Fluorine-incorporation scheme in fluorinated
amorphous silicon prepared by various methods.
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Fluorinated amorphous silicon (a-Si:F) films are prepared by three different methods:

glow-

discharge decomposition of SiF, gas, magnetron sputtering, and conventional diode sputtering. The
incorporation scheme of F atoms is investigated by means of nuclear magnetic resonance (NMR) and
infrared (ir) absorption measurements. '’F NMR signals observed at 4.2 K can be simulated by su-
perposing signals from dispersed F atoms, clustered F atoms, SiFs; molecules, and SiF; species. The
content of SiF, increases by annealing in agreement with an increase in the intensity of ir absorption
at 1020 cm~'. '"F NMR signals at 77 K and at room temperature show the effect of motional nar-
rowing because SiF4 molecules move easily in the amorphous network.

I. INTRODUCTION

Hydrogenated amorphous silicon (a-Si:H) is now
widely applied in photovoltaic devices. The role of hy-
drogen in reducing defects in a-Si:H has been made fair-
ly clear. Not only do hydrogen atoms play a role in ter-
minating dangling bonds, but also dispersed H atoms re-
lax the overcoordinated strained network structure and
prevent creation of dangling bonds.! The incorporation
scheme of H atoms in a-Si:H has been investigated by
means of nuclear magnetic resonance (NMR). It is
known that the NMR signal of H atoms in a-Si:H can
be deconvoluted into two components, a narrow
Lorentzian line and a broad Gaussian line, which are at-
tributed to dispersed H atoms and clustered H atoms, re-
spectively.?

Fluorinated amorphous silicon (a¢-Si:F) is more heat
resistant than a-Si:H.? However, a-Si:F with defect den-
sities as low as that in device-quality a-Si:H has not yet
been fabricated. It is generally considered that F atoms
act as dangling-bond terminators like H atoms, but the
role of F atoms in reducing dangling bonds is not clear so
far. From an analogy with the role of dispersed H atoms
which are effective in reducing dangling bonds,! it is ex-
pected that F atoms in the form of dispersed
monofluoride (SiF) might play a role in reducing dangling
bonds.

According to Janai and co-workers,* H atoms in a-Si:H
are incorporated in pairs by selectively dissociating
strained Si—Si bonds because the Si—H bond strength is
slightly lower and almost equal to the Si—Si bond
strength, while F atoms in a-Si:F are incorporated ran-
domly in the Si network because the Si—F bond strength
is much higher than the Si—Si bond strength. They also
suggested that these randomly incorporated F atoms will
contribute to the narrow NMR line as do the dispersed H
atoms in a-Si:H, whereas the broad NMR line should be
attributed to SiF4 molecules.

Recent NMR,>® infrared (ir) absorption,” and
calorimetric®® studies have revealed concrete evidence of
the existence of H, molecules in a¢-Si:H. We have report-
ed evidence of the existence of SiF4; molecules in a-Si:F
films by means of NMR.!°

In the present work, a-Si:F films prepared by various
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methods are investigated by means of ir and NMR mea-
surements. Changes by annealing are also investigated in
order to see the changes in the incorporation scheme of F
atoms. One of the purposes of the present work is to test
the suggestion made by Janai ez al.*

II. EXPERIMENTAL

a-Si:F films were prepared by three different methods:
(1) glow-discharge (GD) decomposition of SiF, gas, (2)
magnetron sputtering (MS), and (3) conventional diode
sputtering (DS). In all three methods, rf power (13.56
MHz) was supplied to the discharge chamber. Sample
films were deposited on aluminum-foil substrates,
crystalline-silicon substrates, and glass substrates. In the
GD method, SiF, gas was introduced in a furnace in
which debris of crystalline silicon was kept at 1120°C to
create SiF, gas.'"!2 The SiF, gas mixed with the un-
decomposed SiF, gas was then introduced in the
discharge chamber. In the MS and DS methods, a
crystalline-silicon target was sputtered in a gas mixture
of Ar and SiF,. Table I shows the deposition parameters
for the different methods.

Pulsed NMR measurements were performed at 16
MHz at 4.2 K, 77 K, and room temperature for films de-
posited on aluminum-foil substrates. The films had been
removed from the substrates by dissolving the substrates
in dilute HCI solution and had then been dried in an oven
at 50°C. The F content was determined by comparing
the NMR signal intensity of the film with that of a stan-
dard sample (C¢HsF). Free induction decay (FID) signals
following 90° pulses were accumulated by using a digital
storage oscilloscope. Since our NMR apparatus employs
single-phase detection, a deviation of the resonant fre-
quency from the resonance condition would lead to a
ringing of the FID curve. In order to ascertain that the
shape of the observed FID curve is not caused by the off-
resonance condition, the resonant frequency was carefully
determined before data aquisition by increasing and de-
creasing the frequency so that a small amount of frequen-
cy deviation in both directions around the resonant fre-
quency gave the coincident signal on an oscilloscope.!?
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TABLE 1. Sample preparation conditions and F content determined by NMR.

Pressure
or

Method Gas flow rate

Substrate
rf power temperature
(W) (°C)

F content
(at. %)

GD SiF2+ SiF4
MS Ar + SiF4(10%)
DS Ar + SiF4(8%)

0.7 Pa
1.3 Pa

10 cm® at STP

20 300 ~5
200 300 ~11-15
250 100 ~ 18

The accumulated FID signal was then transformed into
the frequency domain by fast Fourier transform. The
spectrum in the frequency domain was fit by a spectrum
simulated by superposing several spectra of different ori-
gins. Our measurement system had a dead time of ~10
usec at 4.2 K. Since the FID signal changes largely
within the first 50 usec as shown in Fig. 1, the loss of the
data within the dead time of 10 usec might have a serious
effect on the overall signal shape. Hence the effect of dead
time on the Fourier-transformed signal shape was checked
by using a FID curve whose Fourier-transformed signal
had a Gaussian shape with full width at half maximum
(FWHM) of 20 kHz. Although the deviation between the
theoretical Gaussian curve and the curve obtained by
Fourier-transforming the FID with a dead time is fairly
large when the dead time is taken to be 20 usec, it is al-
most negligible for the use of the fitting procedure when
the dead time is taken to be 10 usec. Although the ob-
served spectrum in the frequency domain which is ob-
tained by Fourier-transforming the observed FID does
not have a Gaussian shape but has some weak structure,
we assume that the effect of the dead time is also negligi-
ble. After fitting the observed spectrum in the frequency
domain by superposing several spectra with different in-
tensities and linewidths, each of which originates from
specific types of F-incorporation scheme, the simulated
spectrum is inversely Fourier-transformed into the time
domain and the simulated FID is compared with the ob-
served FID. At this stage the fit was almost satisfactory,
but if there was a deviation between the simulated FID
and the observed FID, the fitting procedure in the fre-
quency domain was repeated.

Fourier-transformed ir measurements were made at
room temperature on films deposited on crystalline-silicon
substrates. The sample was set so that the angle between
the normal direction to the film surface and the incident
beam direction was Brewster’s angle (~73°). Then the
angle was slightly increased and decreased until the fringe
pattern due to the interference within the film thickness
disappeared.

III. RESULTS

Figure 1 shows free induction decay (FID) curves of
NMR for F atoms in as-deposited and annealed a-Si:F
films observed at 4.2 K for (a) MS and (b) GD films. Un-
like the FID curves for H atoms in a-Si:H those for F
atoms in a-Si:F exhibit a hollow at around 50 usec.
Moreover, this hollow is deepened by annealing as seen
from the figure. Similar hollows in FID curves are also
observed for F atoms in the as-deposited DS film.!°

(a)

MS a-SiiF
F FID at 4.2 K

600°C annealed

500°C annealed

Intensity (arb. units)

as-deposited

0 100 200
Time ( usec)

(b)

GD a-SiF
B¢ FID at 4.2K

600 °C annealed

500°C annealed

Intensity (arb. units)

as-deposited

1 | 1 B |

0 100 200
Time (pusec)

FIG. 1. FID curves of '’F NMR at 4.2 K for as-deposited
and annealed a-Si:F films: (a) MS a-Si:F and (b) GD a-Si:F.
The dotted curves are drawn by simulation (see text).
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Hence these characteristic hollows indicate that the incor-
poration of F atoms in ¢-Si:F films is different from that
of H atoms in a-Si:H films.

Figure 2 shows FID curves observed at 77 K for (a)
MS and (b) GD films. It should be noted that for the
MS film annealed at 600°C there appears an elongated
tail which corresponds to an absorption signal with a
narrow linewidth in the frequency domain. This narrow
line is determined to be caused by motional narrowing
because it does not appear at 4.2 K. A similar motional

(a)
MS a-SiF
' FID at 77K

‘0
et 600°C annealed
5
E -
o
z
‘@
S 500°C annealed
;é -

as-deposited

1 | 1 ]
0 100 200
Time ( usec)
(b)
GD a-Si:F

F FID at 77K
P
c 600°C annealed
3
é -—
o
z
‘@
5 500°C annealed
L

as -deposited

1 | 1 ]
0 100 200

Time ( usec)

FIG. 2. FID curves of '’F NMR at 77 K for as-deposited and
annealed a-Si:F films: (a) MS a-Si:F and (b) GD a-Si:F.
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narrowing is also clearly seen at 77 K for the GD film
annealed at 600 °C by comparing the FID curves at 77 K
[Fig. 2(b)] and at 4.2 K [Fig. 1(b)]. Although the GD
film was not large enough to be measured at room tem-
perature, motional narrowing was found to become
prominent for the as-deposited and the annealed MS
films and the as-deposited DS film as the temperature
was increased to room temperature. The NMR signals
for the MS films at room temperature can be fitted by a
single Lorentzian line whose linewidth decreases upon
annealing. The NMR signal for the DS film at room
temperature also has a dominant contribution from the
narrow Lorentzian line, but a Gaussian component of
about one-third of the total F atoms is also included.
These results on motional narrowing indicate that in all
the a-Si:F films there exist F atoms which can easily
move.

Figure 3 shows the temperature dependence of the
spin-lattice relaxation time 7';. Although the number of
temperatures at which measurements were done is limit-
ed, it is found that the films annealed at 600 °C exhibit a
minimum at a lower temperature than the as-deposited
films.

Figure 4 shows the change of the ir spectrum upon an-
nealing for (a) MS and (b) GD films. The intensity of the
peak at 1020 cm ™! increases and that at 830 cm™! de-
creases upon annealing. The result is qualitatively similar
to those already reported.’*~'® In the GD films, there ap-
pears an ir peak at 750 cm~! which is considered to origi-
nate from the Si-F-Si configuration.!”"!8

s as-dep. |600°Cann.
10° A
O [

i 0 L
@
- 10%

10" |

10° N

\\\%
] 1 1

10° 10' 10° 10°
Temperature (K)

FIG. 3. Temperature dependence of the spin-lattice relaxation
time 7.
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FIG. 4. ir spectra for as-deposited and annealed a-Si:F

films: (a) MS a-Si:F and (b) GD a-Si:F.

IV. DISCUSSION

An important feature of the FID curves for °’F NMR
in a-Si:F films is a hollow at around 50 usec, which in-
creases upon annealing, as shown in Fig. 1. We assume
that the NMR signals at 4.2 K are no more affected by
motional narrowing, although those observed at 77 K
and at room temperature are affected by it. Then, by
analyzing those FID curves at 4.2 K having a hollow,
we can obtain a knowledge of the F-atom incorporation
scheme. We first try to analyze the most prominent case
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of 600°C-annealed MS a-Si:F in Fig. 1. The FID curve
is converted into an NMR signal in the frequency
domain by Fourier transformation. The NMR signal ex-
hibits a weak shoulder (see Fig. 6), which can not be
deconvoluted into a broad Gaussian line and a narrow
Lorentzian line unlike the 'H NMR signals in @-Si:H,
but requires a double-peaked line in addition to a Gauss-
ian line or a Lorentzian line to reproduce the observed
signal.

Since F atoms have a larger chemical shift than H
atoms, the double-peaked line might be attributed to two
'F resonance lines with different chemical shifts arising
from different bonding schemes. The difference in the
chemical shifts of SiF, SiF,, SiF;, and SiF, is estimated
to be of the order of 10~* judging from the difference in
chemical shifts for Me,SiF,_, and Et,SiF, , com-
pounds (x =0, 1,2,3), where Me and Et denote a methyl
group and an ethly group, respectively.!” The chemical
shift of 10~* produces a frequency shift of 1.6 kHz.
Therefore, it is improbable that the separation between
the peaks of the double-peaked line of about 20 kHz [see
Fig. 6(a)] arises from chemical shifts.

It is known that interacting multiple spins (two, three,
four, etc.), which are identical with each other and are
only weakly coupled with other spins, exhibit a powder-
pattern signal with multiple peaks when their molecular
axes are oriented randomly with respect to the static
magnetic field.”> Thus the observed weak shoulder can
be attributed to weakly coupled SiF,, SiF;, or SiF,
groups. Figure 5 shows NMR spectra expected to arise
from these groups in the frequency domain. '°’F NMR

SiF2
—36 - zb -10 0 10 20 30 (kHz)
SiF3
-30 20 <10 0 10 20 30 (kHz)
—36 -20 -10 0 10 20 30 (kHz)

FIG. 5. 'F NMR spectra expected for SiF,, SiF3, and SiFa.
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line shapes for SiF, bonded to two Si atoms and SiF;
bonded to one Si atom were obtained from 'H NMR line
shapes observed for CaSO,4-2H,0 and CCl;-CH; (Refs.
20 and 21) by scaling the frequency axis by considering
the difference between H-H separation (1.58 A foor H,O0
and 1.79 A for CH;) and F-F separation (2.55 A) and
also the difference in the magnetogyric ratios for 'H
(Yyu=2.675%x10* s~ 'G™!") and PF (yp=2.517
x10* s~'G~'). Here we assumed C—H and Si—F
bond lengths to be 1.09 and 1.56 A, respectively, and the
angles between the C—-H and Si—F bonds to be 109.5°.
The '"F NMR line shape for SiF, molecules was ob-
tained by changing the frequency scale of the signal aris-
ing from CF, (Ref. 22) by taking account of the ratio of
the length of a Si—F bond to that of a C—F bond (1.34
A). As seen from Fig. 5, the separation between shoul-
ders expected from SiF, and SiF; seems to be too small
to explain the observed shoulders (see Fig. 6). Hence we
try to reproduce the observed signal by assuming the
presence of SiF, molecules.

By superposing a spectrum arising from SiF,; on a
broad Gaussian spectrum, we can simulate the observed
spectrum for 600 °C—annealed MS a-Si:F. Similar simula-
tion procedures were tried for other films, but we could

MS a-Si:F

600°C annealed

30  (kHz)

500°C annealed

-310 -20 A -:10 0 10 20 30 (kH2)
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not obtain such a good agreement between the simulated
signals and the observed ones within the restriction of su-
perposing only a spectrum arising from SiF, on a broad
line and a narrow line.”> We then tried to add a contribu-
tion from SiF; bonded to one Si atom for signals of films
other than 600 °C—annealed MS a-Si:F. Best fits were ob-
tained by the addition of SiF; when the F-Si-F angles
were decreased slightly (2°-7°) from 109.5°. Figure 6
shows the observed signals and their deconvolution in the
frequency domain.

Table II shows the results of the fitting for various
films. The narrow component and the broad component
are considered to arise from dispersed F atoms and
clustered F atoms, respectively, just as dispersed and
clustered H atoms contribute to the narrow and broad
NMR lines in a-Si:H.> Dotted curves in Fig. 1 are drawn
by using the parameters shown in Table II. As seen from
the table, the fraction of SiF, molecules increases with in-
creasing annealing temperature for both MS and GD
films. The results shown in Table II are different from
the suggestion of Janai et al., that the F atoms in a-Si:F
are only in the form of SiF4 and dispersed SiF species.*

In Fig. 7 we compare the fraction of F atoms in the
form of SiF, with the fraction of the intensity of the ir ab-

GD a-Si:F

600°C annealed

-
30 (kHz)

500°C annealed

30 (kHz)

as-deposited

20 30 (kHz)

! sE'AZAg" i -
-30 -20 -10 0 10

FIG. 6. '"F NMR signals observed at 4.2 K (solid curves) are deconvoluted into a narrow Lorentzian line (dot-dashed curves), a
broad Gaussian line (dashed curves), a line from SiF; molecules (dot-dot-dashed curves), and a line from SiF; species (dotted curves):
(a) MS a-Si:F and (b) GD a-Si:F. The sum of the component lines is not shown because it is almost hidden under the observed curve

in most parts.
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TABLE II. Results of deconvolution of the NMR signals observed at 4.2 K into a narrow Lorentzian
line, a broad Gaussian line, a line arising from SiFs molecules, and a line arising from SiF; species. Per-
centages of component lines to simulate the observed signals are shown. Line widths (full width at half
maximum) are also shown for the narrow component and the broad component.

Sample Anneal Narrow Broad SiF, SiF;
MS . 7.3% 72.3%
as-deposited 3.4 kHz 19.9 kHz 0% 20.4%
. 1.2% 52.9%
500°C 4.1 kHz 20.2 kHz 7.3% 38.6%
o 54.8%
600°C 0% 17.3 kHz 45.2% 0%
GD . 23.0% 44.2%
as-deposited 43 kHz 18.0 kHz 0% 32.8%
o 24.8% 28.9%
500°C 6.6 kHz 18.0 kHz 29.7% 16.6%
o 37.3%
600°C 0% 14.1 kHz 53.2% 9.5%
DS . 5.2% 56.4%
as-deposited 42 kHz 18.5 kHz 25.9% 12.5%

sorption at 1020 cm ™! in the integrated intensity for all

the ir absorptions arising from Si-F stretching vibrations
for various films with and without annealing. The fact
that the fraction of the 1020-cm ™' absorption is close to
the fraction of SiF, obtained by NMR measurements
strongly supports the identification of this ir peak with
SiF,.'*~1® Tt is not reasonable to assign the 1020-cm ! ir
peak to SiF;,?*?° because after annealing at 600°C this
peak increases as shown in Fig. 4, while the fraction of
SiF; decreases as seen from Table II.

Moreover, the result in Fig. 7 indicates that the oscilla-
tor strengths for the ir absorption peaks are not different
between the 1020- and 830-cm ! peaks. A constant oscil-
lator strength for the different ir peaks is also obvious

60
= o GD
o I o MS o °
8” a DS
o “40r
- [e]
= L
s A
< 20f
o
w
| [ ]
O L 1 . - | A
0 20 40 60
Fraction of SiFa (o)

FIG. 7. The fraction of F atoms in the form of SiF4 molecules
obtained from NMR vs the fraction of the intensity of the ir ab-

sorption at 1020 cm~! in the integrated intensity for all the ir ab-
sorption arising from Si-F stretching vibrations for various films
with and without annealing.

since the integrated intensity of the ir absorption in Fig. 4
is roughly constant, although annealing makes the 830-
cm ™! peak decrease and the 1020-cm ' peak increase.
The fact that the oscillator strength for the Si-F stretching
vibration is unchanged for the different absorption peaks
is in contrast to the proposal by Cardona that the oscilla-
tor strength of the Si-H stretching vibration at 2100 cm !
is quite different from that at 2000 cm~! in a-Si:H.%°

We now compare the results in Table II obtained at 4.2
K with those in Fig. 2 at 77 K. Although the
600 °C-annealed films have no narrow component at 4.2
K as seen from Table II, these films exhibit slow FID de-
cays corresponding to a narrow component at 77 K as
shown in Fig. 2. The NMR signals at 77 K for
600 °C-annealed films can be deconvoluted into a broad
Gaussian line and a narrow Lorentzian line. Since SiF4
molecules are expected to move easily as temperature in-
creases, the prominent effect of motional narrowing as
shown in Fig. 2 is expected to originate from the motion
of SiF4 molecules. The correlation time for motion, 7.,
can be estimated from the narrowed linewidth by using an
expression,

(b)) = (60)0)2% tan~ "adwT,) ,

where 8w is the narrowed linewidth, (8wg)? the second
moment of the rigid lattice, and @ a numerical factor of
order unity.?° If we take the full width at half maximum
(FWHM) at 4.2 K for 8wy and the FWHM of the nar-
rowed line at 77 K for 6w and a=1, we get
Te~3.6X107° sec and 7, ~4.0x107% sec at 77 K for
MS and GD films annealed at 600 °C, respectively. The
value of 7. for F atoms in fluorinated and hydrogenated
amorphous silicon [a-Si:(F,H)] reported previously is
close to these values at 77 K and decreases at higher tem-
perature.?’” In the NMR signals at 77 K for
600 °C-annealed films, the fractions of the narrow com-
ponents are 30% and 26% for MS and GD films, respec-
tively. Comparing these percentages with 45.2% and
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53.2% of the SiF, fractions for 600 °C—-annealed MS and
GD films, respectively, we conclude that a part of the
SiF,; molecules does not move rapidly enough to make
the NMR line motionally narrowed at 77 K. The fact is
consistent with the previous result that 7. further de-
creases above 77 K.’

In the temperature dependence of the spin-lattice relax-
ation time T, shown in Fig. 3, the minimum occurs at
lower temperature for the 600 °C—annealed films than for
the as-deposited films. It is possible that the increase in
movable SiF, molecules by annealing brings the shift of
the T, minimum, but a detailed mechanism of the tem-
perature dependence of T'; is not clear at present.

We previously reported on the relation between the
density of dangling bonds and the H-incorporation
scheme in @-Si:H films: Dispersed H atoms which con-
tribute to the narrow component of the NMR signal have
a role in reducing the density of dangling bonds.?® About
5 at. % of dispersed H atoms can reduce the density of
dangling bonds to ~10'® cm~3. F atoms are expected to
have the same role as H atoms in the sense that singly
coordinated F atoms bond with dangling bonds and ter-
minate them. However, the density of dispersed F atoms
which contribute to the narrow component of the NMR
signal is at most 1.2 at. % in our samples of MS, GD, and
DS a-Si:F films, and the density of dangling bonds mea-
sured by electron spin resonance is 8.4x10'® cm~3 to
1.8 10" cm~3. Hence we cannot say whether the
dispersed F atoms in a-Si:F have the same role as the
dispersed H atoms in a-Si:H. Sample films with a large
amount of dispersed F atoms are needed to answer this
question.
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V. CONCLUSION

The incorporation scheme of F atoms in a-Si:F films
prepared by (1) glow-discharge decomposition, (2) mag-
netron sputtering, and (3) conventional diode sputtering
was investigated by means of NMR and ir measure-
ments. The FID curves of ’F NMR at 4.2 K have a
characteristic hollow at around 50 usec which is not ob-
served for 'H NMR in a-Si:H films. The observed
NMR signals can be simulated by superposing signals
from dispersed F atoms, clustered F atoms, SiF, mole-
cules, and SiF; species. By annealing at 600 °C, the con-
tent of SiF, molecules estimated from the simulation of
the NMR signal and the intensity of the ir absorption at
1020 cm ™! increase. Since these two quantities are close
for all films, the ir absorption at 1020 cm~! is con-
sidered to originate from SiF, molecules. Since SiF,
molecules are easy to move in the amorphous network, a
prominent effect of motional narrowing is observed at 77
K and at room temperature for NMR signals for
600 °C—annealed films.
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