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Evolution of the vibrational spectra of hydrogenated-amorphous-silicon thin films
having columnar morphology
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Columnar amorphous hydrogenated silicon (a-Si:H) has been prepared by microwave (2.45 GHz)
discharge in Ar-SiH4 mixtures using a large-volume microwave plasma apparatus. The films have
been analyzed by Fourier-transform infrared spectroscopy, elastic recoil detection, and etching in

both hydrofluoric and deuterofluoric acids. Time-dependent decreases in the intensities of the SiH&

vibrational modes have been shown to occur at the same rates as the incorporation of atmospheric
contaminants into the films. Elastic recoil detection and etching experiments suggest that the films
evolve hydrogen at room temperature as they absorb atmospheric contaminants. These findings are
used to offer a model for the loss of SiH& intensity.

I. INTRODUCTION

Hydrogenated amorphous silicon is usually prepared
from silane using dc, audio-frequency, or radio-frequency
plasmas. We report here on the ir spectra of samples
which have been prepared in microwave discharges under
conditions which lead to high levels of C and 0 contam-
ination of the films, as well as to a columnar morpholo-
gy. ' Photomicrographs of this morphology show the
well-known fracture surface roughness which appears as
columnlike structures 200—300 nm in diameter, extending
from the substrate through to the surface of the deposited
film. The SiH„peaks of the infrared spectra of these
films are essentially the same in position and shape as
those of films which have neither columnar structure nor
any appreciable amount of contaminants, indicating that
the local environments of all these films are similar.

In a previous paper, we showed that the infrared spec-
tra of our microwave-deposited a-Si:H films evolved with
time near room temperature. The main features of this
evolution are decreases in the intensities of the SiH2 ab-
sorption peaks near 2100 cm ' (stretching), 896 cm
(bending), and 635 cm ' (wagging), which followed the
first-order kinetic rate equation

A, =Aoexp( —k t),
where 2, is the absorbance of the peak located at fre-
quency v at a time t after film deposition, Ao is a con-
stant and k is the first-order rate constant for the pro-
cess. These peaks are shown in Figs. 1 and 4 of Ref. 3
and all were found to evolve with the same kinetics.

In addition, an increase was seen in the intensities of a
complex band in the 1200—800 cm ' range, characteristic
of bonding between Si and 0, C, and N. In this paper, we
present an analysis of the kinetics of that complex band of
contaminants, as measured by Fourier-transform infrared
(FTIR) spectroscopy. This analysis shows that the in-

creasing contaminant peaks and the decreasing SiH2 peaks
evolve with similar rate constants. Elastic recoil detection

(ERD) and etching measurements were also used, in an ef-
fort to clarify the mechanism of SiH2 loss.

In particular, we address not only the time-dependent
decreases of the SiHz peaks but why they are associated
with identical increases in the contaminant-associated
peaks. These new findings are examined in light of the
possibilities suggested in our previous paper: (1) the loss
of singlet silylene trapped during deposition or (2) the on-
set of chemical reactions initiated by the contaminants.
As we shall note, time-dependent processes also occur in
noncolumnar material. We believe them to be the same as
those occurring here, albeit at a far slower rate. Thus, the
intentional fabrication of this material permits the evalua-
tion of the kinetic rate processes of contamination, a
study which would be impractical for the noncolumnar
material.

II. EXPERIMENTAL

A. Materials preparation

The large-volume microwave plasma (LMP) generator
previously described ' has been used under conditions
which intentionally produce thin films having columnar
structure. The plasma generator operated at 2.45 GHz,
using a SiH4/Ar feed mixture at pressures of 4.7 and 21.6
Pa, respectively. An applied average power density of
(0.1 W/cm was used to deposit films onto crystalline Si
substrates heated to 300 'C. Such conditions produced
films about 1 pm in thickness for deposition times of 30
min, the thicknesses of our films being determined by pro-
filometer, scanning electron microscope, and ERD pro-
files.

B. Characterization techniques

The IR spectrometer used was a Nicolet series 6000
FTIR which operated at a resolution of 3 cm ' with an
estimated signal-to-noise (5:N) ratio of approximately 40.
This value of S:Xwas too low to permit the use of the ac-
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companying software to deconvolute the peaks. Instead,
deconvolution was accomplished with the older baseline
and visual techniques. We note that the various peaks ob-
served in our samples evolved at different rates. Thus, the
subtraction of the absorption spectra obtained at different
times following the preparation was used to identify the
positions and shapes of the time-dependent absorption
peaks. The reproducibility of the envelope from its com-
ponents was always very good, as judged visually.

The ERD nuclear scattering technique described previ-
ously was employed to study the hydrogen profile of
an a-Si:H film over a period of two days following
preparation. In this technique, a beam of C1 is used to
forward scatter the hydrogen and other light elements,
which were then mass and energy analyzed. Spectral
deconvolution leads to depth profiles of these light ele-
ments. In order to compare the results obtained by ERD
with those obtained by infrared spectroscopy, a freshly
prepared film was broken into two parts, which were
simultaneously studied by ERD and FTIR at similar in-
tervals of time subsequent to fabrication. This technique
is not influenced by the morphology of the sample

The etching of our films, after their evolution had ter-
minated, was carried out in 20 volume percent hydro-
fluoric and deuteroAuoric acids, diluted in H20 and D20,
respectively. The samples were thoroughly rinsed in di-
luent, following those treatments. Their infrared spectra
were obtained prior to and immediately after etching.

III. RESULTS

A. Infrared analysis of the evolution
of the contaminant peaks

The kinetics of the evolution of the SiH„peaks have al-
ready been reported. ' The dominant feature is the first-
order decrease of the peak intensity of the SiH2 stretching
mode at 2100 cm ', A, ', to a nonzero final value,

The intensity of the SiH2 bending mode, A, , d-
creases to zero in the same time interval and with the
same kinetics, as does the weaker intensity wagging mode,
A, . The improved statistics provided by the accumula-
tion of further data have permitted us to more precisely
calculate EHt and b,St, the enthalpy and entropy of ac-
tivation, respectively, in the temperature range 20—57 'C.
These values are found in Table I.

Over the same observation period, contamination peaks
in the 1200—800 cm ' region developed and grew. We
were able to follow closely the growth of these peaks by
successively subtracting the infrared spectra obtained on
any given sample at various times. Figure 1 shows the
difference of two ir spectra of the same sample taken 2
and 10 h after its preparation. We observe an increase of
peaks centered around 1000 and 800 crn ', as well as the
decrease of the SiH2 bending mode, which appears as an
inverted peak at 896 cm '. Figure 2 shows the difference
of two ir spectra obtained on the same sample at times of
22 and 66 h after its preparation. The examination of
many difference spectra, such as those illustrated in Figs.
1 and 2, has revealed the presence of four dominant peaks
in that spectral region. By assuming a Gaussian shape to

TABLE I. Activation parameters for various time-dependent
infrared absorption peaks.

Peak (cm ')

2100
1112
1056
1000

AH~{kJ/mol)

92+7
90+ 10
56110
92+7

AS ~(J/mol K )

—44+20
—50+30

—170+50
—44+20
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FIG. 1. Difference spectrum for a sample held at 43'C, tak-
en 10 and 2 h after deposition. The dotted lines are the decon-
voluted peaks. A contaminant peak at approximately 880 cm
is not shown to avoid confusion with the inverted peak at 896
cm '

~ The inverted peak at 896 cm ' is due to the decrease of
the SiH2 bending mode early in the evolution.

those four peaks, located at 1180, 1112, 1056, and 1000
cm ', and with full widths at half maxima (FWHM) of
50, 100, 90, and 90 cm ', respectively, we have been able
to reproduce the undeconvoluted 1200—1000 cm ' region
at all stages of the evolution. The deconvoluted peaks are
represented by dashed lines in Figs. 1 and 2, along with
those in the 800—900 cm ' range, discussed below.

The absorption sites responsible for the multiple peaks
found in the 1000 cm ' region are not yet known. Bond-
ing between Si and 0, C, and N atoms is known to pro-
duce absorptions in this region from stretching vibrational
modes. ' Generally, such bonds also have less intense
bending-mode absorption peaks around 800 cm '. We
have observed (see Figs. 1 and 2) peaks in that region,
whose time-dependent intensities correlate well with those
of the more intense stretching peaks. Thus, the peaks at
1112, 1056, and 1000 cm ' have corresponding bending
peaks at 880, 840, and 800 cm ', respectively. Linear
correlations of the intensities of these pairs of peaks dur-
ing their evolution show a typical correlation coefficient
of 0.96 for about fifty pairs of experimental points.

The peak located at 1180 cm ' did not have a counter-
part in the 800 cm ' region but, instead, was correlated
with the growth of a peak at 460 cm '. The linear fit be-
tween the intensities of those two peaks also showed a
good correlation coefficient, 0.97, for 20 points.

The kinetics of the evolution of the contaminant peaks
situated at 1112, 1056, and 1000 cm ' have been fitted to
a first-order kinetic rate equation of the type:

A, =A [1—exp( —k t)],
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tained 2, 18, and 42 h after deposition. We observe, in
that period, a loss of hydrogen within a distance of about
0.4 pm from the outer surface, whereas, below 0.4 pm,
the hydrogen content remains constant. One notes that
this surface layer thickness corresponds roughly to that of
the surface layer contaminants.

In Table II, we have listed the relative loss of hydrogen,
b(NH), l(NH), z, as computed from the integrals of the
hydrogen concentration curves of Fig. 6. The concentra-
tion of hydrogen beyond 0.6 pm, not shown in Fig. 6, was
taken to be constant at a value given by the average of the
H concentration before 0.6 pm. Table II also contains the
relative loss of Si-bonded hydrogen computed from the in-
tegrated infrared stretching bands, on the same sample, at
identical times after deposition (the sample had been bro-
ken into two parts after deposition). This calculation of
the loss of hydrogen is valid, provided that the oscillator
strengths of all the SiH„stretching modes are nearly iden-
tical, as is the case for silane gas. The average oscillator
strength of the SiH„stretching modes of our films was
found, from FTIR and ERD, to be 4.2 cm /mmol, in
good agreement with previously published proportionality
constants.

By comparing the loss of hydrogen in this way, we
eliminate any errors that might arise due to the uncertain-
ties in the values of both the oscillator strength and the
sample thickness. Therefore, the uncertainties in the
values listed in Table II are uniquely due to the uncertain-
ties in the evaluation of the integrals of the ERD and in-
frared spectra. This confirmation of the hydrogen loss by
two distinctly different methods strongly supports the
view that hydrogen has evolved from the film.
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C. Etching

A few samples were subjected to chemical attack in ei-
ther HF or DF solutions after their spectra had stopped
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FICx. 6. Hydrogen profiles determined by ERD as a function
of time: (a) 2, (b) 18, and (c) 42 h after the fabrication. The
sample was at ambient temperature during the ERD scans.

FIG. 7. Absorption due to contaminants (a) after an exposure
of the sample to ambient air for several months and (b) after
etching in DF.
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radio-frequency plasma system did not show columns and
showed much lower levels of C and O. ' The time depen-
dence of infrared absorption peaks in the region where Si,
singly bonded to C, 0, and N„ is known to absorb
( —1100 cm ') (Refs. 6 and 7) confirms that atmospheric
contaminants penetrate our LMP films and this, over
periods of up to several weeks after the fabrication. A
close look at the evolution of that spectral region reveals
that many peaks and, therefore, many contaminant sites,
are present in our LMP films.

FIG. 8. Difference spectra showing the growth of the SiD2
stretching peak after etching in DF.

changing (a few months after their preparation). An etch-
ing time of 30 sec was sufficient to remove all the con-
taminant absorption peaks in the 1200—800 cm ' region,
as well as the 460 cm ' peak. This is shown in Fig. 7.

The second effect of this chemical attack was the reap-
pearance of SiHz peaks when HF was used and the intro-
duction of a peak at 1524 cm ' when DF was used. Fig-
ure 8 shows the peak at 1524 cm '. The ratio of the SiHz
stretching frequency, 2100 cm ', to that of the peak at
1524 cm ' (1.38) agrees well with the square root of the
ratio of the reduced masses of SiDz and SiH2 (1.39). This
suggests that the peak at 1524 cm ' is due to the SiDz
stretch. Confirmation is provided by the appearance of a
less intense peak at 650 cm ' which agrees well with the
square root of the reduced mass factor for the SiHz bend-
ing frequency (896 cm '). Brodsky et al. and Freeman
and Paul' found values of 1.39 and 1.37, respectively, for
their SiD„peak shifts.

By comparing the areas under the appropriate peaks,
the amount of SiHz or SiDz which was formed after the
etching was found to be 85%%uo of the concentration of SiHz
sites that appeared immediately after deposition. The SiH
peak at 2000 cm ', which remained essentially stable dur-
ing the evolution (showing variations of about 0.05 of its
initial height), was not affected by these treatments.
Futhermore, no traces of SiD or SiHD stretching peaks
were found after etching in DF. Following etching, the
time-dependent process was seen to start anew; a decrease
in the SiHz (or SiD2) peaks was accompanied by an in-
crease in the contaminant peaks around 1000 cm ', previ-
ously shown to be due to bulk contamination. The de-
crease once more followed first-order kinetics but the rate
was about 3 times slower than the rate observed immedi-
ately after sample preparation.

IV. DISCUSSION

A. Contaminant peaks (1200—800 cm '
)

LMP samples have a columnar morphology, which is
known to have a higher concentration of free radicals'
than radio-frequency (13.56 MHz) samples and, hence, a
greater ability to adsorb some contaminants; we find
about 3% C and 4% O. Samples made under similar con-
ditions of cleanliness but with the more conventional

B. SiH2 stretching peak

We had initially proposed that the extremely stable'
singlet silylene (:SiHz), known to be present in the plas-
ma, ' ' could be trapped in voids in the film. Its loss
could account for the decrease of the SiHz peaks. What-
ever the proposed mechanism which might be responsible
for the loss of hydrogen from SiHz sites, it must be com-
patible with the following:

(1) We have observed a linear relation between the de-
crease of the SiHz peaks and the increase of certain con-
taminant peaks, suggesting that contamination plays a
role in the disappearance of this peak.

(2) The values of b, H" and b.St found for the decrease
of the SiHz stretching peaks are such that, at 300 'C
(which is the temperature of the sample immediately after
the preparation), the time dependence of those peaks
should have been over within a fraction of a second. This
strongly supports our view that subsequent reaction with
atmospheric contaminants plays a role in the decrease of
the SiHz peak.

(3) We have not observed the growth of peaks that
might indicate that the SiHz hydrogens could have been
transferred to other sites during the evolution (e.g. , OH,
NH). We have seen CH„peaks but their evolution does
not suggest any relation with the decrease of the SiHz
peaks.

(4) The loss of hydrogen, as determined by ERD, is well
correlated with that determined by the integrated SiHz
stretching peak, as well as with the layer thickness occu-
pied by the surface layer contaminants. Further, the ki-
netics of SiHz loss and 1200 cm ' contaminant growth
were identical. This suggests that hydrogen from those
sites actually leaves our films during the evolution.

(5) After etching in HF (or DF), the evolution was seen
to begin anew; the SiH2 (or SiD~) peaks which appeared
after the etching were seen to decrease as contaminants
peaks in the 1000 cm ' region (cleaned by the etching)
grew once more. The SiH peaks remained unchanged.

The diffusion of silylene out of the sample would ex-
plain points 3 and 4 above. It does not, explain points 1

and 2 in a straightforward manner and could hardly be
reconciled with point 5. Therefore, the diffusion of
silylene out of our samples as a mechanism for the de-
crease of the SiHz peaks appears inadequate. Further-
more, the stability of singlet silylene in an a-Si:H struc-
ture is probably insufficient to account for the half-life
(approximately 6 d) observed in the first-order decrease of
the SiHz peaks at room temperature. '

The diffusion of atmospheric contaminants into our
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films appears to play an important role, as yet unknown,
in the time-dependent loss of SiHz sites. Indeed, we might
imagine a process through which some contaminants
penetrate the columnar structure of our films and react
with the SiH2, with a simultaneous loss of hydrogen. In
the following subsection, we offer a possible mechanism
for the initiation of this process.

C. Time-dependent processes in a-Si:H

two penetrants: Oz and the ubiquitous hydrocarbons in
the atmosphere. In support of the ability of these hydro-
carbons to contaminate, a recent EELS review has noted
that hydrocarbons react with activated surfaces through
the making and breaking of bonds, to give the surface hy-
drocarbon layers previously found on a-Si:H surfaces.
Further, they confirm the presence of reactive vinyl unsa-
turation [peaks at 1440 and 1840 cm ' (Ref. 31)] previ-
ously found by Stein.

Studies in our laboratory have demonstrated the ex-
istence of time-dependent ir spectral changes in non-
columnar a-Si:H films. These changes were manifested
by reductions in Si-H„vibrational peak heights, increases
in contaminant peak heights and chemical shifts, as in the
present results. They were, however, very slow, occurring
over a period of years. It was these findings which
prompted us to search for samples which exhibited
changes over a time scale short enough to be used for ki-
netic determinations, as in the present study.

There is evidence that both plasma-deposited' and
solution-deposited' ' a-Si:H prepared by other workers
show contamination and changes in Si-H„peaks when ex-
posed to the atmosphere. The data of Freeman and
Paul, ' taken on plasma-deposited material over the com-
plete spectral range of 200—4000 cm ', are remarkably
similar to our own, showing the same changes in Si-H„
and contaminant peaks. Those of John and cowork-
ers, ' ' taken on solution-deposited material, are con-
fined to the Si-H„peaks; they are, however, similar to our
spectra. As recently noted, these findings are almost
identical to those obtained when oxygen is intentionally
incorporated during the fabrication process. '' "' '

The reactions occurring in these films are complex and,
as shown here, involve the making and breaking of bonds,
as well as the migration of chemical species. They have
only begun to be sorted out. The question of which con-
taminants penetrate, to serve as reactants for this process,
can be considered in a more straightforward manner:
both oxygen and carbon have been found to contribute to
subsurface contamination, while a hydrocarbon layer has
been detected on the surface.

One may effectively eliminate water as a source of oxy-
gen because of the absence of OH peaks in the spectra:
both ir (Refs. 26 and 27) and election-energy-loss spectros-
copy (EELS) (Ref. 28 and 29) show such peaks under con-
ditions where water reacts with silicon surfaces. Carbon
monoxide may also be eliminated, based on orbital re-
quirements for p~-da interactions, as well as the absence
of ir peaks expected for CO reaction. Based on the simi-
larity of contaminated and oxygenated a-Si:H spectra, as
well as the presence of carbon, it appears that there are

V. CONCLUSIONS

Our a-Si:H films, prepared in microwave discharges
under conditions which intentionally give columnar mor-
phology, were found to exhibit time-dependent ir spectral
changes. The SiH2 sites at 2100, 896, and 635 cm ' all
decreased with the same kinetic rates although that at
2100 cm ' had a nonzero final value. At the same time,
contaminant peaks, due to Si bonded to O, N, and C, be-
gan to grow in the 1200—800 cm ' region. Those at 1112
(surface contamination) and 1000 (bulk contamination)
cm had the same kinetics as the SiHz peaks, indicating
that they are related.

The decrease in SiH2 peaks appears to be due to a loss
of hydrogen. This is demonstrated by ERD hydrogen
profiles, which show a progressive loss of hydrogen from
the sample surface. This loss correlates exactly with that
calculated from the diminution of the ir peaks. Etching
in HF removes the contaminant peaks and reintroduces
SiH2 peaks, whereupon the time-dependent processes be-
gin anew.

Our results are consistent with a model in which con-
taminants penetrate a columnar film, with Oz and hydro-
carbon contaminants reaching only a limited depth. Re-
action with the amorphous silicon leads to the breaking of
SiHz bonds, loss of hydrogen, and the incorporation of the
contaminants into the matrix. Etching with HF removes
these structures, reintroducing SiH2 bonds. While the na-
ture of the detailed reactions is presently unknown, the
similarity of the present results to those found for non-
columnar material makes it likely that the reactions found
here occur in all a-Si:H material, the principal difference
lying in the speed with which they occur.
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