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EÃects of annealing on hydrogen microstructure in boron-doped and undoped
rf-sputter-deposited amorphous silicon
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A detailed study of changes in hydrogen microstructure in rf-sputter-deposited undoped and boron-
doped hydrogenated amorphous silicon was undertaken. The boron-doped samples were prepared under
identical conditions with the same hydrogen content, and then characterized by IR absorption and H
NMR before and after annealing. It is found that an increase in the boron concentration leads to in-
creased segregation of hydrogen. Annealing leads to evolution of the hydrogen microstructure. This
change, however, depends on the boron content of the films. After a moderate anneal, the hydrogen mi-
crostructure is found to evolve to the same state and seems to be independent of the boron content of the
films.

I. INTRODUCTION

A. Background

Hydrogenated amorphous silicon (a-Si:H) is a techno-
logically important material that is used in a wide variety
of electronic devices such as solar cells, large-area image
sensors, and thin-film transistors for liquid-crystal
displays. The addition of hydrogen to amorphous silicon
has several beneficial effects. First, hydrogen terminates
unsaturated dangling bonds, thus removing unwanted
electronic states that act as recombination centers from
the energy gap. Second, the addition of hydrogen in-
creases the band gap of the material and produces
sharper band tail edges. ' Device-quality hydrogenated
amorphous silicon (a-Si:H) has an optical band gap of
—1.75 eV and a paramagnetic defect density of less than
10' cm . Also, a-Si:H has a high ratio of photocon-
ductivity to dark conductivity, typically greater than 10,
making it an attractive material for application in solar
cells and thin-film transistors. However, a major prob-
lem with a-Si:H remains the generation of light-induced
metastable defects which lead to the degradation of the
material during its use. ' The mechanism of this so-
called Staebler-Wronski effect is poorly understood. It is
now generally thought that these light-induced defects
and hydrogen micro structure are closely linked.
Consequently, a better understanding of the hydrogen
microstructure is necessary to further improve the elec-
tronic quality of the material.

'H nuclear magnetic resonance (NMR) is a powerful
technique to study hydrogen microstructure. Previous
studies have established that hydrogen is bonded inhomo-
geneously in a-Si:H. " ' The Fourier transform of the
free induction decay (FID) typically contains two com-
ponents corresponding to the two distinct hydrogen
bonding environments. The narrow Lorentzian is
predominantly attributed to hydrogen in the isolated (or

dilute) phase, while the broad Gaussian is associated with
hydrogen in the clustered phase. A third configuration of
trapped H2 molecules constitutes only a small fraction of
the narrow line. This H2 can be indirectly detected
through the spin-lattice relaxation time T, which in-
creases with decreasing H2 concentration. " A precise
description of the clustered phase is more difficult. A 'H
is assumed to be in a "clustered" environment if it experi-
ences a significant dipole-dipole interaction () 1 kHz)
from its neighboring protons. Consequently, the size of
these hydrogen clusters can be probed directly by 'H
multiple quantum (MQ) NMR measurements. ' '

MQ NMR measurements on device-quality glow-
discharge-deposited a-Si:H films have shown that a typi-
cal cluster contains 5 —7 hydrogen atoms. As the hydro-
gen content in the films increases, the number of such
clusters increases, and finally at high enough hydrogen
concentration, distinct small clusters are no longer ap-
parent. ' Hydrogen in an isolated phase or in a H2 mole-
cule which contributes to the narrow component of the
two-component FID is not expected to be observed in the
MQ NMR experiments.

Since the chemical shift difference between H in
—SiH2 and —SiH3 is small, and the linewidths associated
with the clustered hydrogen are broad ( -25 —30 kHz full
width at half maximum), 'H NMR cannot be used to
resolve these two bonding configurations. ' Information
on the bonding configuration can, however, be obtained
from the infrared (IR) absorption. The total hydrogen
content [H, jo and the concentration of hydrogen in the
—SiH2 and —SiH3 configuration Ado was determined
from the 640 cm ' wagging and 840—890 cm ' scissors
mode, respectively. The interpretation of the stretching
mode (2000—2100 cm '), however, is more complicat-
ed. ' ' A peak at 2000 cm ' is generally attributed to
bulk hydrogen in the a-Si:H bonding configuration resid-
ing in the isolated phase. However, the frequency of a
mono-H stretch mode increases from 2000 to 2100 cm
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0
as the radius of the void around the H increases to 2 A. '

However, hydrogen residing on the inner surfaces of
highly compact disklike microvoids with opposing sur-

0

faces ~3 A will experience screening similar to that in
the bulk and consequently vibrate at 2000 cm '. ' The
peak at 2100 cm ' has been attributed to both silicon
bonded to multiple hydrogen atoms, as well as to clusters
of silicon atoms each bonded to one hydrogen atom.
Correlation of MQ NMR results with IR data have been
used to attribute the stretch frequency of 2080 cm ' to
these clusters. ' Thus, the stretching peak is not con-
sidered to be a reliable indicator of the hydrogen bonding
configuration in a-Si:H.

It has been reported that in glow-discharge (gd) depos-
ited boron-doped films, some hydrogen irreversibly con-
verts from bulk mono-H to —SiH2 and —SiH3
configurations during annealing at 200'C. ' Thus even
moderate annealing of boron-doped films results in
changes in the Si network consistent with the rise in
micro void-related hydrogen content. These processes
were faster in p-type than in n-type films. Since hydrogen
diffusion is the fastest in boron-doped films, it appears to
be controlling the above changes and the consequent evo-
lution of the hydrogen microstructure. Thus, in this pa-
per, we have studied the effect of boron concentration on
hydrogen microstructure in boron-doped rf-sputter-
deposited a-Si:H. Hydrogen diffusion experiments in rf-
sputter-deposited undoped and boron-doped a-Si:H has
established the existence of deep trapping sites that
render hydrogen immobile. ' ' Though the nature of
these sites has not yet been unambiguously established, it
has been suggested that Bat disk-shaped microvoids, as
described above, are indeed these deep traps. Since hy-
drogen atoms residing in these sites are in close proximi-
ty, they experience dipole-dipole interaction and can be
thought of as "clustered. " Consequently, 'H NMR stud-
ies have been combined with IR measurements in order
to investigate the hydrogen dynamics in both as-
deposited and annealed films.

B. Multiple quantum (MQ) NMR theory

MQ NMR is a powerful technique that has been widely
used to probe the dynamics of a group of interacting nu-
clei. Since there is a considerable amount of literature
describing the theory and implementation of MQ NMR,
only a brief description will be presented here. ' '

MQ NMR is a two-dimensional experiment where a
group of X interacting spin —,

' nuclei are correlated
through their dipole-dipole interaction. The experiment
itself consisted of four distinct periods called the prepara-
tion, evolution (which in our case was set to zero), mix-
ing, and detection. The preparation cycle consists of a
total of eight 90 pulses —four x pulses followed by four—x pulses. The average Hamiltonian for the homonu-
clear couplings H„„ is given by

H = —
—,
' g D; (I;+I,++I; IJ ), .

i (j
where D," is the dipolar coupling constant between spins i
and j and J+ and I are the well-known raising and

lowering operators. The presence of the bilinear raising
and lowering operators ensures the coherent superposi-
tion of states such that n =0,+2, +4, . . . , +N, corre-
sponding to simultaneous transitions of 0, 2, 4, . . . , 2V

spins. Here n is called the order of the multiple quantum
coherence and represents the change in magnetization in
the z direction. The evolution of the N-interacting spin
system is described by the Liouville —von Neumann equa-
tion

dp(r) =i [p(r), H „],d7 (2)

As the sample is subjected to the pulse sequence during
the preparation period, intensities in the off-diagonal ele-
ments begin to develop. After sufficiently long excitation
times, elements far off the diagonal develop significant in-
tensity. Eventually the statistical limit is reached where
all allowed MQ coherences have become equally likely.
Thus the intensity of a particular MQ transition of order
n simply becomes proportional to Z„,

I(n, r) —exp[ —n /X(r)],
where X(r) is the effective number of correlated spins at
preparation time ~. Information on H distribution is ob-
tained by increasing ~ and monitoring the variations in
N(r), the "efFective cluster size." If the number of spins
in a cluster is finite, X(r) saturates at long r. On the oth-
er hand, for an "infinite" cluster size X(r) would increase
continuously with time without any upper bound. Here
"infinite" indicates the cluster length scale is greater than
that of the MQ experiment, which is generally -20 A.

II. KXPKRIMKNTAL DETAILS

The samples studied in this work were deposited by rf
sputtering of a high-purity polycrystalline silicon target
at a transmitter power of 600 W held in a mixture of 10
mTorr of argon, 0.3 mTorr of hydrogen, and up to 1.6
mTorr of a 99%%uo argon, 1% diborane mixture. The boron
content of the films was determined by secondary-ion
mass spectrometry (SIMS) by comparing the boron
counts from the samples with that of a standard. '
Samples deposited on the silicon wafer were used for IR
absorption, which was performed on a single-beam
Fourier transform infrared (FTIR) spectrometer IBM
model IR 98. The total hydrogen content [H, ] and the
concentration of hydrogen in —SiH2 and —SiH3 bonding
configurations were obtained from the 640 cm ' wagging
and 840—890 cm ' scissors mode, respectively. The

where p(r) is the density matrix at time r, since each spin
can yield both up (a) or down (P) eigenstates with
respect to the applied magnetic field. p(r) is a 2 X2
matrix of the resultant product states. At equilibrium,
the density matrix is proportional to I, and only the prin-
cipal diagonal has nonzero elements representing the
population in those states. Each off-diagonal element of
the density matrix correlates transitions between two
states. The number of states having a multiple quantum
coherence of order n, Z„ is then given by

Z =( )=4 (rrX) ' e " for X)6.
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number density X of oscillators in each vibrational mode
was determined from the relation

TABLE II. Annealing steps and characterization of the sam-
ples by 'H NMR after each anneal.

N=A*f dc@, (4)
Sample

No.
Annealing steps

Temp. ( C) Time (h)
T1
(s)

2

(kHz)

where a(co) is the absorption coefficient, ro is the angular
frequency, and A * is a proportionality constant. Follow-
ing the suggestion of Shanks et al. , the values of 3*
used in this work were 1.6X10' cm and 2X10 cm
for the wagging and scissors mode, respectively.

The films for NMR analysis were deposited on alumi-
num foils which were subsequently etched away in dilute
HC1. The 'H MQ NMR experiments were performed on
a home-built 270-MHz spectrometer with a variable
phase synthesizer. Each preparation subcycle lasted 60
ps and consisted of eight 2.2 ps m/2 pulses. The mixing
cycle is identical to the preparation cycle with the x and—x replaced by y and —y pulses and results in time re-
versal. The phase of the preparation sequence was varied
from 0 to 2~ in 32 increments and the corresponding plot
of signal intensity was Fourier transformed to yield the
MQ intensities I ( n, t ). A 1-ms delay after the mixing
period ensured the destruction of the transverse magneti-
zation prior to the detection pulse. The spin-lattice
relaxation-time constant T, was determined using the
usual saturation recovery method. All NMR experi-
ments were done at room temperature.

III. RESULTS AND DISCUSSION

The results of the SIMS and IR absorption measure-
rnents undertaken on three as-deposited films, labeled 1

through 3, are summarized in Table I. The boron con-
centration varied within the samples with sample 1 hav-
ing the maximum concentration (1.5 X 10 cm ), while
sample 3 was intrinsic. The total hydrogen content [HT]
in both samples 1 and 2 was determined to be -7.0+1.0
at. %, while sample 3 contained —15 at. %%uoof hydrogen .
The total concentration of hydrogen bonded in the—SiH2 and —SiH3 type of configuration Ndo varied from
sample to sample. While the stretching mode in sample 2
showed a single sharp peak at 2000 crn ', both samples 1

and 3 exhibited an additional peak at -2100 cm '. Note
that the latter samples also had some hydrogen bonded in
the —SiH2 and —SiH3 configuration as seen from the
scissors mode between 840—890 cm

The 'H NMR results on both as-deposited and an-
nealed samples are shown in Table II, which shows
changes in the spin-lattice relaxation-time constant T1,
the fraction of the intensity of the broad component fz,
and the second moment M2 upon annealing. The spin-
lattice relaxation-time constant T„of the rf-sputter-

as-deposited
155 2.0

11.25
10.25220

0.40
0.45
0.34
0.40

25
26
22
24

11.2
11.4
8.5
9.4

as-deposited
155 2.0

11.25
9.88220

0.67
0.38
0.23
0.38

20
38
35
39

8.5
12.4
13.7
10.5

as-deposited
335 7.0

0.66
0.66

8
10

12.1

14.2

12

10
0

0
0 0 00

Cl

00

deposited film (sample 3) is similar to that of intrinsic
films deposited by glow-discharge processes, while the
doped materials (samples 1 and 2) have longer T, values.
For these samples the number of spins correlated after a
preparation time X(r), as measured from the MQ NMR
experiments, is shown in Fig. 1. As expected, N(r) in-
creases with increasing preparation time. The magnitude
of the n = 1 coherence (which is a measure of noise in this
spectrum) also grows with preparation time, limiting the
experiments to ~ ~ 720 ps.

Since the total hydrogen content in samples 1 and 2 are
the same, the effect of boron concentration on hydrogen
microstructure can be directly compared with each other.
Care should be taken in comparing the MQ NMR results
of the doped and the intrinsic films since the hydrogen
contents are difFerent. It appears from Fig. 1 that the
number of spins correlated at long preparation times is
about the same in both samples 1 and 2. While in sample

TABLE I ~ Characteristics of as-deposited samples.

Sample
No. (cm )

[Hr ]o
at. %

&dO
at. %%uo

Stretch peak
(cm ')

200 400 600

Preparation time (ps)

800

1.5x10"
8.0x10"
undoped

7.6
7.0

15.0 3.5

2000, 2128
2000
2004, 2098

FIG. 1. Spin-correlation growth with preparation time in the
as-deposited boron-doped samples. Note that sample 1 (circles)
is more heavily doped than sample 2 (squares).
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1, N(r)-9+1 spins at ~=600 ps, N(r) stays roughly
constant at 7+1 spins for 240~~~600 ps in sample 2,
suggesting that a typical cluster contains 6—10 hydrogen
atoms with little or no intercluster dipolar communica-
tion. These numbers are in general agreement with
glow-discharge-deposited intrinsic a-Si:H with similar hy-
drogen content. '" This is not surprising because the hy-
drogen microstructure is expected to be primarily deter-
mined by the total hydrogen content and hydrogen mo-
bility during growth (and hence substrate temperature).
Although these samples were not separately heated dur-
ing growth, the substrate temperature at 550 W is es-
timated to be 180'C, and is thus comparable to that of
glow-discharge films.

Another interesting feature in these results is that al-
though the number of spins correlated at ~=600 ps is
about the same in both samples (Fig. 1), f~, the fraction
of hydrogen contributing to the broad component, is con-
siderably larger in sample 2. However, its IR exhibits a
clear, sharp peak at 2000 cm ' and no discernible ab-
sorption between 840—890 cm ', suggesting little or no
hydrogen bonded in the —SiH2 and —SiH3 type of
configuration. Thus in sample 2, hydrogen contributing
to the 2000 cm ' stretch peak also contributes to the
broad component through homonuclear dipole interac-
tions and participates in the MQ transitions, suggesting
that some of the hydrogen vibrating in this frequency is
in a clustered phase.

The effect of annealing on hydrogen distribution in the
samples was also investigated in detail. Samples 1 and 2
received four successive anneals. The first anneal was for
2 h at 155 C followed by an additional 9-h anneal. A
final anneal for —10 h was performed at 220'C. Sample
3, being intrinsic, is expected to have a lower hydrogen
diffusion constant than its doped counterparts, ' ' and
was annealed at a relatively higher temperature of 335 C.
After each anneal step the sample were characterized by
both IR and NMR.

The IR absorption showed that there was little or no
loss of hydrogen during each stage of anneal. However,
the NMR results did show changes that depend on the
boron concentration and are shown explicitly in Table II.
Although changes were observed in the values of T„fs,
and the linewidths of the Gaussian component upon an-
nealing at 155'C, there was little or no effect on the H
distribution as measured from the MQ NMR experi-
ments. This is demonstrated in Fig. 2, which shows the
growth of spin-correlation size with ~. Though the data
for sample 1 show some fluctuations, neither show any
significant changes in the hydrogen cluster size. This is
to be expected since both hydrogen diffusion and
structural relaxations at this temperature are slow. ' '

However, the value of T, increases even after this
moderate anneal at 155'C. Since trapped H2 molecules
act as 'H spin-lattice relaxation centers, " this implies a
loss of H2 molecules. Consequently, this change of T, is
not expected to be indicative of hydrogen microstructural
changes. However, fs remained virtually unchanged in
sample 1 while it decreased upon moderate annealing in
sample 2. This suggests some change in the hydrogen
bonding environment which the MQ NMR, however,

12

10

8
0

Q
oo o

0
0

200 400 600 800

Preparation time (ps)

FIG. 2. Spin-correlation size with preparation time after an
anneal at 155 C for 11.25 h in sample 1 (circles) and sample 2
(squares). Though N(~) shows some scatter in sample 1, the
number of spins correlated at 7.-600 ps remains approximately
the same in both samples.

was unable to pick up.
Thus in order to detect changes in the size of the hy-

drogen clusters in these samples, it was necessary to an-
neal them at higher temperatures at which hydrogen
diffusion become significant. Once again the dependence
of the spin-correlation size N(w) on the preparation time
w after a —10-h anneal at 220'C is shown in Fig. 3.
Where reliable values can be achieved out to 1000 ps, the
number of correlated spins seems to level off at 11+1
atoms. While the hydrogen cluster size remains roughly
the same in sample 1, it seems to increase in sample 2.
However, it should be noted that most of the spin-
correlation measurements in this sample were limited to
w+ 600 ps.

Sample 3, being intrinsic, was annealed at an even
higher temperature of 335'C for 7 h. The dependence of
the spin-correlation size on ~ both before and after an-
nealing is plotted in Fig. 4. It is clear that for the an-
nealed sample N(r) increases without an upper bound,
indicating hydrogen cluster sizes much bigger than its
doped counterpart. Since it contains twice the amount of
hydrogen than its doped counterparts, care should be ex-
ercised in comparing the two sets of data.

In order to gain a better insight on the hydrogen distri-
bution, the spin-correlation size for the annealed sample
is replotted in Fig. 5 against the scaled, dimensionless
preparation time Mz r. One measure of the dipolar field

strength is the square root of the second moment M2
After accounting for the strength of the dipole-dipole in-
teraction, the rate at which spins are correlated would
now depend on the number of nearest neighbors. Since
this is a strong function of the dimensionality of the spin
distribution, the growth rate is expected to be fastest in
three-dimensional distributions and the slowest in one-
dimensional systems. The growth rate of the spins in
sample 3 has been compared with that from calcium hy-
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FIG. 5. Rate of growth of the spin-correlation size vs scaled
preparation time. Note that the growth rate is slowest in sam-
ple 3.
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FIG. 3. X(~) vs ~ after an anneal at 220'C for —10 h for (a)
sample 1 and (b) sample 2. Note that the number of spins corre-
lated at levels of -9—12 for both samples.
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FIG. 4. S(~) vs v. for sample 3 before (open circles) and after
an anneal at 335 C for 7 h (solid circles). Note that the number
of spins correlated after annealing increases without an upper
bound, indicating an infinite cluster size.

dride (Mz~ =11.6 kHz) and hydrogenated surface natu-
ral diamond powder (with particle sizes (0.1 pm,
Mz~ =19.5 kHz), which were considered to be model
three- (bulk) and two- (surface) dimensional distributions
of hydrogen, respectively. As expected, the growth rate
is faster in calcium hydride than for the hydrogenated di-
amond surfaces. However, the slowest growth rate is
seen for sample 3. This indicates that the dimensionality
of the hydrogen distribution in this intrinsic a-Si:H sam-
ple is less than two. This result is consistent with the fact
that rf-sputtered "hydrogen-rich" samples ([H T ]) 10
at. %) exhibit columnar morphology with much of the
hydrogen residing on the inner surfaces of columns.
The distribution of hydrogen in this sample is thus ex-
pected to be nearly two dimensional in nature.

It is also instructive to compare the N(r) in samples 1

and 2 with that of CaH2 and diamond powder. While at
Mz ~=3 well over 100 spins are correlated in CaH2,
about 50 and 30 spins are correlated at Mz ~=7 in natu-
ral diamond powder and sample 3, respectively. On the
other hand, only 9—12 spins are correlated at M2 v =7
in both doped samples, providing additional support to
the fact that the hydrogen clusters in these samples are
isolated since MQ coherence growth is slow among a
finite number of nuclei.

Another method of detecting changes in the micro-
structure is by comparing the intensities of the various
orders in the MQ spectra. As has been mentioned earlier
in this paper, at equilibrium only the diagonal states in
the density matrix p(t) have nonzero elements. Intensity
in the off-diagonal elements develops as higher-order
transitions are excited during the application of the
preparation cycle. All 'H nuclei, whether in the isolated
or clustered phase, contribute to the intensity of the
zeroth order I(0). Thus the intensity of the zeroth order
at any time r may be written as I(0,r)=I„(O,r)
+I;„(O,r), where I,&(0,~) and I;„(0,~) are the intensities
from the clustered and the isolated phases, respectively.
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However, only those hydrogen in the clustered phase can
take part in the nonzero MQ transitions that contribute
to the intensity of the higher orders. Thus the fraction of
hydrogen taking part in nonzero MQ transitions at time
~,M(r) can be defined as

M(r)=
I„(0,~)+ g 2I(2n, r)

n =1

g I(2n, ~)
n=0

The factor of 2 in the second term of the numerator is in-
cluded in order to account for the negative MQ orders.
As higher-order transitions are excited, M(r) increases
with increasing preparation time and finally saturates.
Figure 6 shows the dependence of M(r) on r for the
doped samples both before and after annealing. The
value of M„„the saturated value of M, is thus a measure
of the fraction of hydrogen undergoing MQ transitions
and is indicative of at least two H nuclei in close proxim-
ity. Note that M(r) begins to decrease slowly at longer
values of ~ for the annealed samples. This behavior is
probably due to the relaxation of some of the higher MQ
orders.

It is clear from Fig. 6 that although [HT] is compara-
ble in both samples 1 and 2, the fraction of hydrogen un-
dergoing MQ transitions is greater in sample 1. There is,
however, another striking dissimilarity between the two
samples. In sample 1, M„,-0.8, which is twice the value
of fs, the fraction of total hydrogen contributing to the
broad line. On the other hand, the situation in sample 2
is quite the opposite, where the values of fs and M„, are
0.67 and 0.45, respectively. The efFect of annealing at
220 C for —10 h on the value of M„, is also shown in
Fig. 6. Note that after this anneal both fs and M„, for

1.0

0,9-
0.8-
0.7—

0.6—

0
5

~ 0 O 0 00
~ ~ ~

~ ~

0.5—

0.4 — ~

03 0

0 o a o

0.2-
0. 1

0.0
0

I I I I I t I I

100 200 300 400 500 600 700 800
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FICx. 6. Fraction of hydrogen taking part in MQ transitions
M vs preparation time ~. Samples 1 and 2 are represented by
circles and squares, respectively. The open symbols represent
as-deposited samples, while the solid symbols represent anneal-
ing at 220 C for —10 h. Note that M(w) approaches similar
values after annealing.

the two samples are in close agreement to each other.
The effect of annealing on I(n), the MQ intensities of

order n, is shown in Fig. 7. As expected, the higher or-
ders grow at the expense of I(0) with increasing prepara-
tion time. The effect of relaxation of I(2) is clearly seen
for t ~ 400 ps. As I (2) relaxes back to I (0), its intensity
decreases while there is a corresponding increase in I(0).
Several features in the data are worth noting. The two
as-deposited samples show markedly different behavior.
For the as-deposited samples, I(n) (n ~ 2) is consistently
larger in sample 1, indicating that a larger fraction of hy-
drogen is taking part in each of these transitions. Upon
annealing at 220'C for —10 h, the values of I(n) ap-
proach similar values, indicating that both samples relax
to the same final state —a fact that is rejected by similar
values of M„, (Fig. 6) and N (r ) at r ~ 800 ps (Fig. 3).

Since the doped samples were deposited under identical
conditions, the size and distribution of microvoids are ex-
pected to be the same. The diffusion of hydrogen in a-
Si:H has been shown to increase with increasing boron
concentration. ' Consequently, the surface mobility of
hydrogen during film growth is expected to be greater in
sample 1 than in sample 2. Using the values quoted by
Street et al. , the diffusion of hydrogen in sample 1 is
expected to be an order of magnitude greater than in
sample 2. Thus, due to its enhanced mobility, hydrogen
passivates most of the deep trapping sites in sample 1

during deposition. Since these sites are thought to be
disk-shaped microvoids with opposing surfaces ~ 3 A
apart, the hydrogen atoms residing in these traps are in
close proximity to each other and experience dipolar in-
teraction. Though this hydrogen would participate in
MQ transitions, N(r) ultimately levels off, corresponding
to the average number of hydrogen atoms that can be ac-
commodated in these sites.

A number of studies have also shown that the presence
of dopants in the bulk of crystalline silicon leads to the
formation of dopant-hydrogen complexes. ' For ex-
ample, Pankove et al. ' have suggested the formation of
a bridging B-H-Si site, while Raman studies by
Stutzmann have provided evidence for direct B-H pair
formation in crystalline silicon. IR and annealing studies
by Berman et al. have also shown the formation of
donor-H complexes. They have, however, inferred that
the hydrogen is not directly associated with the donor
atoms and the concentration of the complexes decreases
upon annealing. The average distance between this segre-
gated bulk hydrogen would then depend on the boron
concentration. The average distance between boron
atoms is —19 A and —50 A in samples 1 and 2, respec-
tively. Since MQ NMR experiments typically probe dis-
tances between 10—20 A, the hydrogen in the bulk of
sample 1 is picked up in addition to the hydrogen in the
voids. Though this hydrogen would participate in the
MQ transition (particularly at long values of r), it would
have little effect on N(r), which would be determined by
clustered hydrogen in microvoids where the distance be-

O

tween the spins is less than 20 A. Comparing the value of
M„, with that of fthm, it is evident that the fraction of hy-
drogen contributing to the broad line is approximately
half that of hydrogen participating in the MQ transitions
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in sample 1. Upon annealing, the concentration of
impurity-H complexes is expected to decrease and M„,
in sample 1 decreases slightly to -0.75. The "size" of
the hydrogen clusters, however, remains unchanged, indi-
cating that the Bat microvoids can accommodate about
ten hydrogen atoms.

In sample 2, the situation is somewhat different. With
the average distance between boron atoms —50 A, MQ
NMR experiments can only "see" hydrogen atoms that
are in close proximity to each other. Upon annealing one
of two things might be happening. The microvoid sur-
faces may become increasingly hydrogenated due to

diffusion of hydrogen. Note that these microvoids can
only accommodate approximately ten atoms. This would
imply that N(r) would change with annealing. Since the
error bars associated with each data point are at least +1
spins, and the changes are small, the data remain ambigu-
ous. The other possibility is that the number of micro-
voids in this sample increases upon annealing, while the
average number of hydrogen atoms trapped in these
voids remains approximately the same. In either case,
both M„, and I(n) (n ~2) would increase, reflecting
these changes, although the distance between the clusters
would be different in the two cases.
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IV. CONCLUSIONS

We have studied the effect of boron doping on hydro-
gen microstructure in rf-sputter-deposited a-Si:H using
IR absorption and 'H NMR. We have shown that for
as-deposited boron-doped films the hydrogen microstruc-
ture depends on the boron concentration. The hydrogen
microstructure, as determined by 'H MQ NMR, is clear-
ly different in the two doped samples. In sample 2, where
the only hydrogen IR stretch frequency occurs at 2000
cm, MQ transitions are important. Upon annealing
the fraction of clustered hydrogen in this sample in-
creases, though there is no discernible change in its IR
spectra. Thus there are hydrogen atoms which are in
close proximity to each other so that dipole-dipole in-
teractions are important, yet experience dielectric screen-
ing similar to that in the bulk.

These results are consistent with the model of Aat disks
as deep trapping sites for hydrogen. We have also shown
conclusively that even moderate annealing leads to
changes in the hydrogen microstructure. Note that there
is a close match between the values of M„„f~, and N(, r)
in both samples after annealing. This is not surprising
since both samples have similar contents of hydrogen and
are expected to relax to a similar state.
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