-interstitial hydrogen. The hyperfine interaction of
the Si-AA9 center is similar to that of anomalous muoni-
um, a neutral pseudo-isotope of hydrogen located at the
bond center. ' Recent theoretical studies ' ' also
predict an equilibrium position at ' ' or close ' " to
the BC site for neutral interstitial H in defect-free silicon.

The positive charge state of interstitial H in p-type Si is
demonstrated unambiguously by the drift of H in an elec-
tric field. z3'z6, 27, 4s —47 The dependence of the H
diffusivity, ' ' solubility, and the H2-molecule forma-
tion kinetics ' on the conductivity-type and Fermi-level
position provide indirect evidence for the neutral and
negative charge states. The donor and acceptor levels as-
sociated with these charge states have never been detect-
ed in any optical or electrical measurement. Theoretical
investigations predict that positively charged hydrogen
at the BC site is favored in p-type Si. Neutral hydrogen
H also occupies the BC site whereas H in n-type Si has
the most stable position at the tetrahedral interstitial lat-
tice position. Van de Walle et aI. suggest that H
forms a center with negative correlation energy U, but
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the inaccuracies of the calculations do not definitively ex-
clude a positive U center.

There is only minor evidence for the inhuence of light
on the properties of hydrogen. ' The passivation of the
boron acceptor, which occurs when samples are boiled in
water, is inhibited if the treatment is performed under
strong illumination. Tavendale et al." mention that the
thermal reactivation of the passivated boron is enhanced
under illumination. These properties have not been in-
vestigated in detail and remain unexplained.

In this work we investigate in detail the reactivation of
the H-passivated boron after annealing in the dark or un-
der illumination. We show that the kinetics are rate lim-
ited by the recombination of two H atoms in a bimolecu-
lar H2 species whose formation is strongly enhanced un-
der illumination. Our investigations give new insight into
the charge states of H and the H-related donor level.
Section II provides the details of the experimental pro-.
cedure. The experimental data are presented in Sec. III,
analyzed in Sec. IV, and discussed in Sec. V.

II. EXPERIMENTAL DETAILS

Boron-doped (100) float-zone silicon samples of 120,
3.5, or 0.45 0 cm resistivity are exposed for 2 h to a radio
frequency (13 MHz) driven hydrogen plasma at a temper-
ature in the range of 110 to 130 C. The samples are then
boiled in nitric acid for 1 min, and semitransparent titani-
um Schottky contacts (1 mm diameter, =40 nm thick-
ness) are evaporated onto the surface that is exposed to
the plasma. The ohmic contact consists of an indium-
gallium alloy scratched onto the back surface. Capaci-
tance versus voltage [C( V)] measurements at 1 MHz and
room temperature provide the concentration profile
NI(x) of the net electrically active boron acceptor, i.e.,
the net charge of both the negative acceptor and the posi-
tively charged hydrogen. The thin oxide layer (2 nm)
produced by the nitric acid treatment has a negligible
influence on the C( V) measurements, but lowers the dark
saturation current Io of the diode (Io —10 ' pA at 300
K).

Anneals carried out at a temperature T, in the range
100—200'C are performed under ambient atmosphere.
After annealing for a time t„ the temperature is rapidly
decreased to room temperature by briefly immersing the
sample holder in liquid nitrogen. For the anneals under
illumination, a monochromatic light beam (A, =802 nm)
from a Ga-Al-As power laser diode is focused onto the
Schottky contact. In order to minimize edge e6'ects, we
set the diameter of the light spot (=3 mm) larger than
the titanium dot. We monitor the incident light intensity
P by measuring the photocurrent I & of the diode at room
temperature. Due to the series resistance, ' the current
I(P, Vz ) flowing across the reverse-biased diode increases
with the reverse voltage Vz, and saturates at
I, (P) =I„hIO. In the investigated range (I h =10 4—10
mA), I„„is rigorously proportional to the incident light
intensity p measured with a power meter I „(p=yI „,
with y = 196 mW cm mA '). Photocurrents larger
than 1 mA are achieved by substituting the laser diode
for a dye laser set to the same wavelength. The anneals

III. RESULTS

We systematically analyze the boron reactivation ki-
netics as a function of the temperature (T, = 100—200'C)
and the photocurrent Iph in samples with various accep-
tor concentrations (N„= 1. 1 X 10' cm, 4. 0 X 10'
cm, 3.8X10' cm ).

A. Determination of the annealing kinetics in the dark

A hydrogenated sample with resistivity 0.47 Qcm is
annealed in dark at a temperature T, =160'C. The net
electrically active boron profiles are shown in Fig. 1 for
various annealing times t, . As t, increases, the dopant is
progressively reactivated, and the profile of the control
sample is restored for t, —100 h. The boron reactivation
shows a negligible dependence on the depth x. In order
to quantitatively analyze the reactivation process, we
consider the inactive net acceptor concentration
8 (t, ) =N~ NI, where N—„represents the uniform boron
concentration in the nonhydrogenated control sample.
We first check if R(t, ) satisfies equations
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FIG. 1. Net active boron concentration profiles in a 0.47-
0 cm hydrogenated sample after annealing in the dark at
T, =160 C for various times. The profiles labeled control and
initial are measured before and just after the H plasma expo-
sure, respectively.

under light are performed with the diode in the open-
circuit configuration. The light remains o6' during the
heating and cooling steps.

The following test is performed in order to rule out an
increase of the sample temperature due to the light inten-
sity. The temperature is stabilized at 100'C, the lowest
value used in our experiments. When light of the highest
intensity (I„h =10 mA) hits the diode at ( =0, the open-
circuit voltage reaches a stable value within less than 1 s,
and remains stable as t further increases. The open cir-
cuit V„ is very sensitive to the sample temperature, and
a temperature increase of only 1 K would produce a
measurable decrease of V„.
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dR
dt

(2)

respectively. The parameters I"" and r' represent the
first- and second-order annealing parameters, and Ro
equals R(t, =0) W. e find that lnR(t, ) versus r, strongly
deviates from a linear relationship, e.g., the reactivation
process does not follow first-order kinetics. The plot of
R (t, ) versus r, is shown in Fig. 2 (left-hand side scale,
crosses). For r, ) 3 h, the data lie on a straight line
whose slope corresponds to the second-order parameter
r'=2X10 ' cm /s. At short times, however, the boron
reactivates at a faster rate than predicted by the second-
order process.

The kinetic model we will develop in Sec. IV B predicts
the following kinetic equation:

dR = —r
dt (N„—R )

(3)

where r is the annealing parameter. The integral form of
Eq. (3) is

S(r, )=rr, +S(t, =0)
with

S=N q /R +2N „1nR —R

As shown in Fig. 2 (right-hand side scale, squares), the
experimental values of S(t, ) vary linearly with t, over
the entire annealing process. The slope of the solid line
gives the kinetic parameter r =1.5 X 10' cm /s. Vari-
ous values of the exponent of (N~ —R ) in Eq. (3), e.g. ,
—,', 1,3, are investigated, but the quadratic dependence
agrees best with the data.

We perform a similar experiment on a sample with a

310

InR(t, )= —r"t, +lnRo and R '(t, )=r't, +Ro ' which
are obtained by integrating the following first- and
second-order equations:

dR
dt

much lower acceptor concentration, which allows us to
measure the dopant profile over a large depth range. The
C( V) profile recorded in a sample with N~ =1.1X10'
cm annealed in dark at T, =160 C is shown in Fig. 3
for difFerent annealing times t, . The weak downward
curvature of the profile at x =5 pm also occurs in the
control sample, and is an artifact of the m.easurement.
The dopant is rapidly reactivated in the hydrogenated
layer which extends up to =14 pm in the unannealed
sample. The weak decrease of the boron concentration at
x & 12 pm (Fig. 3) might be due to some in-diffusion of H
from the region x & 12 pm, but the amount of H involved
in this passivation is negligible compared to the amount
of B which is reactivated in the region x &12 pm. We
conclude that the 8 reactivation is not difFusion limited.
We determine the annealing parameters r'=7X10
cm /s and r =7 X 10" cm /s from the plots of R ' and
S versus t, shown in Fig. 4. The values of r and r' do not
depend on the depth u at which Nl is measured, for m in
the range from 7 to 12 pm. The parameter r is close to
the value determined in the 0.47-A cm sample (1.5 X 10'
cm /s).

The boron reactivation is much faster in samples with
a smaller doping concentration. The time to reactivate
90% of the boron acceptor in the specimens with
Xz =1 1X10' cm and Xz =3 8X10' cm is -20
min and -23 h, respectively. (See Figs. 1 and 3.) How-
ever, the difference between the rates r =7 X 10" cm /s
and r = 1.5 X 10' cm /s determined in the samples with
N„=3.8 X 10' cm and N„= 1. 1 X 10' cm 3/s is
within the experimental accuracy of 80%. (See Sec.
III D.) Therefore, the denominator (Nz —R ) in Eq. (3)
fully accounts for the dependence of the annealing pro-
cess on the acceptor concentration. In contrast, if we an-
alyze the data according to the second-order model, we
find that r' is inversely proportional to X~, in agreement
with the relation r'=r/N„derived from Eqs. (2) and (3)
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FIG. 2. Analysis of the annealing kinetics based on Eq. (2)
(crosses, left-hand-side scale) and Eq. (3) (squares, right-hand-
side scale). The parameter R is the net inactive boron concen-
tration determined from Fig. 1 at a depth w =0.4 pm. The solid
lines represent the fit of the data to Eqs. (2) and (3) with
r'=2X10 ' cm /s and r=1.5X10' cm /s.

FIG. 3. Net active boron concentration profiles in a 120-
0 cm hydrogenated sample after annealing in the dark at
T, =160 C for different times. The profiles labeled control and
initial are measured before and just after the H plasma expo-
sure, respectively.
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FIG. 4. Analysis of the annealing kinetics based on Eq. (2)
(crosses, left-hand-side scale) and Eq. (3) (squares, right-hand-
side scale). The parameter R is the net inactive boron concen-
tration determined from Fig. 3 at a depth w =8 pm. The solid
lines represent the fit of the data to Eqs. (2) and (3) with
r'=7X10 ' cm /s and r=7X10" cm /s.

FIG. 6. Analysis of the annealing kinetics based on Eq. (2)
(crosses, left-hand-side scale) and Eq. (3) (squares, right-hand-
side scale). The parameter R is the net inactive boron concen-
tration determined from Fig. 5 at a depth w =0.4 pm. The solid
lines represent the fit of the data to Eqs. (2) and (3) with
r'=1.6X10 cm /s and r=1.6X10' cm /s.

for R ((Xz (long annealing times). In summary, Eq. (3)
fully describes the t, and N~ dependence of the anneal-
ing process, and the annealing parameter r shows a negli-
gible dependence on N~.

B. Enhancement of the annealing kinetics under illumination

A 0.47-Acm sample is annealed at T, =160 C under
light with an intensity corresponding to I h

=1 mA. The
acceptor profiles are shown in Fig. 5 for diA'erent anneal-
ing times t, . The depth-independent reactivation of the
acceptor is qualitatively similar to that observed in the
dark (Fig. 1). The illumination, however, drastically
enhances the annealing process. The time to reactivate
90% of the boron decreases from 23 h in the dark to 160

min under illumination. The analysis of the data based
on Eqs. (2) and (3) is shown in Fig. 6. The kinetics devi-
ate from second order for t, (40 min (Fig. 6, crosses), but
rigorously satisfy Eq. (3) throughout the entire time of
annealing (Fig. 6, squares). The annealing parameter
r = 1.6 X 10' cm /s exceeds the value in the dark
(r=1.5X10' cm /s) by one order of magnitude.

We perform similar experiments in the dark or under
illumination for various values of T„Nz, and I„h. At
any investigated condition, the changes in the profiles are
qualitatively similar to those shown in Figs. 1, 3, and 5,
and the kinetics exactly satisfy Eq. (3). The dependence
of r on I„h, T„and Nz is presented in Sec. III C.

C. Dependence of r on I», T„and X&

Figures 7 and 8 (triangles) show double logarithmic
plots of r versus I h for various acceptor concentrations,
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FICx. 5. Net active boron concentration profiles in a 0.47-
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FICr. 8. Annealing parameter as a function of the photo-
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The dashed or solid lines are calculated according to the equa-
tion r =cn, where c is an adjustable parameter plotted in Fig.
12. The lines are solid over the I~h interval for which the fit is
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and at a fixed temperature T, = 160 'C. The kinetic pa-
rameter r strongly increases if the photocurrent exceeds a
threshold value I '

h
——10 mA. In the range from 1 to

10 mA, r varies linearly with Iph in the more highly
doped samples (X„=4.0 X 10' cm and X„=3.8
X 10' cm ), and is proportional to (I„h )'~ in the lower
doped sample (N„= 1. 1 X 10' cm ).

The dependence of r on I„z at various other tempera-
tures in the range 100—160 C is shown in Fig. 8 for
N„= 1 . 1 X 10' cm . The square-root dependence of r
on Iph occurs at all temperatures for I h

~ 1 mA. A
linear regime is observed for T, & 160 'C, and I h in the
range from 10 to 10 ' mA.

The annealing parameter strongly increases with tern-
perature. The Arrhenius plots of r for various values of
Iph in the range from 0 to 10 mA are shown in Fig. 9 for

1 . 1 X 10 ' cm . The solid lines are obtained
by fitting the experimental data to the relation

FIG. 9. Arrhenius plot of the annealing parameter in the
dark and for various values of the photocurrent I» at a fixed
boron concentration N„= 1 . 1 X 10' cm

r = ra exp( E, /kT, —). The adjusted parameters E, and

ro are shown in Table I. As the light intensity increases,
the activation energy E, strongly decreases from the dark
value E,"= 1 .76+0.05 eV, and saturates at E,' = 1 . 1 +0. 1

eV for I h
~ 10 ' mA. At the same time the pre factor ro

is lowered by about seven orders of magnitude.
The Arrhenius plots of r in the dark and under il-

lumination (I„h = 1 mA) are shown in Figs. 10 and 11 for
difFerent values of Xz . The annealing parameter does not
monotonically depend on X~, and the scattering of
—80% on the values of r corresponding to the various
values of Xz is within the experimental error. (See Sec.
III D.) These results confirm that r has only a negligible
dependence on X~ . Table II displays the value of the ad-
justed parameters E, and ro . The activation energies
averaged over the three values of X~ are
E,"= 1 .75+0.06 eV in the dark, and E,' = 1 . 1+0. 1 eV
for I h

= 1 mA.ph

D. InAuence of the experimental conditions
on the annealing kinetics

The measurements of r at a fixed value of X~ are per-
formed on samples cut from the same wafer after the
Schottky contact evaporation, but the wafers correspond-

TABLE I. Activation energies E, and prefactor rp obtained by fitting the experimental values of r to equation
r = rp exp( —E, /k T, ) for various values of the photocurrent I„h . The acceptor concentration is N~ = 1 . 1 X 10' cm

I h (mA) 10' 10' 10 10 Dark

E, (eV)

rp (cm /s )

0.97+0.08

{4+ 24
) X 1024

0.93+0.05
(7+ 15) X 1p23

1.12+0.1

(2 3+50) X 1p25

1 ~ 32+0.08
(2. 1+ ') X 10

1 .76+0.05
(2+ )X 10
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TABLE II. Activation energy E~ and prefactor ro of the kinetic parameter r =roexp( —E, /kT) in
samples with various acceptor concentrations N& annealed in the dark or under illumination.

N~ (cm ) E. (eV)

Dark

ro (cm /s) E, (eV)
I» =1 rnA

ro (cm '/s)

4.ox 10"
3.8X 10'

1.1X 10'

1.79+0.04
1.71+0.06
1.76+0.05

(3+,') x 1O"

(1.1+', ) x1O"
(2+ ) X 10

1.20+0.06
1.14+0.07
0.93+0.05

(1.4+', ) x 1O"

(2. 1+2)X 10
(7+ I5) X 1023

ing to different values of N„are processed separately (hy-
drogenation, oxydation, contact evaporation). To esti-
mate the error on the annealing parameter, we determine
r at T, =120'C, I„h=1 mA, N~ =1.1X10' cm, using
two sets of four samples. The set I consists of samples
cut from the same wafer after the contact evaporation,
while the specimens of the set II are processed separately.
The scattering of r in case I is =30%%uo (error bars in Figs.
7, 8, and 9) and mainly results from the error on the net
acceptor concentration Nl. The dispersion increases up
to 80% under condition II, probably due to insufficient
control of the processing conditions. We conclude that
the values of r plotted in Figs. 10 and 11 do not show a
significant dependence on N~.

In the experiments described above, the anneals are
performed in the open-circuit configuration, and the sam-
ples are oxidized in nitric acid prior to the evaporation of
the Schottky contacts. We now investigate the inhuence
of these two conditions on the annealing process.

A sample with Nz =4.0X10' cm is isothermally
annealed at 80'C under illumination (I~h=1 mA), and
with a reverse bias Vz =60 V applied to the diode. We
observe the same changes in the acceptor profiles as re-
ported in Ref. 23, for a similar experiment performed in
the dark. (See Ref. 23, Fig. 1.) Due to the drift property

of H, the reactivation of the acceptor in the space-charge
region is limited by the dissociation of the boron-
hydrogen complex, and follows first-order kinetics, which
is characterized by the dissociation frequency
vBH=1.4+10 s '. We conclude that light has a negli-
gible inhuence on the acceptor reactivation process for
annealing under reverse bias.

An anneal with the diode in the short-circuit
configuration is performed on a 120-Qcm sample at
T, =100'C, and I„h =1 mA. The acceptor reactivation
still follows the kinetics defined by Eq. (3), but the anneal-
ing parameter r is one order of magnitude smaller than
the value measured in the open-circuit configuration.

We determine the dependence of r on I~h at
T, =120'C in 120-0 cm samples, which are not oxidized
prior to the Schottky contact evaporation. The depen-
dence of r on I„h is similar to that depicted in Fig. 8, but
the values of r are four times lower than in the oxidized
samples.

The following conclusions clearly emerge.
(1) The annealing kinetics of BH complexes in the dark

and under illumination follow Eq. (3), and the annealing
parameter r does not depend on the acceptor concentra-
tion N~.

(2) The annealing parameter r strongly increases under
illumination. In the higher doped samples (N„~ 4 X 10'
cm ), r varies linearly with I h under strong illumina-
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FIG. 10. Arrhenius plot of the annealing parameter in the
dark for various values N&. The rhombuses represent the prod-
uct r'N&, where r' is the second-order parameter determined in
the H-implanted samples of Ref. 26 (N~ = 1.5 X 10' cm ).
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FIG. 11. Arrhenius plot of the annealing parameter under il-
lumination (I» = 1 mA) for different values Nz.
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tion (I~h ) 1 mA). In the less doped samples
(N„=1.1 X 10' cm 3), r linearly depends on I„h for Izh
ranging from 10 to 10 ' mA, and is proportional to
(I~h)' for I~h) 1 mA.

(3) The parameter r is thermally activated. As I h in-
creases, the activation energy E, strongly decreases from
the dark value E,"=1.75+0.06 eV, and saturates at
E,' = 1.1+0.1 eV for I„h ~ 10 ' mA.

(4) The second-order rate r strongly decreases if the an-
neals are performed in the short-circuit configuration, or
if the samples are not oxidized in HNO3 prior to the
Schottky contact evaporation.

IV. ANALYSIS OF THE RESULTS

We now put forward a model that accounts for obser-
vations (1)—(4) of Sec. III. The light with energy
h v= 1.54 eV generates electron-hole pairs. The negligi-
ble dependence of r on Xz, i.e., the hole concentration,
suggests that the enhancement of r under illumination is
controlled by the electron concentration n. Our first step
is to derive a relation between n and the experimentally
measured photocurrent I „(Sec. IVA). We will show
that the linear or the square-root dependence of r on I h

fully supports that r is proportional to n under illumina-
tion. In Sec. IVB we present an annealing mechanism
which is consistent with Eq. (3), and we derive an expres-
sion of r in the dark and under illumination. The model
is quantitatively compared to the experimental data in
Sec. IV C.

A. Dependence of r on the electron concentration

In moderately doped silicon (N„&10' cm ), the
electron-hole pairs predominantly recombine via the
Shockley-Read-Hall mechanism. ' Under conditions of
steady-state generation, and neglecting the difFusion of
electrons, the optically generated excess electron concen-
tration An satisfies the following equation:

np+pp
b, n =~&g, g &&

7/

Sn =engr, (no+no)
np+pp np+pp«g «, r, ; (7b)

+h

np+pp
5n —z„g, g ))

+h
(7c)

where c only depends on the temperature. Indeed, if
np«b, n (no=6. 6X10' cm at 160'C) bn and r=cn
vary linearly with g or (I h) in the low-injection regime

[Eq. (7a)] and are proportional to &g [or (I~„)' ] in the
high-injection regime [Eq. (7b)]. The transition from the
low- to the high-injection condition occurs at
I h

=I' „=0. 1 mA (Fig. 8) which corresponds to

g =g'=3X10' cm s ', and determines the lifetime

7 (
—(np+pp )/g 4 ps

We calculate the exact value of hn versus I h by solv-
ing Eq. (4) with r, =4 ps, and r„=0.4 ps (Fig. 8, upper
horizontal scale). At each temperature, we fit the experi-
mental values of r to Eq. (8) by adjusting the parameter c.
The calculated curves (solid and dashed lines in Fig. 8)
agree well with the experimental data in the I„„interval
for which the fit is performed (solid part of the lines).
The values of c follow the Arrhenius equation
c=cpexp( E, /kT, ), —with E, =1.1+0.1 eV, and
co=4X10' s ' (Fig. 12). The calculated dependence of
r on I h shows no influence on ~& provided the condition

The dependence of r on Iph in the weakly doped sam-

ples (Fig. 8) is consistent with Eqs. (7a) and (7b) if we as-
sume that

r =cn =c(n p+ b.n ),

(«)'+(n p+po rhg )« =(n p—+pp)~~g, (4)

where ~& and v.
& are -the electron lifetime in the low- and

high-injection limits, respectively. The symbols np and

pp denote the equilibrium electron and hole concentra-
tions in the dark, respectively. Under our experimental
conditions, the semiconductor is extrinsic, and we have
po=N„and np=n; /N„. The intrinsic carrier concen-2

tration n; is given by

10

160
TEMPERATURE ( C)
140 120 100

-3
C ITI

n, =YT'/ exp( E; /kT), —

with Y=3.10X 10' cm K and E; =0.603 eV. The
generation rate of electron-hole pairs at a depth m below
the surface is given by

g =Pl a exp( —aw ),

10

10

Ef

co=4 x

23 24 25
10/T (K )

where I is the Schottky contact transmittance (I =0.6),
a the absorption coefficient of the sample
( a =980 cm '

),
" and P the incident light intensity

(P=yI&h, with y =196 mWcm mA '). If r&) rh, the
solution of Eq. (4) can be approximated by

FIG. 12. Arrhenius plot of the values of c obtained by fitting
the data of Fig. 8 to the equation r =cn. The solid line
represents a fit of the values of c to the specified Arrhenius
equation.
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rh (~&/10 is fulfilled; otherwise, a linear dependence of
An on I„h occurs for I~h ( 10 mA [Eq. (7c)], in contradic-
tion with the experimental data. The fits agree with the
experimental data at all temperatures provided ~1 is in
the range from 7[min 1 ps to 7]max 0 p

In the more highly doped samples (Nz =4.0X10'
cm and N„=3.8 X 10' cm ), the low-injection con-
dition

g (((no+po)/ri=Nw /

is fulfilled even at the highest photocurrent (10 mA), and
we expect a linear dependence of r on I~h, which is
indeed observed (Fig. 7).

The small spread of r for different values of N~ (Fig. 7)
give strong evidence that ~& is the same in all samples.
The lifetime ~& =4 ps corresponds to a difFusion length of
=70 pm, which is much larger than the light absorption
depth 1/a=10 pm. Therefore, ~& should be considered
as an efFective lifetime, which is strongly inAuenced by
surface recombination processes. The smaller value of r
in the samples without HNO3 treatment might be ex-
plained by a smaller lifetime ~1 due to a larger density of
surface states. The thin oxide layer generated by the
HNO3 treatment probably decreases the surface recom-
bination velocity by passivating surface states.

Under the short-circuit conditions the photogenerated
electrons diff'use toward the contact which acts as a per-
fect sink. The electron concentration, and, consequently,
the annealing rate r, are smaller than in the open-circuit
configuration.

We directly determine the lifetime ~& using the open-
circuit voltage-decay method. We record the open-
circuit voltage V„as a function of time after the turnofF
of the laser diode. In the exponential decay regime—
which occurs at low values of V„—the time constant ~&

is equal to the minority carrier lifetime. We find
rz=(10+7) ps, in reasonable agreement with ri 4 ps
derived from the data in Fig. 8. The decay time ~& does
not depend on the temperature (T=100—180'C) nor on
Nz within the experimental accuracy.

The dashed part of the lines in Fig. 8 clearly shows
that Eq. (8) does not hold for I„h (10 mA. We con-
clude therefore that the annealing mechanism in the dark
and under illumination is different.

In summary, items (2) and (3) of Sec. III D can be re-
placed by the following statements.

(a) The annealing parameter under strong illumination
(I h &0. 1 mA) r is proportional to the electron concen-
tration n, and is thermally activated with an activation
energy E '. =1.1+0.1 eV.

(b) In the dark, the relation r =cno does not hold, and
the thermal activation energy of r is E ", = 1.75+0.06 eV.

d[BH]
dt

= cr Ba [H ](N„—[BH] ) —vii[BH ], (10)

at any temperature.
The reactivation of the boron acceptor requires that H

is either removed by long-range migration or converted
into an electrically inactive state. As already pointed out
in Sec. III, the profiles of Figs. 1, 3, and 5 do not support
an annealing mechanism which is limited by H
outdiffusion.

The fact that Eq. (3) reduces to a second-order equa-
tion [Eq. (2)] for long annealing times suggests that the
annealing kinetics are rate limited by the following bi-
molecular reaction:

H+H~H2 .

The symbol H2 denotes an electrically inactive complex
which involves two H atoms, but is not necessarily identi-
cal with the hydrogen molecule Hz. The complex Hz has
to be stable up to at least the highest annealing tempera-
ture in our experiments (220'C). In a first step it is not
necessary to take into account the charge state of H. The
corresponding kinetic equation will then be

d [H2] =o H[H][H], (12)

where o.
H is the second. -order H~ formation rate. If the

long-range hydrogen difFusion is negligible, the total H
concentration

HT = [BH]+[H]+2[H~]

does not. change with the annealing time, and

d([BH]+ [H]) dR
dt dt dt

(13)

Thus Eq. (12) can be rewritten

where [H] and [BH] are the concentrations of free atomic
hydrogen and BH complexes, respectively; o.

& is the cap-
ture parameter of a positively charged hydrogen atom by
a free acceptor; a is the fraction of the positively charged
hydrogen (a =[H+]/[H]); and va is the dissociation fre-
quency of the BH complex. The capture of neutral H at
the 8 atom is negligible due to the lack of Coulombic at-
traction. If only reaction (9) occurs, [H]+[HB] is con-
stant and does not depend on the temprature T. We mea-
sure the net inactive boron concentration
R =N„N l=—a[H]+[HB] at room temperature in the
dark. We will show in Sec. IV C that a = 1 and
[H](([BH] under the measurement conditions. There-
fore,

R = [HB](T= 300 K)= [H]+ [HB]

B. Kinetic model

dR = —2cr H[H] [H] . (14)

The dissociation and formation of BH pairs are de-
scribed by the following reaction and kinetic equation:

BH=B +H

To derive a relation between R = [BH]+[H] and [H], we
assume that reaction (9) is much faster than (11). Dy-
namic equilibrium is then achieved for (9), i.e.,
d [BH ]/d t =0, and (10) becomes
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a[H] + [a(N„—R )+K][H] K—R =0 . (15) r+'=2X2 —+'b
(23b)

The equilibrium. constant of reaction (9), K =vB/o ii,
satisfies the Arrhenius expression K =Koexp( E—B /kT),
where EB represents the binding energy of the BH com-
plex. We derive [H] from Eq. (15) by neglecting the term
a[H], and assuming that a(N& —R ) ))K:

[H]=-K R
a (N„—R) (16)

The condition a(N& —R ) ))K implies that most of the
hydrogen is trapped at the boron atoms ([H] (([BH]).
Substituting (16) in (14), we obtain

2
2dR K R

(17)
dr a (Nz —R)

which is equivalent to Eq. (3) with
2

0 H (18)

We now derive expressions for r under illumination
and in the dark which are consistent with statements (a)
and (b) of Sec. IV A. We assume that H in p-type silicon
has a neutral state H, and a positively charged state H+.
The ratios a=[H+]/[H] and b=[H ]/[H] are deter-
mined by the hydrogen donor level located above midgap
at an energy AE below the conduction band:

+1

[H]

b=-["'] = 1+"'..p[H] gn'
(19)

(20)

H+ +H+ ~H2+ 2h

H +H' H, +h+,
H +H —+H2 .

The corresponding kinetic equations are

(21a)

(21b)

(21c)

d [H2] = o H+ [H+ ][H+ ] =o.H+a'[H]', (22a)

d [H2]
dt

d [H2]
dt

=~H+o[H+ ][H'] =~H+oab [H]',

00[HO]2 oob2[H]2

(22b)

(22c)

which are formally equivalent to Eq. (12). Using Eq. (18),
we derive the kinetic parameters r associated to reactions
(21a), (2 lb), and (21c):

++ 2~2 ++
H

The symbols N, and g denote the effective density of
states in the conduction band and the ground-state de-
generacy of the donor level (/=2), respectively.

Taking into account the diAerent charge states of H,
Eq. (11) can be written in three different ways:

00 2~ 2 00Q
2

2H ~

a
(23c)

and a =1 from Eqs. (20) and (19), respectively, and

1V, kT
r+ =n (24)

In contrast, r++ does not depend on n, and r is propor-
tional to n .

Equation (21b) describes the annealing mechanism un-
der strong illumination (I„h)I h), and r'=r+ . As the
light intensity decreases below a threshold value
(I~h (I~&), r+ becomes smaller than r++, reaction
(21a) predominates over (21b), and the kinetic parameter
in the dark is given by r"=r++.

Substituting the Arrhenius relation of K, and o'~ in
Eqs. (23a) and (24), we obtain the following expressions of
the annealing parameter in the dark and under illumina-
tion:

r =2%00 0H exp
EH+ +2EF,

kT
(25)

2A oo'oHr'=n exp
EH +2EB—AE

kT

We now compare the prefactors and the activation en-
ergies in the Arrhenius equations (25) and (26) with the
experimental values.

C. Quantitative comparison of the model
and the experimental data

Relations (25) and (26) are valid under the following as-
sumptions: (i) Reaction (9) is in dynamical equilib-
rium, (ii) a(N& —R ) ))K, i.e., [H] &([BH], and (iii)
(N, /g)nexp( —bEIkT) ))1,i.e., a =1 and b «1.

We need an estimate of the parameters AE, EH+,
EH, and E~, which have not been accurately determined
in the literature. The condition (iii) defines an upper limit
of b,E: (AE);„=—kT „ln(gn, „/N, ). Taking

n,„=1 X 10' cm (see Fig. 8), we find b,E =0.32 eV.
In the following we take the value AE =0.3 eV.

Due to the lack of Coulombic interaction between H
and H, reaction (21b) is limited by the short-range mi-

The second-order H2 formation rates ail' (i,j=+ or 0)
depend only on the temperature, and follow the Ar-
rhenius equation

o'Hi=crogexp( EQ—IkT) .

Equation (23b) predicts a linear dependence of r on the
electron concentration n, provided the condition

[N, I(gn )]exp( —b,E/kT) ))1,
e.g. , b «1 is fulfilled. Then we have

b =n ( g/N, )exp( EE Ik T )
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gration of interstitial H, and the capture parameter is
given by

o. + =8'+ DH H H (27)
0

where R+ is the capture radius (R =2 A), DH the
diffusivity of atomic hydrogen. Theoretical investiga-
tions ' predict very similar diffusion paths, and migra-
tion energies for H and H+, and we do not distinguish
between the two charge states with regard to the
diffusivity. No reliable measurements of DH are available
in the low-temperature range (T(200 C). We use the
values DpH =9.4X10 cm /s, and E =0.48 eV derived
from high-temperature permeation measurements. In
reaction (21a) the Coulombic repulsion between the two
positively charged H atoms generates an additional ener-
gy barrier E„ in the capture process which can be de-
scribed by

o H+ =8~R H+DHexp
Ecap

kT
(28)

We use the value of the BH complex binding energy
EB=0.6+0. 1 eV determined by Herrero et ah. from the
analysis of H diffusion profiles.

From Eqs. (25)—(28) we derive the following expres-
sions for the activation energies E„and E,' of the kinetic
parameter r in the dark and under illumination:

E, =E +E„+2EB,
E„~=E.+2E, —~E .

(29)

(30)

Equation (30) gives an activation energy F.„' of 1.4 eV
which agrees reasonably with the experimental value
E,'= l. 1+0.1 eV in view of the large error on E, Ep„
and AE. Substituting the experimental value E "„=1.75
+0.06 eV in Eq. (29), we find a capture barrier E„~=0. 1

+0.4 eV.
According to Eqs. (25)—(28), the prefactors in the Ar-

rhenius equations of r" and c (r=cn under strong il-
lumination) are given by

ro =16vrEOD R++ (31)

Cp—
1 67TKO gDOHR H

(32)

Under the assumption R H
+ =R H, the ratio r p /c p

=g/N, is 2X10' cm, which agrees reasonably with the
experimental value of 5X10 ' cm determined in the
120-IIcm samples (ro=2X10 cm /s from Table I
and co =4X 10' s ' from Fig. 12). The error on the pre-
factors is at least an order of magnitude. We substitute
the experimental value ro=2X10 cm /s in Eq. (31)
and we find Kp = 1 X 10 cm . At the same time, how-
ever, Kp equals vp&/o. p&, where v&p and o Bp are the pre-
factors of the Arrhenius expression vB and o.B, respective-
ly. We find Kp 6X 10 cm taking o g=47TRBDHp,
R 8 =40 A, and vBp =3 X 10' s '. The discrepancy be-
tween the two values lies within the experimental error.

The upper limit of Ko defined by condition (ii) is

( K()),„=a (X„—R );„exp(EB/k T,„) . (33)

Using a = 1, (Xz —R );„=4X 10' cm (see Fig. 3),
and T,„=180C, we find (Xo),„=2X10 cm which
is consistent with the value Kp=3X10 cm derived
from Eq. (31).

We solve analytically Eq. (10) and calculate [BH] as a
function of time taking vB=KoB Kp=3X10 cm
and EB=0.6 eV. At each temperature the complex con-
centration reaches an equilibrium value within a time
which is negligible compared to the annealing time in our
investigations. Therefore, dynamical equilibrium is al-
ways achieved for reaction (9).

We have presented a set of parameters DE=0.3 eV,
EB=0 6 eV, E =0 48 eV, Ep=3X10 cm, and

DpH =9.4 X 10 cm /s which allows us to determine the
activations energies E„", E,', and prefactors rp, rp in full
agreement with the experimental data. The conditions
(i)—(iii) are fulfilled, and the model is consistent.

V. DISCUSSION

We compare our data with results obtained from an-
nealing experiments on samples which are hydrogenated
via avalanche electron injection (AEI), electron-beam ir-
radiation (EBI), or low-energy ion implantation. In
these experiments the change in the electrically inactive
boron concentration as a function of the annealing time
shows an initial first-order step followed by a long-time
second-order process. The identification of the fast initial
step as a first-order process ' is uncertain due to its
short duration. Our modified kinetic reaction defined
by Eq. (3) properly describes the whole annealing process.
Furthermore, the parameters r' and r derived from the
analysis of the data according to Eqs. (2) and (3) satisfy
the relation r = r'N& for N~ varying over more than two
orders of magnitude. (See Sec. III.) These facts provide
strong evidence that the second-order kinetics are only an
approximation of the accurate process defined by Eq. (3).
In the model proposed by Sah et al. , two different reac-
tions successively occur during the annealing process. In
contrast, we show that the formation of diatomic com-
plexes is the rate-limiting reaction even at short times.
The fast initial step is not controlled by the formation
and dissociation of BH complexes, but results from con-
ditions (i) and (ii) in Sec. IV C, i.e., reaction (9) equili-
brates rapidly, and the BH complex dissociation is in-
complete ( [H ] (([BH ] ).

The second-order parameter r' in the dark has been
previously determined in samples which are hydrogenat-
ed via low-energy implantation, avalanche electron in-
jection, or electron-beam irradiation. We compare
the product r=r'N„ from these references to the value
of r measured in this work. The values of r'Nz from the
H-implanted samples with Xz = 1.5 X 10" cm (Fig.
10, rhombus) reasonably agree with the data in our
plasma-treated samples. The annealing parameters r'N„
measured in the AEI (Ref. 25) and EBI (Ref. 24) samples
are more than three orders of magnitude larger than r in
our plasma-treated samples. The reason for this
discrepancy is not clear, but the data from the AEI and
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EBI samples are the less reliable ones, due to the poor
linearity of the plots 1/R versus t, (see Ref. 25, Fig. 3b,
and Ref. 24, Fig. 2b).

The occurrence of the factor (N„—R) in the kinetic
equation (3) implies that g= [H]/[BH] is much smaller
than unity under the annealing conditions of this work.
[See Eqs. (14)—(16).] The ratio g decreases with tempera-
ture, and the free H concentration might be below the
detection limit of the most sensitive methods of charac-
terization. Hence the H donor level is not observed ei-
ther as a majority or as a minority carrier trap in a DLTS
(deep-level transient spectroscopy) experiment.

The linear dependence of the annealing parameter r'
on the electron concentration is fully consistent with Eq.
(21b). The neutral H atom results from the reaction
H++=H, which is controlled by the H donor level lo-
cated at an energy bE &0.35 eV below the conduction
band. We rule out the reaction H++H =H2, which in-
volves the capture of two electrons and gives a quadratic
dependence of r' on the electron concentration. The an-
nealing processed under illumination requires neutral hy-
drogen, and is not consistent with the negative U proper-
ty predicted by the calculations of Van de Walle et al.
These calculations, however, cannot totally exclude the
occurence of H . The model requires that b = [H ]/[H]
is much less than unity for any annealing condition. The
ratio b increases with the light intensity and decreases
with temperature. We conclude that hydrogen is
predominantly in the positive charge state in p-type Si.
In particular, this holds in the space-charge region of a
reverse-biased diode, in agreement with the drift property
of hydrogen 23, 26, 27, 45 —47

The kinetics defined by Eq. (3) require that the anneal-
ing process is limited by the formation of an electrically
inactive complex H2 which involves two H atoms and is
stable at least up to 200'C. The properties required for
the H2 species are identical to those of the highly immo-
bile, stable, and neutral H-related entity observed by
Johnson and Herring in reverse-bias n p junction treat-
ed in an H plasma. The authors suggest that this entity is
a H2 molecule which forms according to the reaction
H++H ~H2+h+, but there is no direct evidence that
only two H atoms are involved in the defect. A possible
candidate for the H2 defect could be the (HzcH„~) com-
plex which is predicted by theory. ' This stable and
immobile defect consists of two H atoms located at adja-
cent bond-center and antibonding lattice sides. It is
formed according to the reaction (H+)zc+(H )zz
~(H~CH„~)+h+, in agreement with our Eq. (21b).

VI. SUMMARY

%'e have investigated the reactivation of the boron ac-
ceptor in Schottky diode structures annealed in the dark
or under illumination (h v=1.54 eV) in the open-circuit
configuration. The reactivation kinetics satisfy Eq. (3)
over the entire range of the annealing process in the dark
as well as under illumination. The annealing rate
dR /dt =d[BH]/dt strongly decreases as the total accep-
tor concentration X„ increases, and the term
R /(N~ —R ) in Eq. (3) entirely accounts for this depen-
dence, e.g. , the annealing parameter r does not depend on

The B reactivation is strongly enhanced by illumina-
tion, provided the light intensity P exceeds a threshold
value (I'„h —10 mA). The kinetic parameter under il-
lumination r increases linearly with P in the low-
injection regime, and is proportional to v'p in the high-
injection regime. This dependence on P proves that r' is
proportional to the electron concentration n. The kinetic
parameters in the dark and under strong illumination are
thermally activated with an activation energy of
E „=1.75+0.06 eV and E ', = 1.1+0.1 eV, respectively.

The kinetics defined by Eq. (3) result from two chemi-
cal reactions: (a) the dissociation and formation of the
BH complex which is in dynamical equilibrium and is
much faster than (b) the formation of a diatomic hydro-
gen complex H2. In the dark, the reaction
H+ +H+ —+H2+ 2h + controls the H2 formation, and the
annealing rate is small due to the Coulombic repulsion
between the protons. The electron concentration strong-
ly increases under illumination, and a small fraction of
H converts into H . The kinetics are limited by reac-
tion H+ +H ~H2+ h + which is consistent with the
linear dependence of r' on n. Our analysis provides evi-
dence for an H donor level located above midgap and the
existence of a neutral charge state for H. The ratio
[H]/[BH] is much less than unity, and most of the
remaining free H is in the positive charge state.
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