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Effect of fluorine on the structural and electronic properties of a-Si:H:F
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The effects of fluorine incorporation on the microstructural and electronic properties of a-Si:H:F
with 1 —7 at. % F have been systematically studied. Infrared spectra show that as the fluorine con-
tent increases, silicon dihydride bonding increases. Density measurements confirm that this is asso-
ciated with an increase in microvoid content, suggesting that fluorine induces the formation of voids
which are lined with SiHz. %'ith the increase in F and SiH2, the photoconductivity of the material
decreases over 4 orders of magnitude. A review of the literature shows that the appearance of SiH2
is a universal result of ) 1 at. 'Fo F incorporation by many techniques and is not limited to the
present study. Mechanisms by which fluorine can induce structural changes are evaluated. These
results are contrasted with the use of fluorinated process gases to deposit microcrystalline films and
Si-Ge alloys. This has implications for the incorporation of fluorine in photovoltaic devices.

I. INTRODUCTION

The suggestion by Madan et al. ' of improved electron-
ic properties from the incorporation of fluorine in amor-
phous silicon spurred extensive research into the prepara-
tion of a-Si:H:F. In the initial work, films fabricated by a
glow discharge of SiF4 and H& were reported to have a
low density of localized states (particularly near the sur-
face ), no photoinduced degradation, and high conduc-
tivity when doped. The subsequent scientific literature
seems to be divided between reports of enhancement and
reports of degradation of the film properties with F incor-
poration, In reviewing the literature, we need to
differentiate between fluorinated amorphous silicon and
amorphous silicon deposited using fluorinated process
gases but which contains ( 1 at. % F. In particular, we
confine comparisons in the following discussion to films
containing typically 1 —5 at. % F, although this range
may extend to 15 at. % F in some reports.

In agreement with Madan's results, other researchers
reported ' device quality a-Si:H:F fabricated in a glow
discharge of SiF4 and SiH4, or SiH2Fz. In contrast,
several other groups report a lower photoconductivity
in a-Si:H:F (Refs. 5 —8) and a-Si:F. ' Usui er al.
specifically show a decrease in the dark and photocon-
ductivity as the mole fraction of SiF4 increases in a glow
discharge of SiH4 in Ar. Similarly, Carlson and Smith
found that the conversion efficiency of p-i'-n solar cells
decreases as SiF4, HF, or F2 is added to a SiH4 discharge
during the i-layer deposition.

A potential advantage of fluorine over hydrogen is the
higher strength of the Si—F bond. This may be expected
to improve the termination of Si dangling bonds and pro-
vide increased thermal stability and decreased photode-
gradation. Again, experimental results vary in their sup-
port of this proposition. It has been demonstrated using
a-Si:F that fluorine is able to passivate dangling bonds"
but the spin density is still as high"' as in a-Si:H or
higher. ' Several groups report that the light-induced de-

gradation of the dark conductivity' ' or photoconduc-
tivity' is less severe in fluorinated films, although this
comparison is limited when the films are not initially of
device quality. It was also reported that fluorination
made a-Si:F more heat resistant since the F content, ir
spectra, and temperature dependence of the dark conduc-
tivity were unchanged after annealing to 600'C. Howev-
er, another annealing study" shows that SiF4 bubbles
form inside a-Si:F with heating to 450'C.

Because fluorine attacks Si—Si bonds, it was proposed
that it would etch the surface during growth and improve
the film microstructure. ' However, based on thermo-
dynamic considerations the opposite has also been ar-
gued Since the formation of any Si—F bond reduces
the system free energy, fluorine can bond at any site it en-
counters in the network. This is contrasted with hydro-
gen which, because of the lower strength of the Si—H
bond, migrates on the surface and preferentially dissoci-
ates strained Si—Si bonds. Support for the latter view
comes from Raman spectra' which show that a-Si:F has
a wider bond angle distribution than a-Si:H, which gen-
erally indicates a greater lattice strain. On the other
hand, the Raman spectra could also be interpreted as evi-
dence that the greater ionicity of the Si—F bond corn-
pared to Si—H imposes less bond angle constraint. '

To investigate the effect of fluorine on amorphous sil-
icon, we deposited a series of films with 1 —7 at. %
fluorine. We report here on systematic changes in
structural and electrical properties with flourine incor-
poration. Mechanisms by which fluorination could affect
the lattice structure are discussed. The results are com-
pared with other published work, particularly with re-
ports that the use of fluorinated process gases leads to
enhanced microcrystallization of a-Si:H(F) and micro-
structural changes in a-Si-Ge:H(F) alloys.

II. EXPERIMENT

Films of a-Si:H:F were deposited by direct photochem-
ical vapor deposition (photo-CVD) of Si2H6 with a low-
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pressure Hg lamp. The Auorine source is XeF2, which
reacts with Si2H6 to form partially Auorinated disilanes.
XeF2 is an etchant for silicon which was initially intro-
duced to solve the problem of window clouding in photo-
CVD. ' XeFz in He carrier gas is directed at the win-
dow to continuous1y etch it clean. The disilane is intro-
duced upstream of the photolysis region and a film depos-
its on the heated substrate placed parallel to the window.
Details of the deposition technique are described else-
where. '

Six series of films were deposited: two in which the
XeF2 Aow was varied at fixed substrate temperatures,
Tz =245 and 270'C, one with fixed Aows rates and vary-
ing substrate temperature, two in which dilution in Hz
was varied with fixed XeF2 and Si2H6 Aows, and one with
varying partial pressure of Si2H6. The deposition param-
eters are listed in Table I. In the Hz dilution experi-
ments, the total pressure and total flow rates were kept
constant while Hz was partially substituted for He as a
diluent gas. Similarly, in the Si2H6 partial pressure ex-
periments, Ps; H was increased while decreasing PH, but

2 6

maintaining constant total Aow and pressure. Films were
simu1taneously deposited on single-polished c-Si and on
Corning 7059 glass substrates.

Typical impurity levels in the films determined by
secondary-ion mass spectrometry (SIMS) are (1—2) X 10'
cm carbon, (1—2) X 10' cm nitrogen, and
(5—20) X 10' cm oxygen. The films on c-Si substrates
were analyzed for fluorine content by x-ray photoelectron
spectroscopy (XPS) and electron probe microanaiysis
(EPMA), and for bonded fiuorine and hydrogen content
by ir spectroscopy. Films on Corning 7059 glass sub-
strates were used for electrical and optical measurements.
The coplanar conductivity was measured using a General
Electric ELH projection lamp with a white light Aux Of
100 mW/cm . The spectral distribution of the lamp was
measured and used along with the reflectance, transmit-
tance, and photoconductivity of each film to obtain gp~,
the product of the carrier generation efficiency, electron
mobility, and lifetime. The activation energy was ob-
tained from measurements of the dark conductivity over
the temperature range of 60—180'C. The optical gap was
determined from a Tauc plot' of the visible transmission

spectrum. Raman spectra were measured in the almost
backscattering geometry using 50 mW of the 514.5-nm
Ar+ laser line. The thickness was measured with a Ten-
cor alpha-step profiler. The films were limited to a typi-
cal thickness of 3000 A by the deposition rate of &0.5
A/s.

The primary tool for examining the hydrogen and
flourine in the films was infrared spectroscopy. Spectra
were measured with either a Nicolet 7199 FTIR at 2-
cm ' resolution or a Perkin-Elmer 580B at 6.8-cm
resolution. No significant difference was found in the re-
sults from the two spectrometers. The absorbances of the
silicon hydride and Auoride bands were integrated using
the method described by Brodsky with substrate
transmittance TO=0. 54. ' In cases of two overlapping
peaks, they were deconvoluted assuming Gaussian line
shape. The sources of uncertainty in the integrated ab-
sorbances, on the order of 20%, come from peak decon-
volution, locating the baseline when peaks overlap, and
film-thickness nonuniformity. The hydrogen content was
calculated from the integrated absorbance of the 630-
cm ' peak.

III. RESULTS

A. Effect of Eon structure

I Infrared. spectra

Infrared spectra are an excellent indicator of the
fluorine bonding configuration. Figure 1 shows the Si—F
stretching region of a spectrum and Fig. 2 shows a set of
typical spectra of films with varying Auorine content.
The Auorine absorption bands identified in the litera-
ture ' are the Si—F stretch at 830 cm ', the SiF2
stretch at 930 cm ', and the SiF4 stretch at 1015 cm
The shoulder at 980 cm ' is not definitively assigned but
we previously observed it' and suggested it could be due
to SiF3 or, more probably, (SiF2)„. These assignments are
summarized in Table II. At constant deposition tempera-
ture as the total F content is increased, the absorbances
of the various SiF„species increase in constant propor-
tion to one another (Fig. 3).

We calibrated the sum of the integrated ir absorbances
of the Si—F stretch bands to the F content measured by

TABLE I. Deposition parameters. One parameter was varied in each series. '

Series
symbol

Varied
parameter

Flow (sccrn)
XeF2

Partial pressure (Torr)
Si,H6 He H2

T
('C)

flow (XeF&)
flow (XeF2)
Tsubstrate

Psi H
2 6

H2 dilution

H, dilution

0.03—0.95'
0.03—0.48

0.09
0.03

0.06
0.12

2.3
2.3
2.3

0.3-2.3
0.3
0.3

0.7
0.7
0.7

2.7-0.7
0.3-2.7
0.3-2.7

2.4-0
2.4-0

245
270

245-350
245

245
245

'Some samples fit into two of the series of parameter variations and so two symbols are superimposed in
the following figures.
The total pressure is 3 Torr for all depositions.

"'These correspond to partial pressures of 1.5 —45 mTorr.
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FIG. 1. Si—F stretch region of ir spectrum of a-Si:H:F de-

posited at substrate temperature 245'C, with 5.8 at. % F and
thickness 3900 A. The upper and lower baselines were used to
estimate the uncertainty in the integrated absorbance. The SiHz
bend at 890 cm ' is deconvoluted from the SiF& stretch at 930
cm ' using Gaussian line shapes.

TABLE II. Assignments of infrared peaks.

Frequency (cm ')

2080
2000
890
630

1015
930
830
970'
880'

Assignment

SiH2 stretch
SiH stretch
SiH2 bend-scissors
SiH bend:SiH2 rock
SiF4 stretch
SiF2 stretch
SiF stretch
(SiF2)„stretch
(SiF2)„stretch

'These peaks appear with H~ dilution, as in Fig. 8.

XPS and EPMA, and found that they are linearly related
with the proportionality llkl cm '/at. ore F. . The
fluorine content ranges from 0.5'~/o with Ts =350'C and
XeF2 flow 0.09 sccm (cubic centimeters at STP) to 7.5 lo
with T+=245'C and XeF2 flow 0.95 sccm. In this re-
port, we use Si—F to refer to silicon-fluorine bonds in all
species and SiF to identify silicon monofluoride
specifically.

The modes associated with hydrogen are the SiH
stretch at 2000 cm ', the SiHz stretch at 2080 cm ', the
SiH2 bend at 890 cm ', and both the SiH bend and SiH2

rock at 630 cm '. A striking feature in these spectra is
the shift of hydrogen from the SiH to the SiH2
configuration with an increase in the fluorine content.
Because the presence of SiH2 is often associated with a
decrease in film quality, we thoroughly investigated
the conditions of its formation.

We first verified that the peak at 2080 cm ' is due to
SiH2 since the two are not necessarily equivalent. ' This
absorption could also be caused by SiHF or by SiH in a
blue-shifting environment. Theoretical calculations
suggest that in the species SiHF, the Si—H stretch would
be shifted to 2100 cm ', the Si—F stretching frequency
would appear near 800 cm ', and an H—Si—F bending
mode would appear near 900 cm '. Thus, the peaks at
2080, 890, and 830 cm ' could be caused by the species
SiHF, rather than by SiH2 and SiF. To distinguish be-
tween these assignments, we deposited a-Si:D:F films and
measured the ir spectra. The peaks attributed to H
motions (at 2080, 2000, 890, and 630 cm ') are red-
shifted on deuteration and the peaks attributed to F
motions (at 1015, 930, and 830 cm ') are unshifted. This
eliminates the possibility of SiHF, since the peak at 830
cm ' would also have been red-shifted to some degree.

Calculations predict that absorption at 2100 cm ' can
also be due to SiH in environments such as on a Si atom
with a dangling bond, with a strongly electronegative
second-neighbor atom, on an internal surface, or in a
clustered phase. SiH and SiH2 can be distinguished by
the SiH2 bending modes at 870-890 cm ' and 840-850
cm '. However, the second bending peak is not neces-
sarily present in films with SiH2. For example, it has
been shown that by He-ion bombardment of a-Si:H, the
strength of the 850-cm ' peak depends on the local envi-
ronment and can be reversibly changed without changing
the strength of the 890- and 2100-cm ' peaks. It has
been demonstrated with an rf glow discharge that, de-
pending on the substrate potential, films can be deposited
with only an 890-cm ' mode (cathodic) or with modes at
both 850 and 890 cm ' (anodic). These were attributed
to isolated SiH2 and polymeric (SiH2)„, respectively. In
the present spectra there are peaks at 890 cm ' but not
at 840-850 cm '. Figure 4 shows that the intensity of
the 890-cm ' peak is proportional to that of the 2080-
cm ' peak. This identifies the 2080- and 890-cm ' peaks
as primarily due to isolated SiH2. The nonzero intercept
indicates that a small portion of the peak at 2080 cm ' is
in fact due to SiH in a blue-shifting environment. The ra-
tio of 2:1 for the stretch to the bend is the same as that
found by others for glow discharge and sputtered a-
Si:H films. Note, however, that the SiH2 bend is at a
slightly higher frequency (890 versus 880 cm ') and has a
narrower linewidth than is commonly observed for this
species. This suggests that the mode is perturbed by the
increased electronegativity of the matrix.

2. Microstructure quantification

SiH2 can appear on grain boundaries of microcrystal-
line silicon and on internal surfaces of amorphous silicon.
To distinguish between these, Raman spectra were mea-
sured. At 7 at. % F content the transverse optical (TO)
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FIG. 2. Infrared spectra of a-Si:H:F films deposited at 245'C with a range of XeF& flow rates. For display, the spectra have been
flattened by dividing by the baseline. The top film is 4200 A thick and the other spectra have been normalized to this thickness. The
spectra are vertically offset for clarity. Peaks attributed to silicon flourides and hydrides are identified in Table II. Peaks at 1110and
605 cm ' are due to the c-Si substrate.

phonon line is at 478 cm with a half-width on the
high-frequency side of 32+3 cm . The peak position
and linewidth are consistent with previous results for a-
Si:F and a-Si:H:F.' No sharp feature at 520 cm

characteristic of a microcrystalline phase is present.
Thus, the material is amorphous and the probable loca-
tion of the SiHz is on internal surfaces rather than on
grain boundaries.

To quantify this, the dihydride fraction, E., is defined
as the fraction of the integrated SiH„stretching absor-
bance which is due to SiHz.
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FIG. 3. Integrated strength of individual silicon fluoride
peaks as a function of the total fluorine. The F content is
represented by the sum of the integrated Si—F stretch absor-
bances and the calibration by XPS and EPMA is included on
the top scale for reference. These films were deposited at 245 C
with a range of XeF& flow rates.
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FIG. 4. Integrated absorption strengths of the SiH& stretch at
2080 cm ' and the bend at 890 cm '. The deposition condi-
tions corresponding to each symbol are listed in Table I.
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FIG. 5. Correlation between density deficiency and dihydride
fraction R for a-Si:H and a-SiC:H from Ref. 41 and for an a-

Si:H:F film from the present study.

configuration of the bonded hydrogen from SiH to SiHz.
The increase in R is caused by a simultaneous increase in
SiHz and decrease in SiH. Although exclusively SiHz
bonding would give an R value of 1.0, in these films R ap-
pears to saturate at 0.8 for Ts=245 C and at 0.5 for

Ts 270 C
For Ts =245 C, the correlation between F and R is the

same whether the F content is changed by varying the
XeFz flow or Ps; H . However, at Ts=210'C the correla-

tion between R and F in Fig. 6(a) is shifted down. The
effect of substrate temperature is further demonstrated in
Fig. 7. For fixed gas flow and composition, increasing the
deposition temperature simultaneously decreases the film

hydrogen content, fluorine content, and dihydride frac-
tion R. With increasing Ts, note that the F content and
R both reach minima at 300'C and do not change as the

I (2080 cm ')
I(2080 cm ')+I(2000 cm ')

Since the oscillator strengths may differ for these
species and may be affected by fluorine incorporation,
the fraction of the absorbance due to SiHz is not neces-
sarily the fraction of hydrogen bonded as SiHz. Never-
theless, it is a useful parameter for the purpose of a com-
parison. A correlation between the parameter R and the
density deficiency of glow discharge deposited a-Si:H and
a-SiC:H has been established by Mahan et al. ,

' who find

that as R increases from 0 to 1 the density deficiency in-

creases from 0 to 20%. This data is reproduced in Fig.
5. They attribute the density deficiency to film rnicro-

structure.
To confirm that the dihydride also indicates void for-

mation in these films, the density of a fluorinated film was
measured. A film with 6 at. % fluorine and R =0.82 was
found to have a density of 1.96+0.2 g/cm measured by
flotation in ZnBrz. The density deficiency is defined as
the difference between the measured density and the den-
sity of crystalline Si containing fluorine. Upper and
lower limits on the density of c-Si with 6 at. % F can be
calculated by assuming either interstitial F (2.43 g/cm )

or substitutional F (2.29 glcm ). Thus, the measured
density corresponds to a 14—19% void fraction. Figure
5 shows that this fits the correlation of density deficiency
with R found for a-Si:H. ' The nature of the film micros-
tructure is not known simply on the basis of these results,
but it is clear that these films contain voids in some
configuration.
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3. Correlation between Fand SiH&

The appearance of SiHz bonding with fluorine incor-
poration in the films is clearly demonstrated in Fig. 6(a).
R tends toward zero, exclusively SiH bonding, with de-
creasing fluorine content and increases with increasing
fluorine content. The variation of the fluorine content
over the range of 1-1% almost completely changes the

FIG. 6. Dihydride fraction R as a function of the F content
for variations in (a) I'&, H (X), XeF& flow at 245 (0), and XeF&

2 6

flow at 270'C (0), and (b) H~ dilution with XeF& flow at 0.06
(A) and 0.12 (6) sccm. The Hz dilution ratios are identified for
XeF& flow at 0.06 sccm. The same ratios were used as 0.12
sccm. The lines are drawn to guide the eye. The upper line

from (a) is included in (b) for reference.
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temperature is increased further. In contrast, the H con-
tent decreases monotonically with ~.

Dilution in H2 with constant substrate temperature,
XeFz flow, and Si2H6 flow produces a rather different
correlation between F content and R [Fig. 6(b)]. Al-
though the F content (and H content) are essentially un-

changed, increasing dilution in Hz decreases R. This is

particularly striking with the lower XeFz flow rate where
the dihydride is reduced below detection through Hz di-
lution. Examining the spectra directly (Fig. 8) gives a
more accurate picture of the eft'ect of H2 dilution. Al-

though the total integrated absorbance of the fluorine
peaks is unchanged with increasing Hz dilution, the origi-
nal Si—F peaks decrease in intensity and two broad
peaks grow at 970 and 880 cm '. These broadened
fluorine peaks look quite similar to those produced by
high (approximately 36%%uo) concentrations of F which we
previously described and attributed to (SiF2)„.' It ap-
pears that with hydrogen dilution, the material separates
into a fluorine-rich phase with polymerized SiF2, and a
phase with little fluorine in which the monohydride pre-
vails.
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FIG. 7. Decrease in fluorine content R and hydrogen content
with increasing substrate temperature. For reference, the in-

tegrated absorbances have been converted into percentages on
the right axis. The lines are drawn to guide the eye.

B. EfFect of F on optoelectronic properties

Optoelectronic properties are seriously degraded by the
incorporation of fluorine. The gp~ product varies by 4
orders of magnitude over this range of deposition condi-
tions. Although the scatter is large, the data show a
trend of decreased rjpr with increased fluorine (Fig. 9).
%e have presented qp~ rather than the photoconductivi-
ty because the optical band gap increases from 1.75 to
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FIG. 8. Spectra of a-Si:H:F films deposited with XeF, low at 0.06 sccm and varying H~:Si,H6 ratios. All four films contain 3.6
at. % F and 12 at. % H. For display, the spectra have been flattened by dividing by the baseline. The bottom film is 1300 A thick and
the other spectra have been normalized to this thickness. The spectra are vertically oC'set for clarity.
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FIG. 9. Decrease in grM~ product with increase in fluorine
content. The symbols are identified in Table I.

2.02 eV over this range of F and R. ' For all films mea-
sured, the dark conductivity activation energy is approxi-
mately half the band gap.

The decrease in gpss. also correlates with the increase in
R. As either the XeF2 flow or the substrate temperature
is varied, the correlation between R and gIM~ is the same
[Fig. 10(a)]. It is interesting that the XeF2 series and
temperature series data fall on the same line, since the
correlation between F and R changes with substrate tem-
perature [Fig. 6(a)]. Three points from the temperature
variation series do not seem to fit the correlation. For
these points R is near zero but the gp~ product is lower
than expected from the trend of the other data. These
are the films deposited above 300'C where the F content
and R no longer decrease with temperature but the H
content does (see Fig. 7). Apparently in this regime the
material continues to change with deposition temperature
but R has reached zero and no longer describes material
quality.

When either the disilane partial pressure or the hydro-
gen dilution is varied, rather different correlations be-
tween R and rip~ result [Fig. 10(b)]. The H2 dilution
series shows a smaller change with R and the Ps; & series

2 6

shows a greater change. For comparison, the correlation
from Ref. 29 for a-Si:H and a-SiC:H is shown and it has a
slope similar to the Ps; z series. Thus, each series of

2 6

films shows a corre1ation between R and gp~, but there is
not a universal correlation.

IV. DISCUSSION
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FIG. 10. Decrease in gp~ product with increase in dihydride

fraction R for variations in (a) substrate temperature (+), XeF,
flow at 245'C (C)) and XeF& flow at 270 C (0), and (b) Ps, &

2 6

(&) and H2 dilution with XeF2 flow 0.06 sccm (4 ). The line in

(a) is drawn to guide the eye. In (b), the lines from {a) and from
the a-Si:H and a-SiC:H data in Ref. 29 are included for compar-
ison.

Since the method of fluorine incorporation is unusual
in these films, the general applicability of the results must
be affirmed. An examination of the spectra in the litera-
ture indicates that in every a-Si:H:F film with sufficient
fluorine to see the SiF stretch at 830 cm ' in the ir spec-
trum, SiH2 also appears. This is true for films made from
a variety of deposition techniques including sputtering of
Si in Ar, SiF4 and Hz, dc or rf glow discharge of SiF4
with H2 or SiH4, ' ' ' ' ' ' glow discharge of SiH2F2,
reaction of H radicals with SiF4 in a plasma, and reac-
tion of SiH4 with F2. ' In some of these reports spectra
are shown at more than one fluorine level and the in-
crease in R with I;he F content is evident. ' ' ' ' We
showed an exception with H2 dilution where the fluorine
separates into a polymeric phase and the remaining hy-
drogenated phase does not exhibit dihydride bonding.
Similar spectra were reported for films deposited by rf
glow discharge of H2 and SiF4. However, when the H
and F are not separated, the occurrence of the SiH2 struc-
ture seems to be a universal result of fluorine incorpora-
tion.

Despite claims to the contrary, the films made by
Matsumura et al. ' '" ' using either the reaction of SiF2
and H or glow discharge deposition of SiF2 and H2 are
not exceptions to this rule. This work must be mentioned
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because the authors specifically claim to have deposited
a-Si:H:F films which feature only monohydrides and
fluorides. In the case of the first technique, the fluorine
content was not measured, though the hydrogen content
is reported to range from "a few" to "several" atomic
percent. On the published ir spectra' ' the dihydride is
not evident, but neither is fluorine. The location of the
expected SiF stretch is labeled but no peak is visible
beyond the noise level. In the case of the second tech-
nique, the peaks attributed to SiF and SiF2 are located
closer to 840 and 900 cm ' than the expected frequencies
of 830 and 930 cm '. This suggests that they are actual-
ly the bending modes of (SiH2)„, which is consistent with
the clear shoulder at 2100 cm ' on the SiH stretch peak.
Thus, the spectra neither establish that these films actual-
ly do contain fluorine nor that they do not contain dihy-
drides, and so no exceptions have been found to the
correlation between R and F.

2. DMR measurements

Nuclear magnetic resonance (NMR) can be used to
probe deuterium (DMR) in deuterated amorphous silicon
and provide structural information on the deuterium en-
vironment. ' In a-Si:D:H, the DMR line shapes, relax-
ation times, and temperature dependences are used to
identify tightly bound D, weakly bound D located near
the surfaces of microvoids, and molecular D2 in the
voids. A comparison of a-Si:D:F and a-Si:D:H films
prepared by glow discharge of D2 with SiF4 or SiH4, re-
spectively, shows that the molecular deuterium line is
significantly narrower in the fluorinated film. ' The de-
creased linewidth indicates an increased distance between
the deuterium molecule and the void surface. The small-
est void dimension is estimated to increase from 5.2 to 15
A with fluorination. While the DMR study only report-
ed on one a-Si:D:F film and it was necessarily deposited
with hydrogen (deuterium) dilution, the primary finding
agrees with the present results. The use of DMR for a
systematic study of the effects of fluorine would be valu-
able.

B. Nature of microvoids

The dihydride fraction, R, is a rather indirect measure
of microstructure. It is, however, more sensitive than ei-
ther Raman spectroscopy, which did not distinguish be-
tween the highest F content films and nonfluorinated a-
Si:H, or electron microscopy, which resolves features on
the 100-A scale. Density deficiencies as low as 2% can
result in nonzero values of R (see Fig. 5). The exact na-
ture of the voids which cause the density deficiency is un-
known. They could be isolated microvoids or perhaps a
network of low-density, hydrogen-rich regions analogous
to grain boundaries in rnicrocrystalline material.

The magnitude of the density deficiency is suggestive.
In the film with 6 at. % F, the density deficiency is
14—19 % and the H content is 13%. These are
configured so that 6% of the Si is terminated with SiH or
SiF, and 6% with SiH2 or SiFz. Thus, the ratio of miss-

ing Si atoms to diterminated Si atoms to monoterminated

Si atoms is approximately 3:1:1.Moreover, the narrow ir
linewidths suggest that the SiH and the SiF probably
occur as isolated species in the lattice, thus reducing the
ratio to 3:1. Since the appearance of SiH2 and SiF2 pre-
cludes the voids occurring exclusively as monovacancies,
we must consider larger void sizes. Using the c-Si lattice
for reference, a 2-atom vacancy has 6 Si atoms on the sur-
face, a 3-atom vacancy has 8, and a 20-atom vacancy has
a minimum of 26. Given the above 3:1 ratio, this indi-
cates that the majority of the void surface is neither hy-
drogenated nor fluorinated. Since the spin density is
several orders of magnitude too low for the voids to be
lined with dangling bonds, the surface of the void must be
predominantly tetrahedrally bonded Si which is recon-
structed in a way analogous to the surface of crystalline
silicon.

Since the ir spectra indicate that SiF4 molecules are
trapped in the films, it seems probable that they are locat-
ed in the voids. For the film with 6 at. % F and a
14—19% density deficiency, approximately 0.3% of the
Si occurs as SiF4. If each void contains one SiF4 mole-
cule, the void size would be 50—60 atoms and the surface
would contain 2 SiFz groups and 18 SiH2 groups. This is
consistent with the 40-atom void size measured by small-
angle x-ray scattering (SAXS) in non-device-equality a-
Si H and in a-SiC:H.

The ir spectrum has features which support this model.
The greater linewidths for SiF2 and SiF4 than for SiF
(Figs. 2 and 8) could be caused by greater inhomogeneity
in environment and is consistent with location in, or on
the surface of, a void. The location of the SiHz bend at
890 cm ', blue-shifted from the typical value of 880
cm, and the relatively narrow linewidth suggest an in-
teraction of this mode with the electronegative fluorine in
the matrix. If the SiH2 lines a void which contains SiF~,
this provides a natural geometry for the interaction.

Further evidence for the location of SiF4 in voids is the
fact that it does not evolve from a-Si:H:F until the crys-
talization temperature of Si is reached. It must, there-
fore, be in a site from which it cannot diffuse, which ar-
gues against an interstitial site. The picture of SiF4 in
voids is similar to the structural model of sputtered a-Si:F
proposed by Matsumura et at. From changes in the
transmission electron microscopy (TEM) micrographs
and ir spectra with anistropic chemical etching, they
found that the film consists of a-Si grains with SiF4 and
Ar at the grain boundaries.

The nature of the microstructure in the films changes
when H2 is introduced in the process gases. The ir spec-
tra suggest that the material separates into a polymeric
fluoride phase and a hydride phase. R tends toward zero
with increasing H2 dilution, indicating the disappearance
of dihydride lined voids. However, the formation of
(SiF2)„polymer chains probably creates a low-density
network in the film. Thus, although R is not an appropri-
ate description of the microstructure in these films, a
heterogeneous structure is nonetheless indicated. A re-
cent study shows that H2 dilution of SiH4 in the glow
discharge deposition of a-Si:H also produces changes in
the microstructure. Gas-evolution measurements and
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transmission electron microscopy suggest that Hz dilu-
tion produces films with increased structural heterogenei-

55

C. gpv versus R correlation

The deterioration of electronic properties with the
presence of dihydrides is well documented in the litera-
ture, though, of course, the absence of SiHz is not
sufficient to guarantee high-quality material. For exam-
ple, in a-Si:H formed by reactive sputtering, the dark and
photoconductivity decrease as the dihydride density in-
creases. For a-Si:H deposited from silane and disilane
plasmas, the ambipolar diffusion length decreases by an
order of magnitude as the dihydride increases from 0 to
75% of the bonded hydrogen. For a-Si:H and a-SiC:H
the gp~ product decreases by 3 orders of magnitude as
the hydrogen bonding shifts from mono- to dihydride.
Polymeric dihydride chains have been associated with an
increase in the rate of light-induced degradation. Thus,
the degradation in gpr with increased dihydrides was not
an unexpected result.

The results of Mahan et al. show that the correlation
between gpss and dihydride fraction is the same for a-
SiC:H and for a-Si:H deposited at elevated rf powers, but
is quite different for a-SiGe:H. The data in Fig. 10(b) also
show a decrease in gp~ with R, but again the exact be-
havior is different for each system. For the films deposit-
ed with Hz dilution it is not surprising that gp~ depends
only weakly on R because, as discussed above, the
fluoride and hydride phases separate. Thus, qp~ does not
increase as the dihydride decreases because the micros-
tructure due to the (SiF2)„polymer simultaneously in-
creases. In the case of the data for varying Ps; H, an ex-

2 6

planation for the results in Fig. 10(b) is not evident. The
correlation between F and R for this data is identical to
the data for XeF2 flow variation at 245'C [Fig. 6(a)j, and
yet the correlation between R and gp~ is different. More-
over, examination of the spectra shows that the Si—F
peak widths and positions are similar for the two sets of
films, suggesting similar microstructure. This indicates
that neither the F content nor the dihydride content fully
describes the film changes which are responsible for the
degradation of the optoelectronic properties.

Recent experiments in our laboratory using SAXS sug-
gest a reason for the lack of a unique correlation between
the microvoid fraction and the photoconductivity.
SAXS was used to obtain microvoid size, shape, and
number density in a-Si:H deposited with different sub-
strate temperatures and in a-SiC:H. In these films, there
was a trend of decreased gp~ with increased void frac-
tion, but, as in the present case, data for the different
series of films did not lie on the same 1ine. This appears
to be caused by differences in the shape of the voids for
different deposition series and differences in the gap-state
densities.

D. Mechanism of void formation

There are several mechanisms by which fluorine incor-
poration could create dihydrides and microvoids. They

could be caused by fluorinated species trapped within the
film, from the effect of fluorine on the chemistry of the
growth surface, or from reactions of fluorinated species in
the gas phase. These possibilities are considered below.

1. SiF& within voids

Some of the fluorine in the film is present as SiF4 mole-
cules, which could disrupt the silicon lattice sufficiently
to force the formation of a void around them. As dis-
cussed above, the ir linewidths and positions of both the
fluorides and hydrides, as well as annealing results, sup-
port the model of SiF~ being located within the voids.
The question here is whether the SiF4 in the films actually
causes the voids.

It is difficult to establish from our data that one partic-
ular fluoride species, such as SiF4, is responsible for the
microstructure since, at a single substrate temperature,
the fluorides occur at a fixed ratio to one another in-
dependent of total F concentration (Fig. 3). Thus, at
each substrate temperature, equally good correlations be-
tween F content and R [as in Fig. 6(a)] can be drawn for
each individual fluoride species and one cannot distin-
guish between causation and covariance. With increased
substrate temperature, SiF4 increases relative to SiF and
SiF2 from 20% of the total F content at 245'C to 35% at
270'C. If the void content were simply proportional to
the concentration of SiF4, then for a given fluorine con-
tent R would be higher at the higher temperature. Figure
6(a) shows the opposite effect. This result does not rule
out this mechanism since the substrate temperature can
be expected to independently affect void formation
(Uide infra) as well as changing the ratio of the various
fluoride species.

Data which support this model are found in films de-
posited with hydrogen dilution. The spectra in Fig. 8
show that with increasing Hz dilution, the SiF4, stretch
and the SiHz stretch simultaneously decrease. The sim-
ple interpretation is that without SiF4 to cause voids,
there need be no dihydride to line voids. The actual case
is more complicated. Since the formation of (SiFz)„poly-
mers may create voids of a different shape, with different
surface structure, the lack of SiHz does not necessarily
imply a lack of microstructure. In addition, Hz dilution
of the process gas can affect both the gas phase and sur-
face reactions (discussed below), so it could be that the
Hz dilution reduces R through these channels, and that
the disappearance of SiF4 is coincidental.

2. Surface reactions

It has been demonstrated that an increased sticking
coefficient of the depositing species tends to produce de-
fective material with increased microstructure. The
sticking coefficient of silicon hydride fluoride radicals
may be greater than that of radicals which do not contain
fluorine. In addition, because of the greater strength of
the Si—F bond, F atoms are not expected to diffuse on
the surface as H atoms do. Thus, increased sticking
coefficients or reduced surface mobilities of physisorbed
fluorine-containing compounds could produce the in-
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creased microstructure. The experimental parameter
which affects the sticking coefficient and surface mobility
is the substrate temperature. At increased T~, the films

have lower values of R for the same F content (Fig. 6),
which supports the model that it is not fluorine incor-
poration in the film but rather the surface mobility of
fluorinated species which affects the rnicrostructure.

A parameter which, like the substrate temperature, in-
creases the effective surface mobility is the introduction
of Hz in the process gases. Hydrogen gas is not directly
photolyzed by185-nrn photons but hydrogen radicals are
produced by the reaction

H2+XeF2~XeF+ HF+H .

Hydrogen atoms are sufficiently unreactive with silanes
to diffuse to the substrate surface, where they can etch
Si—Si, Si—H, and Si—F bonds. Etching of weak bonds
on the growth surface is similar to increasing the surface
mobility of deposition species: both push the balance to-
wards the thermodynamically favored species rather than
the kinetically favored products. As in the case of in-

creased substrate temperature, H2 dilution of the process
gas leads to increased clustering of the fluorine [as SiF4 in
the former case and (SiFz)„ in the latter] and decreased
dihydride bonding. This serves as additional evidence
that the large sticking coefficient of fluorides contributes
to the increased rnicrostructure of a-Si:H:F.

3. Gas phase reaction

A third possibility is that the gas phase reactions of
fluorinated silanes favor precursors which produce dihy-
drides in the films. The high stability ' of the gas phase
diradical SiFz(g) compared to SiHz(g) suggests some
mechanisms for this. Whereas SiHz(g) readily inserts
into SiH4, thus reducing the direct contribution of diradi-
cals to film growth, SiFz(g) has a greater probability of
reaching the growth surface intact. Since diradicals have
higher sticking coefficients than monoradicals, this may
lead to microstructure formation as discussed above.
Another possibility is that fluorination of disilane in-
creases the quantum yield of diradical decomposition
products (i.e., SiF„Hz „and SizF«H4 «) over monoradi-
cals. These diradicals could then either contribute to film
growth directly, as discussed above, or insert into SiH4 or
Si2H6 to make higher-order silane polymers, which have
also been shown to produce films with dihydrides.

In this deposition system there is evidence of such gas
phase polymerization: powder was observed on the edge
of the photolysis window. ' Since powder formation has
not been previously observed for direct photo-CVD of
Si2H6 with a Hg lamp, and is unexpected given the depo-

0
sition rate of (0.5 A/s, it appears to be a ffuorine related
phenomenon. Of course, it does not establish that in-
creased polymerization with fluorinated process gases is a
general phenomenon rather than a specific reaction of
XeF2 with Si2H6.

It has been previously shown that gas phase polyrneri-
zation can be reduced by the addition of Hz. ' ' Thus, in
the present case, the decrease in R with H2 dilution is fur-
ther evidence that gas phase polymerization may be the

cause of the dihydrides in the film. The mechanism for
the suppression of gas phase polymerization by H2 dilu-
tion is uncertain. The simplest explanation is the inser-
tion of diradicals into H2 to form closed-shell molecules,
thus removing them without creating higher-order
silanes. However, the rate constant for the insertion of
SiHz(g) into Hz has been measured to be 3 orders of mag-
nitude smaller than for insertion into Si2H6 at 300 K.
Thus, ratios of H2.Si2H6 on the order of 10 are required
for removal of SiHz(g) by Hz to become significant com-
pared to the removal by Si2H6. The maximum in these
experiments is 8:1. Moreover, reaction of SiFz(g) with
H2 is undetectable. Although a more complex mecha-
nism must be invoked, it may indeed be through the
reduction of gas phase polymerization that H2 dilution
reduces R.

Thus, there are three mechanisms through which
fluorine could induce microvoids and all are consistent
with the experimental results: SiF4 in the film disrupting
the lattice, reduced surface mobility of fluorinated species
changing the growth surface, and changes in gas phase
precursors. It is likely that all three contribute to the ap-
pearance of microstructure.

E. Contrast with crystallization and Si-Ge alloys

There are two other systems in which the use of fluori-
nated process gases has been shown to affect the film mi-
crostructure, pc-Si:H(F) and a-Si-Ge:H(F). In both cases
the F content in the films, typically (1%, is lower than
in the present study. Nonetheless, our understanding of
the role of F in the deposition can be expanded by consid-
ering these systems as well.

1. Crystallization

The increase in void content with F incorporation
must be reconciled with the results showing that fluori-
nated process gases promote the growth of microcrystal-
line films. It appears that in one case the F disrupts
the Si lattice and in the other it enhances the propagation
of the Si network. In the latter case fluorinated process
gases are employed but fluorine is not substantially incor-
porated in the films. Since, in both cases, fluorine should
have the same effect on the gas phase reactions and the
surface chemistry of the attachment of the precursors, it
must be in the elimination of fluorine from the surface
that they differ.

This gives support to those models of fluorine-
enhanced crystallization which focus on the elimination
of fluorine. For example, the importance of removing the
H from grain boundaries to enhance the coalescence of
the nuclei into larger crystallites has been recognized
and the release of HF in addition to H2 has been pro-
posed to enhance this. ' Hanna et al. present an in-
teresting refinement on the model of HF evolution
wherein the Si—Si bond angle may inherit some regula-
tion when HF is eliminated. In other words, the hydro-
gen bond between adjacent Si-H and Si-F will keep the
silicons aligned along a bonding axis during growth. By
contrast, adjacent Si-H and Si-H would tend toward a
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staggered configuration due to steric hindrance. Thus,
the evolution of HF with the formation of a Si—Si bond
is more probable than the evolution of H2, and it would

also leave less lattice strain.

2. Si-Ge alloys

gases and the dilution in H2. Interestingly, both these
factors can be used to induce crystallization and so both
are consistent with the changes in the TEM images. The
researchers at Harvard are pursuing the investigation of
the effect of Hz dilution on structural and photoelectric
properties of a-Si:H.

The present results must also be reconciled with work

by Mackenzie et al. on a-Si-Ge:H:F. They report an
order of magnitude increase in the photoconductivity of
alloys with band gaps near 1.5 eV deposited from
(SiF~+GeF4+ H2 ) compared to (SiH4+ GeH4), and attri-
bute the improvement to fluorine-induced changes in the
microstructure. They use transmission electron micros-
copy to examine the microstructure. In TEM images of
a-Sioe:H without F they see a two-phase heterostructure
of dense "islands" of 100-200-A diameter surrounded by
lower-density "tissue" material. In the material deposit-
ed from fluorinated process gases the contrast in density
between the phases increases and the boundaries become
more angular.

These alloy films were deposited at a high enough sub-
strate temperature (300'C) that the F content of the films
is & 1% as measured by electron microprobe, and dihy-
dride bonding is not evident in the ir spectra. Because of
the low F content, the changes are attributed not to the
actual presence of F in the film but to the efFect of F on
the deposition process. Thus, the role of fluorine in this
alloy deposition may not be comparable to that of the
present study and is more akin to the microcrystallization
process discussed above. Furthermore, although electron
diffraction indicates that these films remain amorphous,
the nature of the changes in the TEM (more density con-
trast and greater angularity in the islands) suggests that
fluorinated process gases are pushing these films in the
direction of microcrystallinity. Evidence that these films

may be approaching the amorphous to microscrystalline
transition comes from Nakano et al. who found by Ra-
man spectroscopy that a-SiGe:H:F deposited with the
same process gases is partially crystallized when

Ts & 220'C, although this comparison is limited because
the deposition pressure, flow rates, and power are all crit-
ical parameters.

Interestingly, the ir spectra of Si—F stretches in a-
SiGe:H:F (Ref. 67, Fig. 13) look similar to those in Fig. 8
for a-Si:H:F deposited with H2 dilution. Both have a
broad background absorption with two maxima in the
800—1000-cm ' range and with a small SiF band near
830 cm ' superimposed on the broad absorption. We
have interpreted these broad peaks as an indication that
the F is polymerized in a separate phase rather than uni-
formly dispersed. This is consistent with the TEM pic-
ture of two phases and suggests that the tissue region is
fluorine rich. This is also consistent with the thermo-
dynamic argument that, because of the chemical equilib-
riurn between the SiF„species, they must exist as a
separate phase in a-SiGe:H:F. The similarity of the a-
SiGe:H:F spectrum to that of a-Si:H:F deposited with H2
dilution may indicate that there are two factors contrib-
uting to the differences in these silicon germanium alloys
with and without fluorine: the fluorination of the process

V. CONCLUSIONS

Increasing the fluorine content of a-Si:H:F films in the
range of 1 —7% produces a shift in the hydrogen bonding
configuration from SiH to SiH2, as characterized by the
dihydride fraction R. The dihydride has been previously
correlated with microvoid formation and a density mea-
surement confirms this for a-Si:H:F. This provides a con-
ceptual model of a heterogeneous material: the matrix is
amorphous silicon containing isolated SiH and SiF
species, and within this matrix are voids which contain
trapped SiF4 molecules. The void surfaces are largely
reconstructed Si but also contain SiF2 and SiH2. As the
appearance of SiH2 is a feature of every deposition tech-
nique reported in the literature which incorporates
sufficient fluorine in the films to see the SiF stretch at 830
cm ', these results have wide application.

We found that the gpv product decreases as the F con-
tent and R increase. This is in agreement with previous
studies of a-Si:H and its alloys in which the dihydride has
been associated with reduced film quality. The exact
dependence of optoelectronic properties on dihydride for-
mation is not universal; variations in different deposition
parameters produce different correlations between gp~
and R. Nonetheless, in every series of films deposited
there is a decrease in gp~ with increasing R. It appears
that the hoped-for advantages of the strength of the
Si—F bond are not realized because of the microstructur-
al changes induced by fluorine. Therefore, we suggest
that amorphous silicon with ) 1% fluorine does not ap-
pear to be the material of choice of the intrinsic layer of
photovoltaic devices.

Mechanisms by which fluorine can induce microstruc-
ture formation were considered. Three models are con-
sistent with the data: SiF4 forcing the creation of a void,
defective lattice structure due to reduced surface mobility
of physisorbed fluorinated species, and an increased nu-
mer of diradicals either participating in film growth
directly or causing gas phase polymerization.

Although fluorine incorporation is detrimental to a-
Si:H:F, it may still prove to be useful for alloys with car-
bon or germanium where it has been reported to improve
film properties. Fluorinated process gases used in
conditions that give minimal fluorine incorporation in the
films may also have advantages in the deposition of al-
loys ' ' and microcrystalline films. The latter
two cases were contrasted with the present work and it
appears that the benefit comes not from the actual pres-
ence of F in the film but from the process of its elimina-
tion from the growth surface.
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