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H diffusion in boron-doped rf-sputter-deposited hydrogenated amorphous Si (a-Si:H) was

measured by secondary ion mass spectrometry profiles of deuterium in annealed a-Si:H/a
Si:(H, D)/a-Si: H multilayers. The exponent a 0.7 +' 0. 1 of the diffusion constant D(t )

D00(tvt) ' strongly decreases after annealing for -50 h at 180'C and -35 h at 225'C. It
then increases to -O.S-1, i.e., the diff'usion is nearly quenched, at longer annealing periods ex-

tending up to 1100 h. This behavior is believed to result from modifications in the microvoid sys-

tem related to structural relaxation of the Si network.

Hydrogen motion in hydrogenated amorphous silicon
(a-Si:H) is a subject of considerable interest since it is

suspected to be linked to the creation and annihilation of
intrinsic defects and electronic relaxation processes. '

The diffusion constant D(t) has generally been observed
to obey a power-law time dependence

D(t ) D00(tat ) (1)

where at is an attempt frequency and D00 a constant. The
nature of this 'ime dependence is, however, contested.
Pantelides' fivefold coordinated floating bond model'o

suggests that it results from annihilation of excess mobile
defects as the system approaches (quasi)equilibrium.
Jackson and co-workers have suggested that it is due
to a multiple-trapping inechanism. Within this scheme,
hydrogen becomes increasingly trapped at the deeper sites
which are approximately exponentially distributed in en-

ergy, with characteristic energy kTp. Tp is then related to
a as

Extensive electronic measurements on doped and compen-
sated glow-discharge-deposited (gd) films indeed yielded
600 K» To~ 650 K for T & 400 K. While their re-
sults of secondary ion mass spectrometry (SIMS) studies
of H diffusion were consistent with this behavior, their
scope was too limited to independently confirm it. 2 5 Re-
cent SIMS studies of H diffusion in a variety of rf-
sputter-deposited (rf-sp) and gd a-Si:H yielded values of

a which clearly deviate from Eq. (2).
Other recent studies on both rf-sp (Ref. 7) and gd (Ref.

8) films have clearly shown that a is also affected by the
microstructure, generally increasing with increasing mi-
crovoid content. When the microvoid content becomes ex-
cessive the diffusion is essentially quenched, i.e., a-l.
Structural relaxation which affects the microvoid system
should therefore lead to an exponent a which may depend
on time in a complex manner. In this work we present
such SIMS results providing indirect evidence for
structural network relaxation which modifies the micro-
void system in boron-doped rf-sputter-deposited a-Si:H.

Boron-doped a-Si:H/a-Si:(H, D)/a-Si:H multilayers
1-2 pm thick were deposited by 550-W rf sputtering of a
6-in. -diameter polycrystalline silicon target held 1.25 in.
above the substrate, in a mixture of 10 m Torr Ar, —1

mTorr H2, -0.3 mTorr D2, and B2H6 diluted in Ar. The
temperature of the unheated substrates was estimated to
be 120-150'C." Additional details of the deposition
process can be found elsewhere. "' The films were then
annealed at T 180 and 225'C in evacuated sealed pyrex
tubes.

The boron content of the films, about 2 at. %, was deter-
mined by comparing its relative SIMS count to that of B
implanted Si standards. The total Si-bonded H content
[H, j was determined from the 640 cm ' IR wagging-
mode absorption peak using the absorption coefficient
given by Cardona. ' The density Nd of SiH2 and SiH3
configurations was determined from the bond-bending

6746 @1990The American Physical Society



EVIDENCE FOR STRUCTURAL RELAXATION IN. . . 6747

scissors mode at 840-890 cm '. "' The Si-H stretch
band at 2000-2100 cm ' does not provide a determina-
tion of Nd since the mono Si-H frequency shifts from
2000 to 2100 cm ' as the radius of the void around the H
atom increases to 2 k' Ndll, the value of 1Vd in the as-
deposited film, provides a rough estimate of the microvoid
content. " This correlation, however, is qualitative only
since the latter may be largely unhydrogenated. "'

Depth profiles of deuterium were obtained using a
Perkin-Elmer SIMS model PHI 6300. The depth resolu-
tion was typically —150 A at the film/c-Si interface. Ad-
ditional experimental details are given elsewhere. '

The measured deuterium profiles were fitted to a com-
plementary error function '
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rameter which is chosen close to the value of the concen-
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e(r) = D(i)dr= e,r '— (4)a (}

The agreement between the measured profiles and Eq.
(3) was generally excellent for all but the three shortest
annealing periods at each temperature. Figures 1 and 2
display e(t) vs t at 180 and 225'C, respectively, in the
top and the bottom layers.

Figures 1 and 2 indicate that the results can be divided
into three distinct stages. (i) During the first annealing
periods of up to -50 h at 180'C and -30 h at 225'C,
the slope 1

—a of logIIIe(t) vs loglpr is low, indicating a
high value of c 0.7+ 0.1. These large values are not
surprising in view of the considerable SiH2 and SiH3
configuration density Nd (see Table I and below), indicat-
ing a significant microvoid content. (ii) The second stage
is characterized by a sharp rise of e(t) with time, i.e., a
sharply decreasing a. (iii) Following prolonged anneal-
ing, the diffusion of hydrogen drastically slows down
beyond —100 h at 225'C (a-0.8) and is essentially

quenched beyond -200 h at 180'C (a- 1).
Figures 1 and 2 also show that the values of e(t) in the

top layer are consistently higher than those in the bottom
layer. This observation is not understood at present.

The IR absorption was monitored both before and after
annealing of the samples. The results are summarized in
Table I. The average value of [H, ] and 1Vd in the as-
deposited samples were found to be 9.4 ~ 1% and
1.7 0.3%, respectively, indicating a significant microvoid
content. [H&] slightly decreased during the initial anneal-
ing step of 2 h at 225'C and 6 h at 180'C. Nd decreased
significantly during this annealing. [H, ] and Nd then
remained almost constant for at least —100 h at 180'C
and -30 h at 225'C. During the prolonged annealing
beyond these periods, [H, ] decreased by evolution of H
from SiH2 and SiH3 configurations. Note, however, that
the ratio E(2100)/l(2000) of the integrated intensity of
the 2100 to the 2000 cm ' stretch modes, with the latter
being the dominant peak, did not change beyond the 30%
'margin of error during the entire annealing procedure.

It is interesting to compare these observations with re-
cent IR results of Fritzsche and Deng on various gd films
annealed for moderate periods at 220'C. ' They noticed
that in boron-doped films, some hydrogen irreversibly con-
verts from bulk mono-H bonding to SiHz and SiH3
configurations during annealing at 220 C. Although no
emergence of a bond bending scissors mode was observed
in n-type-doped films, the stretch peak at 2100 cm ' did
increase. These processes were faster in p-type-doped
(&20 h) than in the n-type-doped films. Thus, even
moderate annealing of these doped gd films resulted in
changes in the Si network consistent with a rise in the
microvoid-related H content. Since H diffusion is most
rapid in p-type-doped, slower in n-type-doped, and slowest
in undoped films, it appears to be the process controlling
the above changes and consequent evolution of the Si net-
work. We observed a decrease in Nd in the boron-doped
rf-sp films during the initial annealing step at each tem-
perature. This may be due to the diAerence between the
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TABLE 1. Total Si-bonded H concentration [H, ], SiHq, and SiH3 bonding configuration density Nd, both in at. % relative to Si,
and the ratio 1(2100)/I(2000) of the integrated intensity of the 2100 to 2000 cm stretch modes, after each annealing step at 180
and 225 'C.

Annealing

time (h)

as deposited:

(~ 10%)

9.4

(~ 20%)

1 ~ 7

Annealing at 1 80 C
[H, I Ng

(at. %) (at. %) I(2100)
1(2000)
(~30%)

0.54

Annealing

time (h)

[H, ]

(at. %)

(+ 10%)

Nd

(at. %)

(~20%)

Annealing at 225 'C

I(2100)
1(2000)(~ 30%)

6
12
24
48
96

222
516

1080

10.0
8.0
8.0
7.6
8.5
8.8
8.3
7.5

1.1

1.0
0.9
0.9
1.0
0.7
0.6
0.5

0.62
0.50
0.65

0.49
0.70
0.57
0.62

2
4
8

16
32

552
1100

8.9
8.9
9.9
8.5
8.5

5.7
6.9

1.4
1.6
1.2
1.3
1.0

0.4
trace

0.45
0.57
0.75
0.47
0.47

0.52
0.44

rf-sp and the gd films, or differences between doping lev-
els. The gd films were apparently device quality, contain-
ing few microvoids as deposited. In the as-deposited rf-sp
films, the intensity of the 840-890 cm ' bond-bending
scissors mode, characteristic of microvoids, was
significant.

The evolution of hydrogen and the decrease in Nd ob-
served in this work on rf-sp films are generally in agree-
ment with thermal desorption spectroscopy (TDS) stud-
ies. ' 's These have clearly shown that H in SiH2 and
SiH3 configurations evolves out of undoped films at
325-375'C, whereas the bulk, mono-H evolves at
475-575'C. The evolution process is apparently similar
in doped films, but the absolute temperatures of the TDS
peaks are lower. ' The observation that I(2100)/I(2000)
does not change beyond the 30% margin of error is
significant. It indicates that most of the contribution to
the peak at 2100 cm ' is due to mono-H bonds at the sur
faces of large microvoids (radius ~ 2 A), rather than to
SiH2 or SiH3 configurations. It does not, however, mean
that the distribution of hydrogen among bulk sites and
voids of various sizes is largely unchanged: An H atom
moving from a bulk site to the surface of a "compact" mi-
crovoid (see below), would still yield a stretch vibration
frequency of 2000 cm '. Even the distribution of hydro-
gen among bulk and "compact" voids on the one hand
and large microvoids on the other hand, is qualitative
only, since the oscillator strength varies with the size of
the void around the H atom. "' ' Thus, although the
2000-cm ' peak dominates the stretch band, it only sug-
gests that a significant fraction of the H atoms is either
bonded in the bulk or on "compac ™crovoidsurfaces.

No deviation of B(t) from the power-law time depen-
dence [Eq. (1)] has been previously reported. These pre-
vious studies included prolonged annealing of undoped
films, extending to 500 h at 275'C (Ref. 7) and 210 h at
330'C. The sharp rise in B(t) during annealing beyond
-50 h at 180'C [Fig. (1)] and -30 h at 225'C [Fig
(2)] is thus unprecedented. Indeed, during some part of
this second stage of the annealing process, the slope of
log&pB(t) vs log~pt appears to be larger than one. Equa-

tion (4) would then imply that a &0, and Eq. (1) that
D(t) increases with t. Although such extraordinary be-
havior cannot be ruled out, the available results are
insufficient to firmly establish it. They do, however, clear-
ly show that during this second stage of annealing a is not
significantly larger than zero. D(t) is then roughly con-
stant during this period. A constant D(t) may indicate
that the H atoms have reached the bottom of the trapping
distribution following the initially dispersive motion in the
relaxing network. We note, however, that the high value
of a in both the first and third stages indicates strong
effects of microvoids in both. Thus, the transition between
these stages is believed to involve structural relaxation
processes which rearrange the microvoid system. During
this period, as the structure relaxes, some of the immobile
hydrogen trapped in deep microvoid-related sites is
released and becomes relatively mobile. This results in a
relatively rapid rise of B(t). Following these processes,
the system reaches a quasiequilibrium state, i.e., a local
minimum in configuration space. The diffusion of hydro-
gen may then become nearly quenched, if most of the H
atoms reoccupy deep microvoid-related sites.

The nature of the deep H-trapping sites induced by mi-
crovoids is still not settled. Previous studies, ' and the
high initial value of a observed in the present work, linked
such sites to the presence of large microvoids (radius & 2
A). Since the IR peak at 2000 cm ' still dominates the
IR stretch band (see Table I), a significant fraction of the
hydrogen is not located on the surfaces of such voids.
Some of the deep H-trapping sites are consequently locat-
ed at other sites. At present, we can only speculate on the
nature of these other deep sites. Highly "compact, "
"pancake"-like microvoids, of opposing surfaces only -3
A apart, would probably be present along with larger mi-
crovoids. ' Such compact microvoids may possibly be
identified with the multivacancies discussed by Mahan
etal. ' Hydrogen atoms on their surfaces would experi-
ence a dielectric screening similar to H atoms in the bulk,
and consequently vibrate at -2000 cm '. ' ' Prelimi-
nary 'H NMR measurements on various as-deposited and
annealed undoped rf-sp films suggest that most of the



EVIDENCE FOR STRUCTURAL RELAXATION IN. . . 6749

hydrogen migrates to "clustered" sites, i.e., those yielding
a broad 'H NMR line, during annealing at 300'C. The
deep H-trapping sites may therefore be such mono-H
clustered sites, occurring on the surfaces of both large and
"compact" microvoids or multivacancies.

In conclusion, effects of prolonged annealing on hydro-
gen diffusion at 180 and 225 C in boron-doped rf
sputter deposited a-Si:H were described and discussed.
Striking deviations from the power-law time dependence
of the diffusion constant D(t) were observed. The ex-
ponent a sharply decreases during annealing beyond -50
h at 180'C and -30 h at 225'C. At 180'C it subse-

quently increases to —1, i.e., the diffusion is quenched,
during prolonged annealing beyond -200 h. At 225'C it
increases to -0.8, i.e., the diffusion drastically slows
down, beyond —100 h. This behavior was attributed to
processes which modify the network of hydrogen sites, as
the Si network relaxes to a quasiequilibrium state.
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