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Multiple Trapping of Hydrogen in Antimony-Doped Silicon
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We have employed Massbauer spectroscopy and low H implantation to study the Sb-H complexes in
n-type Si. The different MGssbauer components were studied as a function of H dose, H-implantation
temperature, and annealing temperature. To understand the observed data, it is necessary to introduce,
in addition to the well-known SbH complex, an SbH, complex (n = 2), which provides experimental evi-
dence for the existence of donor-multihydrogen complexes. We show that these complexes are in
thermal equilibrium with a larger hydrogen reservoir (H,*), which governs their thermal stability.

PACS numbers: 61.72.Tt, 71.55.Cn, 76.80.+y, 78.50.Ge

Introduction of hydrogen in Sb-doped crystalline Si
(c-Si) gives rise to passivation, due to the formation of
neutral Sb-H complexes [1,2]. Microscopic models have
been given for neutral P-H [3] and As-H [4] complexes,
which provide vibration frequencies consistent with the
experimental results [1]. However, these complexes can-
not account for all the H present, because the total H
concentration is much higher than the dopant concentra-
tions, as measured by secondary ion mass spectrometry
(SIMS) [5-7]. In n-type c-Si, hydrogen forms complexes
which have been designated “H,*” [7] to distinguish
them from the stable and much less mobile “H,” that
forms in p-type Si [6]. A possible microscopic model has
been proposed for Hy* [8,9]. The trapped H appears to
scale with the shallow dopant concentration and is
present at depths greater than those associated with hy-
drogen platelets [10,11]. This suggests that multihydro-
gen complexes form near shallow dopants. Recent ab ini-
tio Hartree-Fock calculations [12,13] suggest the trap-
ping of a second interstitial H at an already H-passivated
P impurity. However, no direct experimental evidence
has been obtained thus far for the existence of donor-
multi-H complexes in n-type c-Si.

Studying the multiple trapping of H is interesting not
only for its own sake, but also for the issue of thermal
stability of various H-associated complexes. Zhu, John-
son, and Herring [14] have investigated the P-H dissocia-
tion kinetics and obtained an activation energy of 1.18
eV. The activation energy for dissociation for an Sb-H
complex falls in the range 1.36-1.46 eV as reported by
Bergman et al. [1] and Liang and Niesen [15,16]. How-
ever, we will show that these results have to be reinter-
preted because the coexistence of other H-associated
complexes was not carefully considered.

In this Letter, we present studies of Sb- and H-doped
silicon using Maossbauer spectroscopy. We have studied
in detail the effects of (1) the total H dose, (2) the tem-
perature dependence of the H implantation, and (3)
thermal annealing. The data are analyzed in terms of a
simple model which describes the kinetics of formation
and dissociation of the various hydrogen complexes. To
account for the observed data it is necessary to introduce
three species in thermal equilibrium: the well-known

SbH complex, an additional SbH; complex, and a reser-
voir consisting of H clustered in the form of H,*.

Conversion electron Mdssbauer spectroscopy (CEMS)
[17] has been successfully used for the study of Sb-H
complexes in n-type c-Si [15, 16,18]. Before introduction
of the hydrogen all ''"®Sb atoms were at substitutional
sites, characterized by a single line with an isomer shift
5=1.80 mm/s and linewidth of 0.80 mm/s. Introduction
of hydrogen results in two phenomena: (1) Another line
appears with §=2.34 mm/s and linewidth of 0.85 mm/s
and (2) the total integrated intensity of the Mdssbauer
spectrum decreases noticeably. All spectra can be fitted
very well with these two lines. Therefore, we decompose
the spectrum of the H-implanted sample in three com-
ponents: the substitutional '"*Sb component (Is), an
SbH complex component (/y), and the “invisible” part
given by I} =Io—Is— Iy, where Iy is the total intensity
at the sample temperature (80 K in this case) before hy-
drogenation [16]. In doing so, we ignore the possible
difference in recoilless fraction between the two visible
components. This may change the intensities of the vari-
ous components slightly, but has no consequences for the
rest of the discussion. The large reduction of the
Maossbauer intensity after hydrogenation must be caused
by large displacements of the ''®Sn nucleus during the
lifetime of the excited state for part of the Sb-atoms. We
refer to [16,18] for a discussion of this exciting phe-
nomenon. Here we will only use the fact that the Sb
atoms associated with the components I; and Iy are in
different environments.

The substrates were n-type float-zone Si wafers with 3
kQ cm resistivity. Various doses of stable '2'Sb were im-
planted at room temperature with energies of 30, 60, 110,
and 220 keV in order to make a reasonably homogeneous
profile with an average depth of about 120 nm, as mea-
sured by Rutherford backscattering spectrometry. The
radioactive probe ''’Sb was implanted with 110 keV at a
very low dose (< 1%x10'2cm ™2). Recovery of radiation
damage was achieved by annealing at 900°C for 30 min
in flowing N,. This procedure leads to almost 100% sub-
stitutional Sb [16].

Hydrogen was introduced by implantation with a typi-
cal current of 200 nAcm ~2 at an energy of 200 eV of

1846 0031-9007/94/72(12)/1846(4)$06.00
© 1994 The American Physical Society



VOLUME 72, NUMBER 12

PHYSICAL REVIEW LETTERS

21 MARCH 1994

g

-]
(=]
T

S
(=]

Relative Intensity
S 2

14 17

10 10° 10 10

Hydrogen Dose (ecm™)

FIG. 1. Relative intensities of the three components as a
function of H dose for a sample with an Sb dose of 1x10"
cm 2 The H implantation was performed at room tempera-
ture. Is denotes the substitutional fraction; I'y and I; stand for
fractions of Sb atoms associated with one and two H atoms, re-

spectively. The solid lines are fits according to the model.

Hz* (100 eV per H atom), which is insufficient to create
Frenkel pairs [19]. In order to avoid problems from
changing surface conditions, the H-dose dependence of
the formation of Sb-H complexes was studied by taking
Mossbauer spectra in situ in the ultrahigh vacuum
(<107° mbar) implantation setup. The study of the
temperature dependence of the H implantation was done
by implanting H at a sample temperature of 110-400 K
with a dose of 1x10'S cm ~2 The stability of the Sb-H
complexes was investigated by subsequently annealing the
sample for 15 min at stepwise increasing temperatures
ranging from 373 to 573 K.

CEMS measurements were performed while the sam-
ple was kept at 80 K, with a single-line absorber contain-
ing 0.6 mgcm 2 Ca!'"®SnO; in a parallel-plate gas-
avalanche type detector [20] moving at room temperature
on a standard constant-acceleration drive.

Figure 1 displays the relative intensities of the three
components as a function of H dose for a sample that has
been implanted with an Sb dose of 1x10'* cm ~2 Hy-
drogen was implanted at room temperature. At low H
dose I'y appears prior to I;. However, at high H dose,
while I'y seems to saturate, I; clearly continues to in-
crease as a function of H dose. Furthermore, even at an
H dose of nearly 1x10'” cm ~2 there are still 35% of the
Sb atoms belonging to the substitutional component. For
lower doses of Sb-implanted samples (5%10'? and
5%10'3 cm ~2) we observed similar effects [16,18].

Figure 2 shows the relative intensity of the various
components as a function of the temperature at which a
dose of 1x10' cm ™2 of hydrogen was implanted. We
find that the Sb atoms associate with H already at 110 K.
The percentages of Sb atoms that trap hydrogen increase
as a function of temperature up to 350 K. At 400 K, /,;
suddenly decreases, yet Iy stays the same as at 350 K.

The annealing behavior of these three components is
shown in Fig. 3 for a sample implanted at room tempera-
ture with Sb dose of 1.5x10'* cm ™2 and H dose of
2x10" cm ™2 It is clearly demonstrated that I; de-
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FIG. 2. Relative intensities of the three components as a
function of implantation temperature for a sample with an Sb
dose of 1.5%x10"* cm ™2 The H dose was 1x10'S cm 2 for
each implantation. The solid lines are fits to the model.

creases at lower temperature than I'y. I; is shown to de-
crease at 400 K, while Iy is not changed. This is similar
to the observation in Fig. 2 where at 400 K /; drops
down. A complete recovery of Is is achieved at about
500 K, indicating that all Sb-H complexes have disap-
peared.

From Fig. 1 we see that Iy appears prior to /;, suggest-
ing that Iy is an intermediate step for /;. Moreover, the
dose of H is much higher than that of Sb, indicating that
there must be other trapping centers for H. In order to
understand this behavior quantitatively, we assume that
the following reactions take place during hydrogen im-
plantation:

H+Sb*+e " 2SbH, )
H+SbH 2SbH,, )
H+HT—’H2* , 3)

with the corresponding equilibrium constants
ki(T) =koexp(AH \/kT) =[SbH1/n[Sb*1[H], (4)
k2(T) =kyoexp(AH/kT) =[SbH,1/[SbHI[H], (5)
k3(T) =k3oexp(AH3/kT) =[H,*1/[H]?, (6)
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FIG. 3. Relative intensities of the three components as a
function of annealing temperature for a sample implanted with
an Sb dose of 1.5x10'* cm =2 and a hydrogen dose of 2x10'
cm ™2 The implantations were done at room temperature.
Solid lines are fits according to the model.
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where the brackets indicate the atomic concentrations of
the various species; k;o (i =1,2,3) are constants and AH;
(>0) the corresponding binding enthalpies. Further-
more, n is the conduction electron concentration, which is
equal to [Sb™*] if there are no other donors or acceptors
(we will assume n=[Sb*] for the rest of the analysis).
For the samples under investigation, the ratio [Sb*]/
[Sb?] can be calculated for different temperatures [21]
and we find that [Sb*1>> [Sb°]. It is considered that all
the products are neutral unless specified otherwise.

In writing down these equations, we have assumed that
the concentrations of negatively and positively charged H
in our samples are small [6,11]. We will further make
the following assumptions: (i) H,* is the main form of
hydrogen in the sample; (ii) most of the hydrogen is
homogeneously distributed in a range Ly with an average
concentration [H]'=Hp/Ly, where Hp is the total hy-
drogen dose; (iii) thermal equilibrium is achieved for all
species at the hydrogen implantation temperature.

With assumption (i) and Eq. (6) the total concentra-
tion of hydrogen, [H]'®, can be expressed as follows:

[H]* =2[H,*] =2k3(T)[H]?. @)

Furthermore, assumption (ii) and Eq. (7) lead to expres-
sions for [SbH] and [SbH,] as a function of Hp:

[SbH] = (Hp/2Ly) 2[Sb* 12k (T)/\/k(T) , 8)
[SbH,] = (Hp/2L ) [Sb ¥ 1%k (T k(T)/k5(T) . (9)

To make use of the model to fit the experimental data,
we have to relate the Mdssbauer components with the
Sb-associated complexes. In our Mossbauer spectra we
observe the transition in ''"Sn after the decay of the
parent ''°Sb. We always obtain the same line for the
substitutional site, irrespective of the Sb charge state.
Therefore, we can write for the substitutional fraction
Is=c([Sb*]1+I[Sbl), with ¢ a calibration constant.
Furthermore, we assume Iy =c[SbH] and I; =c[SbH,],
so Io=c[Sb]'®, [Sb]*! being the total Sb concentration.

With respect to the dose dependence, good fits have
been achieved as shown with the solid lines in Fig. 1. We
also tried to fit the data with other models, for example
with [H]'® proportional to [H]. However, these attempts
failed. The observed data can be explained only if [H]**
is proportional to [H,*1.

Our data on the temperature dependence of the hydro-
gen implantation can be understood on the basis of the
same model. The solid lines in Fig. 2 are fits to the data
with the differences in binding enthalpies of the various
species as adjustable parameters. We find AH | — +AH3
=—0.073 eV and AH,— 7 AH3=—0.034 eV, which
represent the binding enthalpies of the following equili-
bria, respectively: T H,*+Sb*+e ~2SbH and 7 H)*
+SbH 2SbH,. The differences in binding enthalpies are
negative, indicating that it costs energy for the above re-
actions going from left to right. Therefore, H,* is the
most stable species.
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To understand the annealing behavior, we introduce
a new parameter K(T), the rate of disappearance of H
from the Sb region. Based on assumption (i) where
[H]*! can be approximated to be 2[H,*1, we have

a[Hz*]/Gt=-[H2*]K(T). (10)

Using this equation the changes of the Mdossbauer com-
ponents upon annealing can be derived. We find that the
annealing processes of all components can be described
by a single parameter K(T). The least-squares fitted re-
sult is shown with solid lines in Fig. 3. Fits obtained for
samples implanted with different doses of Sb and H yield
K(T) values that differ at most 20%. The temperature
dependence of K(T) corresponds to an activation energy
of about 0.2 eV.

We conclude that on the basis of a simple model all
three sets of experimental data can be explained. An
essential ingredient of this model is the multiple trapping
of H in n-type ¢-Si. From the strikingly good fits of the
dose dependence we confirm the assignment that I'y is the
Méssbauer component associated with an SbH complex
[15,16], whereas the invisible component I; is assigned to
a complex consisting of an Sb and two hydrogen atoms.
As we cannot observe the SbHj fraction directly, we can-
not exclude that other species contribute to the invisible
fraction, for instance, complexes of the type SbH,, n > 2.
Such additional complexes, if present, are considered to
be part of the SbH; reservoir.

Questions can be raised concerning the assumptions.
The fact that attempts failed to fit the data with a model
in which the majority of the hydrogen atoms are present
in a form other than H,* strongly suggests that H,* is
the dominant form of H in the sample, which justifies as-
sumption (i). Assumption (ii) is reasonable because of
the fact that good fits have been obtained using Egs. (8)
and (9), in which the fitting parameters containing Ly
turn out to be H-dose independent. The essential as-
sumption (iii) is justified because it provides a correct
description of the temperature dependence of the various
components and of their annealing behavior.

The fact that the differences in binding enthalpies are
small implies that differences in the stability of H atoms
in the three forms, i.e., SbH, SbH,, and H,*, are very
small. This suggests that the chemical bonding of the H
atom in the three forms cannot be very different and in-
volves in all cases a covalent Si-H bond. This is con-
sistent with the models proposed for SbH [3,4], for SbH;
[12,13], and for H,* [8,9,22].

The differences in binding enthalpies are small but
significant, because only on this basis can we understand
the results on the temperature dependence of the H im-
plantation. These differences in binding enthalpies reflect
the enthalpy differences when an individual hydrogen is
incorporated into different complexes. The results show
that an individual hydrogen is bonded most strongly as an
H,* complex, which suggests that the majority of H
atoms would like to form such a complex, again providing
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support for assumption (i). The increase in the intensity
of the Sb-H complexes (/y and I;) with increasing im-
plantation temperatures can be understood as follows:
When the temperature increases the small decrease of the
equilibrium concentration of H,* in Eq. (3) gives rise to
a noticeable increase of the concentration of atomic H,
which leads to shifts of the two equilibria in Eqs. (1) and
(2) to the right; i.e., we have more Sb-H complexes.

The data in Fig. 2 for 110 K deviate from the theoreti-
cal curves. The model predicts that no Sb-H complexes
form at 110 K, but small percentages of Iy and /; do ap-
pear, as shown in Fig. 2. This deviation may be due to
the violation of assumption (iii); i.e., no equilibrium is es-
tablished at this temperature. When a H atom is trapped
by an Sb atom, it will stay there. However, the formation
of SbHj; requires an intermediate state (SbH) and there-
fore I; is nearly zero. Also the model cannot fit the data
at 400 K, where /; decreases dramatically. This is due to
the failure of assumption (ii); i.e., [H]'® is no longer pro-
portional to the H dose (Hp), because at this tempera-
ture H starts to diffuse out of the Sb region.

We remark that /; anneals out at a slightly lower tem-
perature than /'y, but this does not necessarily mean that
SbH> has a smaller dissociation energy. The annealing
behavior of the three Mossbauer components can be de-
scribed well by the single parameter K(T). Therefore,
the determining step in the dissociation is the sudden
reduction of the H,* concentration because this species is
able to escape from the Sb donor region. This view is
supported by SIMS data on hydrogen profiles (Fig. 1 of
Ref. [7]), from which we find that the concentration of
2H,* in the surface region ( <0.5 um) decreases in the
same temperature region as our Sb-H complexes do (Fig.
3). The apparent difference in dissociation temperatures
for SbH and SbH; shown in Fig. 3 is caused by the fact
that the production of SbH is an intermediate step during
the dissociation of SbH,;. We note that it is not justified
to derive the dissociation enthalpies for the SbH complex
neglecting recombination, as was done earlier [1,15,16].
Moreover, we expect that an analogous PH; complex ex-
ists in the samples of Ref. [14]. The formation of PH,
will possibly lead to passivation. Therefore, the dissocia-
tion energy (1.18 eV) of PH derived from the capa-
citance-voltage measurements [14] should be reinterpret-
ed, because in this case, both PH and PH; will affect the
depth profiles of the donor concentration.

Summarizing, we have obtained direct information on
the Sb-H complexes in n-type ¢-Si using Mdssbauer spec-
troscopy. Strong evidence has been provided for multiple
trapping of H. Also the differences in binding enthalpies
for the three H complexes are obtained from the model fit
to the Moéssbauer data. The small differences in binding
enthalpies provide experimental support for the theoreti-

cal models proposed for the H complexes. Furthermore,
it is shown that the annealing behavior of the different H
complexes is governed by the rate at which H,* is able to
escape from the dopant region.
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