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Properties of fluorinated glow-discharge amorphous silicon
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Amorphous silicon films were prepared by plasma decomposition of SiF4.+SiF2 gas. Structural
analysis, electronic-transport-property measurements, optical-property measurements, and electron-
spin-resonance measurements were performed as a function of deposition and annealing tempera-
ture. Hydrogenated amorphous silicon (a-Si:H) samples were prepared in a separate identical reac-
tor under similar plasma conditions for reference. The results indicate that compensation of dan-
gling bonds by fluorine alone can be obtained, yielding ESR values of the order of 10' spins/cm .
The a-Si:F films can be doped. The dark conductivity of a-Si:F increases with spin density, but the
photoconductivity is low and independent of the spin density. The differences between a-Si;F and
a-Si:H are interpreted in terms of the different diffusivity and bond strength of fluorine and hydro-
gen in the a-Si matrix. These differences result in a larger density of tail states in a-Si:F relative to
a-Si:H samples of equal spin densities.

I. INTRODUCTION

The interest in fluorinated amorphous silicon (a-Si:F)
has been stimulated by experimental and theoretical stud-
ies which suggested that fluorine may act as a dangling-
bond terminator in the amorphous silicon matrix. ' It
has been further suggested that a-Si:F has better thermal
stability than a-Si:H, as no fluorine evolution could be
detected in annealed a-Si:F films up to annealing tem-
peratures close to the crystallization point. Amor-
phous silicon films containing both fluorine and hydrogen
(a-Si:F:H) have higher deposition rates and were reported
to give high doping efficiencies and lower dopant-
migration distances than those obtained in a-Si:H. The
study of the role of fluorine in amorphous silicon is also
of interest since the comparison of the results of similar
experiments in a-Si:F and a-Si:H can shed light on the
role of hydrogen in amorphous silicon films.

A considerable effort has been devoted to the study of
glow-discharge (GD) a-Si:F:H and to sputtered (SP)
a-Si:F without hydrogen. ' Detailed studies of GD a-
Si:F (with no hydrogen) have not been published despite
the fact that plasma glow discharge is the major deposi-
tion technique of a-Si:H films. The scarcity of data on
the properties of Gd a-Si:F is partly the result of the ina-
bility to obtain a-Si:F films from the plasma of commer-
cially available SiFq gas. It is possible, though, to produce
amorphous silicon films from the plasma of SiF2 gas. De-
tails of the production of SiF2 and the deposition of a-
Si:F films have been published elsewhere, together with
some preliminary results on the film properties. " In
the present paper we report on the structural, optical and
electronic properties of GD a-Si:F films and the depen-
dence of these properties on the deposition temperature
( Td ) and annealing temperature ( T, ).

A variety of techniques were used for the characteriza-
tion of the films. X-ray diffraction and Raman spectros-
copy were used to verify the amorphicity of the films.
Nuclear reaction and x-ray photoelectron spectroscopy

(XPS) were used to determine the fluorine content in the
films. XPS, Auger-electron spectroscopy (AES), and
secondary-ion mass spectroscopy (SIMS) were used to
determine dopant concentrations and the impurity con-
tent. ir spectrophotometry was used to determine the
bonding configuration of the fluorine atoms. Spectropho-
tometry in the visible was employed to determine the ef-
fect of the fluorine on the optical gap, Eo. ESR measure-
ments were used to determine the spin density. Thermo-
power measurements, and dark-conductivity and photo-
conductivity measurements, were performed as a function
of temperature in the range 290—500' K. Finally, micro-
scopic examinations with an interference objective and a
scanning electron microscope were performed to detect
morphological variations in the annealed films.

We describe first the a-Si:F deposition system. Then
we describe the film properties and their dependence on
the deposition variables. Next, we describe the results of
annealing experiments. Finally, we discuss the results,
with particular emphasis on the similarities and the
differences between a-Si:F and a-Si:H samples.

II. SAMPLE PREPARATION

Figure 1 illustrates the deposition system of the a-Si:F
films. SiF4 gas (from Matheson, Inc. ) flows through a
mass-flow meter at a typical rate of 2.5 standard cubic
centimeters per minute. A needle valve provides a pres-
sure gradient down to the operating pressure of the sys-
tem. The SiF4 then flows along 10—15 cm through a
charge of silicon cubes cut from a silicon single crystal,
held in a fused-silica tube at a temperature of 1120 C. In
this furnace, reaction (I) takes place:

SiF4 (g) +Si (s)—+2SiF2 (g)

(g denotes gas; s denotes solid). The gas which exits the
furnace is a mixture of SiF2 and SiF4 of equal molar ra-
tios, ' '" and it is transported to the deposition reactor
through a glass tube. In typical deposition runs that last-
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FIG. 1. Schematic representation of deposition system.

ed 120 min, about 200 mg of solid silicon were transport-
ed by the SiF4 gas.

The deposition reactor was a horizontal fused-si1ica
tube 45 mm in diameter. The upper electrode was made
of no. 316 stainless steel. The bottom electrode was made
of graphite and it served as a radiatively heated sample
holder. The upper- and lower-electrode area was 20 and
45 cm, respectively, with an interelectrode spacing of 2
cm. Either dc or rf voltages could be coupled to the elec-
trodes. In dc experiments one electrode was held at
+530 V and the other electrode was grounded. The dc
plasma current at a pressure of 0.15 Torr was 1.2mA, and
the plasma just filled the whole interelectrode spacing.

The deposition temperature (Td) reported below was
measured and controlled at the center of the bulk-graphite
substrate holder, about 10 mm below its surface. In our
system the actual surface temperature T, was measured
during one of the deposition runs using 0.003-in. -diam
thermocouple wires spot-welded to a stainless-steel sub-
strate. This gave

T, (' C)=(0.85+0.03)Td+3' C (Td )20'C) . (2)

The error indicates variations in temperature over the
substrate-holder area.

In order to avoid contamination from leaks or from
gases desorbed from the walls of the system, it was
vacuum-tested before each deposition run. This was done
after a pump-down with a diffusion pump, while the reac-
tor was baked at a temperature higher than the anticipat-
ed deposition temperature and the silicon furnace was
baked at 700'C. Further purification of the system dur-
ing deposition was provided by the hot silicon charge it-
self, which acted as an oxygen getter. The crystalline. sil-
icon cubes were etched clean before each deposition.

Dopants were added to the SiF2+ SiF4 gas mixture past
the high-temperature furnace. For n-type doping we usu-
ally used pure yellow phosphorus sublimed directly into
the gas-flow system from a side branch of the glass tub-
ing; The partial pressure of the phosphorus in the deposi-
tion reactor was controlled by varying the temperature of
the tube which contained the solid phosphorus chunk. In
some experiments we used PF5 gas from Matheson, Inc.
The presence of phosphorus, either obtained by sublima-
tion or in the form of PF5 gas, increased the deposition
rate. p-type doping was done from BF3 gas. Dopant con-
centrations reported below were measured in the films by
XPS or AES.

In each deposition run we prepared eight samples on (a)
fused-quartz substrates for electronic-transport and opti-
cal measurements, (b) on silicon wafers (ir grade, from
Wacker) for ir, ESR, and electron-spectroscopy measure-
ments, and (c) on no. 316 stainless steel. Four aluminum
electrodes with 0.3—,7—,and 14-mm spacings were
deposited by vacuum evaporation on top of the samples
used for electronic-transport and thermopower measure-
ments.

Occasionally in this paper we compare the results of
a-Si:F films to those of a-Si:H films. Wher'ever we do not
quote published results, we refer to a-Si:H films that we
deposited in a separate but identical reactor to that used
for a-Si:F deposition. Our a-Si:H films were grown from
undiluted SiH4 gas obtained from 3H (Israel). We used
similar gas-flow rates in both the F and H systems. The
dc plasma voltage in the SiH4 system needed to obtain
uniform plasma glow was 800 V, at a plasma current of
2.3 mA. The rf plasma was operated at the minimum
power level required to sustain the plasma.

III. FILM PROPERTIES

A. Structure and composition

Some concern has been expressed recently regarding the
amorphicity of doped a-Si:F films. We have verified the
amorphicity of the samples reported herein by sampling
measurements of x-ray diffraction and Raman scattering.
We tested particularly heavily doped samples and samples
deposited at elevated temperatures. Since our depositions
lasted up to 150 min and the samples might have started
to crystallize from the bottom, we checked a few samples
by Raman spectroscopy from both the top and bottom
side (in the latter case we irradiated the samples through
the transparent quartz substrate). We found that all the
films either deposited or annealed up to 550'C were amor-
phous, as indicated by the absence of a crystalline Raman
peak at 521 cm '. The amorphous Raman peak' ap-
peared at (467+8 cm ', was 80 cm ' wide, and was at
least 10 times above noise level in these tests.

The fluorine content of the films was measured by three
different techniques. The main tool was XPS analysis us-
ing a PHI model 555 instrument. For depth profiling we
used AES analysis employing a PHI model 590A system.
Both techniques were calibrated by running XPS and AES
spectra of eight different a-Si:F samples which were
pretested with a nuclear reaction, ' F(p,a)' O'. ' Before
each XPS or AES measurement we sputtered off, using
Ar ions, the thin surface-oxide layer (about 100 A) which
formed on the sample surface in the time interval between
film preparation and its measurement. The nuclear test
was done with 350-keV.protons, which probe the fluorine
content at a depth of (1000+250) A below the surface, '

and it was unaffected by the surface oxide.
Figure 2 shows an AES depth profile of the fluorine in

one of our films. The figure indicates that the fluorine
content is nearly uniform as a function of film depth.
This film was initially 5900 A thick. It was completely
sputtered off by Ar+ sputtering during the AES profile
measurement, as indicated by the drop of the F signal
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about 60% of the fluorine content of dc cathode samples.
The reason for this difference has not yet been clarified.

At Td &150'C, a thick film of polymeric (SiFz)„con-
densed on the substrates and on the walls of the reactor. '

This film was transparent to light, and oxidized exo-
thermally upon exposure to air. Because of their chemical
composition and instability, films deposited at Td & 150 C
are not included in this study.

B. Infrared spectra

FIG. 2. Depth profile of the fluorine in a dc GD a-Si:F film
(Td =250'C, [F] = 15 at. %%uo, initia I fil m thicknes s590OA).
The film was sputtered off at a rate of 80 A/min. The figure
shows the depth profile starting at a depth of 100 A (i.e., after
the surface oxide was removed).
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down to the noise level where the c-Si substrate was ex-
posed. The oxygen signa1 displayed in Fig. 2 is, in fact,
the instrument noise level at the 0&, Auger-electron ener-

gy, and is equivalent to an upper limit of oxygen concen-
tration of 1000 ppm in the film.

AES and XPS analyses indicated that in nondoped
a-Si:F samples, 2000 ppm was the upper limit for any
foreign constituent. SIMS analysis, which was done with
Ar+ bombardment in a PHI 590A system with a UTI
quadrupole mass spectrometer, did show traces of oxygen.
These were of the order of magnitude of the oxygen con-
centrations found in our a-Si:H films. Since our a-Si:H
films performed optically and electronically as high-
quality a-Si:H films reported by others (see below), we do
not think that these small oxygen inclusions had any ap-
preciable effect on the a-Si:F fi1m properties either.

The left-hand scale of Fig. 3 shows the fluorine content
of dc glow-discharge a-Si:F cathode films as a function of
deposition temperature, T~. The fluorine content de-
creases monotonically with deposition temperature, from
about 16 at. % at Td ——200 'C to about 2 at. % at
T~=600 C. rf glow-discharge a-Si:F samples contained

Figure 4 shows a typical ir transmission (Tr) spectrum
of an a-Si:F film recorded with a Perkin Elmer model 683
double-beam infrared spectrophotometer. A single-crystal
silicon substrate was held in the reference beam. A single
absorption band can be seen at 820cm ' with a (FWHM)
of 25 cm '. In addition, a broad band around 480 cm
is observed. The features below 400 cm ' should be
disregarded because of instrument noise in this region.
The single band at 820 cm ' indicates that the fluorine in
this film is bonded predominantly in the Si—F
monofluoride form. ' Thebroadband around 480 cm ' is
the Si TG-phonon mode which becomes ir active due to
the polarization of the Si—F bonds. This is the same band
seen in Raman spectroscopy. '

Similar spectra were obtained for all rf and dc glow-
discharge a-Si:F films. The magnitude of the Si-F ab-
sorption band decreased monotonically with the fluorine
content, as indicated in Fig. 3 (right-hand scale). At
Td ——500'C the ir signal of our films got below our detec-
tion limit (Tr=+0.005). Any other absorption peaks in
the ir spectrum besides the Si—F monofluorine stretching
mode, if present, must have been below our detection lim-
it. This sets an upper limit of about 10% of the total
fluorine content of the film in any of the other bonding
configurations, Si—F2, Si—F3, and Si—F4. The lack of
other features in our ir spectra is remarkable in view of
the rich ir spectra, which are obtained in a-Si:F films
=prepared by sputtering of silicon in the presence of SiF4
gas. ' We have shown elsewhere that the features ob-
tained in sputtered a Si:F fil-ms should be attributed to
(SiFz)„and SiF4 species which get trapped in the a-Si
films during the sputtering process. ' It seems that the
(SiFz)„species are formed at the sputtering target by a
process similar to that described by Eq. (1).' These
species can get trapped in the film even when their in-
clusion in the film is thermodynamically unfavorable, if
another source of silicon of high fluence exists in the pro-
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cess, as in the case of sputtering. The same trapping
mechanism causes the trapping of inert Ar atoms in sput-
tered a-Si films. ' Such trapping does not seem to occur
in the glow-discharge deposition process of a-Si:F films
under the deposition conditions described above.

C. Optical band gap

The optical band gap of the a-Si:F samples, Ep, was de-
rived from the formula'

(ahv)'/ =A(hv E—p), (3)

242

2.0—

I I

dc GD a- Si: I=

1.8—
LEJ

1.6—

1.4 I I I

200 500 400
Td ('C)

I I

500 600

FIG. 5. Optical band gap vs deposition temperature of dc
glow-discharge a-Si:F samples (fused-silica substrates; plasma
conditions same as in Fig. 3).

where a is the absorption coefficient, h v is the photon en-
ergy (hv& Ep), and /i is a constant. As has been recently
shown, Ep, which is obtained from the extrapolation to
a=0 of the optical data fitted to Eq. (3), depends on the
region of the measured values of a. ' For the determina-
tion of Ep of our a-Si:F films, we used films of
thicknesses in the range 0.1—0.5 pm, with values of a in
the range 1.0X10'&a&2.5&&10 cm '. The Ep values
of dc glow-discharge a-Si:F samples prepared at different
deposition temperatures are shown in Fig. 5. It can be
seen from the figure that, at Td &300'C, Ep increases
steeply as the deposition temperature is reduced. From
the data of Fig. 3 it can be deduced that Ep increases
when the fluorine content of the film exceeds 12 at. %.
On the other hand, at Td & 300 C the optical band gap is
almost constant, despite the continuing decrease of the
fluorine content of the film with increasing Td. In fact,
in the temperature range, Td ~ 300'C the optical band gap
seems to increase slightly with Td, reaching the optical
properties of anneal-stable, chemical-vapor-deposited
(CVD) a-Si films at Td )550'C.

In the region Td & 300'C it seems that the fluorine con-
tent dominates the magnitude of the optical band gap. As
mentioned above, for a film of 66.6 at. % fluorine [e.g. ,
for a polymeric (SiF2)„film] the substance is transparent
to visible light, indicating a band gap deep in the ultravio-
let energy region. It is expected that, due to the large
Si—F bond strength (about 5 eV ), the optical gap of
a-Si:F will open up as the fluorine content increases. On
the other hand, at Td & 300'C the fIuorine content seems
to be too low to affect the optical band gap. In this region
it is more likely that the degree of disorder of the film
determines the magnitude of the optical band gap. ' Thus
for Td ~ 300'C one may presume that the topological dis-
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FEG. 6. Spin density vs deposition temperature. The long-
dashed and the short-dashed lines give the lowest spin densities
achievable in our experiments at the given deposition tempera-
ture for dc and rf glow-discharge a-Si:F samples, respectively.

order decreases with increasing Td, resulting in a slight
increase of Ep.

D. Spin density

Electron-spin-resonance (ESR) measurements were
made with a Varian Associates EPR-4 instrument. Cali-
bration of the absolute spin density was done at IBM
(Yorktown Heights, New York) by comparing a few of
our samples to a known c-Si standard. The behavior of
the spin density of the a-Si:F films versus deposition tem-
perature was found to be similar to that reported for a-
Si:H samples: ' At Td &150'C and Td) 500'C, values
above 10' spins/cm were obtained, while at 200& Td
(350'C, a region of low spin density was obtained (see
Fig. 6). For dc glow-discharge cathode samples the lowest
spin-density values were in the range of 2&&10' spins
/cm . These values were obtained for Td between 250
and 350 C. For rf glow-discharge samples the lowest
values were in the range of 2X10' spins/cm, and were
obtained at deposition temperatures between 200 and
250'C.

a-Si:H samples prepared in our deposition system at
Td ——250'C gave spin densities below 3)&10'; some of
these films had spin densities below 5&10' cm, which
was our detection limit for the given sample volume.

The value of the g factor for undoped samples was
2.0055+0.0005, indicating the presence of dangling
bonds. The line shape of this ESR signal indicated a sym-
metric Lorenzian. In doped dc cathode samples the ESR
value decreased with dopant content down to levels below
our detection limit. This should be attributed to electron-
ic compensation. The g factor changed upon doping in
a way similar to that reported for a-Si:H. " Details of the
effect of doping on the ESR signal in our samples will be
published elsewhere.
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E. Electronic transport

1. Dark-conductivity measurements

Dark conductivity versus temperature [od(T)] was
measured with planar electrode geometry in a dry, flowing
N2 atmosphere. The applied voltages were between 20
and 40 V over a gap of 0.3 mm. A Keithley model 610C
electrometer was used to detect the dark current. The
contacts were generally Ohmic after a short 200'C anneal
of the electrodes. This anneal which was performed prior
to all electrical measurements was also found necessary in
order to desorb humidity and other adsorbates which af-
fected the surface conductivity at resistance values above
10' Q. Nonlinear I-V curves were found in some non-
doped low-spin a-Si:H samples. In these cases we used 4-
probe measurements.

Figure 7 shows typical curves of the dark conductivity
versus temperature of six a-Si:F samples and one undoped
a-Si:H sample. Samples 5—7 had about the same spin
densities (at 3X10' spins/cm ), and their dark conduc-
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tivities and activation energies are very similar. Samples
3 and 4 had a spin density of 2&&10' cm . They were
prepared under the same conditions as sample 5, but were
subsequently annealed (see below). Samples 1 and 2 are
phosphorus-doped with a phosphorus content of 0.2 and
2.0 at. %, respectively. The results show, first, a quantita-
tive similarity between the dark conductivity of the low-
spin a-Si:F and a-Si:H samples. At higher spin densities,
whether obtained by annealing or due to the high deposi-
tion temperatures, the dark conductivity of ihe intrinsic
a-Si:F samples increased [from —10 ' to 5)& 10 (Q
cm ') at room temperatureJ, and the activation energy
decreased (from -0.78 to 0.40 eV). Figure 7 also demon-
strates the clear increase of the conductivity and the de-
crease in the activation energy which is obtained in doped
a-Si:F samples.

Figure 8 shows the values of ao versus the activation
energy E„where o.o and E, are derived from the
Arrhenius-like plot (as in Fig. 7) of the conductivity,

ad ——ooexp( E, /kyar) . — (4)
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&0-'-

&0 '
2.0

I l

2.5 3.0 3.5
1000' T ( K ')

FIG. 7. Dark conductivity vs temperature. Samples 1 and 2:
phosphorus-doped dc GD a-Si:F; Td ——300'C. Samples 6 and 5:
rf GD a-Si:F; Td ——200 and 225'C, respectively. Samples 4 and
3: same preparation conditions as sample 5; T, =325 and
425 C, respectively. Sample 7: rf GD a-Si:H; Td ——250'C. RT
marks room temperature.

T is the temperature in 'K and kz is the Boltzmann fac-
tor. era and E, in Fig. 8 were derived from the conduc-
tivity data at T) 350 K, e.g. , well above the hopping-
conduction region. The figure shows the results for both
doped and undoped samples. The results show that the
Meyer-Neldel rule holds for a-Si:F as it does for a-Si:H,
even though the dependence of oo on E, in a-Si:F has a
smaller exponential coefficient than that reported for
a-Si:H. The solid lines in Fig. 8 are the least-squares
fits to the data of the doped and undoped samples, respec-
tively. The different experimental points for the doped
samples were obtained with different doping levels be-
tween 0 and 8 at. % (dopant concentration increasing
from right to left). The different experimental points of
the nondoped branch were obtained by increasing either
Td or T, . The optical band gap of all the samples in Fig.
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2. Photoconductivity measurements

The results reported above for the a-Si:F samples show
behavior of the structural and electronic properties gen-
erally similar to that reported for a-Si:H samples. Yet,
we found a significant difference between the photocon-
ductivity of a-Si:F and that of a-Si:H samples. In Fig. 9
we show the photoconductivity versus temperature for
some of the samples whose dark conductivity was present-
ed in Fig. 7. The ordinate in Fig. 9 is the product gp~,
where g is the quantum yield, p is the mobility, and ~ is

200oC
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FIG. 9. Photoconductivity of rf glow-discharge a-Si:H and
a-Si:F samples (photon flux 7)& 10' cm sec ', except for
curve (bj, photon flux 7/10' cm sec '. A, =5461 A, dry-N2
atmosphere, 400 V/cm).

8 was in the range Eo ——(1.58+0.07) eV. Thus the varia-
tions of E, in the range 0.26 &E, & 0.78 eV represent the
shift of the Fermi level due either to doping or defect-
level formation. Generally, the decrease of E, in doped
samples was associated with decreasing spin densities. On
the other hand, the decrease of E, in undoped samples
was associated with an increase in spin density. In fact,
we attribute the larger scatter of the experimental points
of the doped samples to the interplay of two mechanisms
which shifted Ez, i.e., variations of both dopant- and
defect-level concentrations. For the intrinsic samples, on
the other hand, only variations of the intrinsic defects
(dangling bonds) affect the position of EF. The two
curves in Fig. 8 were found to meet, as expected, for un-

doped, nonannealed samples. The meeting point is at
E, =(0.81+0.04) eV, with oo-2X10 0 ' cm '. This
indicates that E for nondoped, defect-free, a-Si:F sam-
ples should be 0.81 eV, which marks the position of the
Fermi energy for intrinsic a-Si:F.

Thermopower measurements showed that nondoped
and phosphorus doped a-Si:F samples had n-type conduc-
tion. Boron-doped samples had p-type conduction.

the mean carrier lifetime. gp~ was derived from the pho-
tocurrent data by

7)pl = (iz h vl ) /[ We VIo( 1 —R ) ( 1 —e ~"
)] (5)

where i~ is the photocurrent, l is the interelectrode spac-
ing, 8' is the electrode width, V is the voltage, Io is the
incident-light power, R is the sample reflectance, and d is
the sample thickness. The light source was a mercury arc
lamp chopped at 170 Hz, filtered with a 5461 A interfer-
ence filter. The light power Io was 25 mW/cm (7)& 10'
photons/cm ), except for curve (b) of sample 7, which was
obtained with Io ——0.25 mW/cm . The photocurrent was
amplified by a Princeton Applied Research (PAR) model
184 current-sensitive preamplifier and a PAR model 114
signal-conditioning amplifier, and then fed in parallel to a
Tektronix oscilloscope and an Ithaco model 391A lock-in
amplifier. Experimental points on the photocurrent curve
were obtained while going from high toward low tempera-
tures, using short exposures ( —30 sec). The temperature
was varied in the dark. This was done in order to avoid
the Staebler-Wronsky effect, even though this effect was
found to be very small in our nondoped a-Si:H films, and
undetectable in our a-Si:F films.

From Fig. 9 it can be seen, first, that at room tempera-
ture the intrinsic a-Si:F samples have a photocurrent
which is some 4 orders of magnitude lower than that of
the a-Si:H sample photocurrent. The photocurrent we ob-
tained for our nondoped a-Si:H samples was similar to
that reported for bipolar a-Si:H samples by other work-
ers. Curve (a) has the same main features as curve (b)
taken with 2 orders of magnitude less light intensity. This
shows that the lack of activation energy in curve (a) is not
due to some saturation effect. The higher value of qp~ in
curve (b) is attributed to a higher value of r. The values
of qp~ we obtained for the a-Si:F samples were in the
range between 5&10 ' and 5)&10 ' cm /V. No clear
correlation could be found between the values of qp~ and
the deposition conditions. Furthermore, the photoconduc-
tivity values we obtained in the nondoped a-Si:F samples
were found to be independent of spin density for
N, & 10' cm, even though o.o and EI; were shown above
to depend on the spin density. The photocurrent of the
a-Si:F samples could be increased by up to 3 orders of
magnitude by phosphorus doping, but this was still far
below the photocurrent of doped a-Si:H samples.

Another significant point seen in Fig. 9 is the difference
in the temperature dependence of the photocurrent of the
a-Si:F and a-Si:H samples. The slope of the photocurrent
versus temperature on the semilogarithmic scale gave ac-
tivation energies between 0.22 and 0.30 eV for the a-Si:F
samples, and much lower values —of the order of 0.04
eV—for the a-Si:H samples. In fact, as can be seen from
Fig. 9, the use of the term "activation energy" is inap-
propriate for sample 7 since no clear exponential depen-
dence of the photocurrent on temperature is obtained; the
slope of gpss in Fig. 9 for the a-Si:H sample is only given
for the sake of comparison to the a-Si:F samples. The ac-
tivation energy of the photoconductivity of the a-Si:H
samples below room temperature (down to —70 'C) was
0.11 eV, which was, still, much less than that of the
a-Si:F samples.
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IV. ANNEALING EXPERIMENTS

Annealing experiments are a useful technique in the
study of a-Si:F (as well as a-Si:H) samples. By driving
the halogen atoms out of their positions in the film and
measuring the resultant film properties, one can deduce
what the role of the halogen atoms was in the preannealed
film.

Below, we report the results of annealing experiments
of a-Si:F samples whose initial (as-deposited) spin density
was about 2)& 10' cm . The a-Si:F samples reported here
are GD rf samples prepared at Td ——225 C. They were
annealed in situ at the end of each deposition run. Depo-
sition time was 150 min and the annealing period was 15
min. The deposited samples contained about 8 at. %
fluorine. It should be noted that different annealing tem-
peratures correspond to different deposition runs, which
causes some scatter of the experimental results. Samples
prepared below 200'C could not be annealed without ma-
jor damage to the films, which cracked and peeled off. In
the data presented below, the 200 and 225'C data points
belong to nonannealed samples prepared at the listed tem-
peratures.

Figure 10 shows the spin density of the samples as a
function of annealing temperature. The spin density in-
creases from 1.5)& 10' spins/cm for the - nonannealed
sample„up to 4&&10' cm at T, =520'C. In one of our
rf glow-discharge a-Si:F samples that was subjected to
successive isochronal anneals at temperature intervals of
50 C we found a result very similar to the solid curve
plotted in Fig. 10. The maximum value of the spin densi-
ty on that sample was obtained at T, =630'C. Beyond
T, =630 C the ESR dropped sharply as the film started
to crystallize.

The monotonic increase of the ESR signal in our rf GD
a-Si:F samples indicates that Si—F bond breaking takes
place at all temperatures above the deposition tempera-
ture. Bond reconstruction does not seem to keep pace
with bond breaking, particularly at low annealing tem-
peratures. Furthermore, the fluorine in the film does not
seem to diffuse efficiently to the locations of the dangling

bonds formed. This is somewhat different than the case
of a-Si:H, where the spin density does not start to increase
before annealing temperatures of 250—300'C have been
reached and a few atomic percent of hydrogen has
evolved. Nevertheless, the saturation value of the
spin density in annealed a-Si:H samples is the same as in
a-Si:F, e.g., about 4&&10 cm, and it is obtained at
T, =600 C.

Figure 11 shows the dark conductivity of the a-Si:F
samples at room temperature as a function of annealing
temperature. From Figs. 10 and 11 we see that the dark
conductivity of the annealed samples increases with spin
density. At spin densities above 10' cm, the dark con-
ductivity saturates at a value of 3 & 10 Q ' cm ' . As
mentioned before, we also found a corresponding decrease
of E, with increasing spin density, from 0.78 eV at a spin
density of 1.5&10' cm to 0.5 eV at a spin density of
4&& 10' cm . The results indicate the strong correlation
between the transport properties of equilibrium charge
carriers in undoped films and the spin density of the sam-
ples: When the density of spin defects increases, the Fer-
mi level gets closer to the conduction band, thereby in-
creasing the conductivity.

Figure 12 shows the room-temperature photoconduc-
tivity of the samples of Fig. 11. As mentioned before, no
correlation could be found between the photoconductivity
and the spin density of the samples. This is strikingly dif-
ferent than what one finds in a-Si:H; Jones et al. report a
variation of 4 orders of magnitude in the photoconductivi-
ty of a-Si:H when the films are annealed from T, =400'C
to T, =600'C. Over that range, the spin density changes
from 2~1Q' to 4&1Q' cm

Our ir-transmission studies indicated that, during an-
nealing at temperatures above the sample deposition tem-
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perature, the fluorine in the film was transformed from
Si—F bonds into SiF4 gas rnolecules. ' ' These gas mole-
cules did not effuse out of the film, but were trapped in
bubbles between the film and the substrate. Only at an-
nealing temperatures above 600 C did these bubbles ex-
plode and their SiF4 gas content erupt. ' Figure 13
shows a scanning-electron-microscope (SEM) micrograph
of an annealed film with bubbles in formation and two ex-
ploded bubbles. The evolution of fluorine mostly by
violent mechanical destruction of the film indicates, un-
like hydrogen in a-Si:H, that Auorine has no easy dif-
fusion channels out of the a-Si film.

V. DISCUSSION

Let us summarize the main findings on a-Si:F and
compare them to the results obtained in a-Si:H samples.
Eliminating the complexity of the gas-transport process,
a-Si:F films can be produced in a way similar to that of
a-Si:H films, either by rf or dc glow-discharge decomposi-
tion of a silicon-halogen plasma. The films can be
prepared with spin densities of the order 10' cm
Upon annealing to 600'C, their spin density increases to
about 4&&10' cm . Their dark conductivity is closely
tied to their spin density: the higher the spin density, the
lower the thermal activation energy, and also the larger
the hopping-conduction contribution at low temperatures.
The activation energy of low-spin, nondoped samples is
about 0.8 eV, and their dark conductivity at room tem-
perature is about 10 ' 0 ' crn ', with carrier transport
in extended states. The above findings indicate that both
a-Si:F and a-Si:H are amorphous materials of relatively
"clean" band gaps. Fluorine clearly compensates for dan-
gling bonds and reduces the density of deep gap states, as
indicated by the ESR and dark-conductivity measure-
rnents.

There are, though, some differences between glow-
discharge a-Si:F and a-Si:H samples, which we now
enumerate.

(1) While the ir spectrum of a-Si:H indicates several
forms of hydrogen bonding to silicon, e.g., Si—H, Si—Hz,
Si—H3, or (SiHz)„, in glow-discharge a-Si:F we find
the fluorine predominantly in Si-F monofluoride bonds.
This is independent of deposition temperature (for
Td ~ 150'C), of plasma conditions, or of fluorine content.

(2) The optical gap of a-Si:F does not seem to depend
on the fluorine content at fluorine concentrations below
12 at. %. In a-Si:H, on the other hand, the gap increases
significantly with H content.

(3) The photoconductivity of nondoped a-Si:F films at
room temperature is 3—4 orders of magnitude lower than
that of a-Si:H films. The comparison is done for samples
prepared in similar reactors which have similar spin den-
sities and similar dark conductivities.

(4) The thermal activation energy of the photoconduc-
tivity of a-Si:F is between 0.22 and 0.30 eV, much higher
than that of intrinsic a-Si:H.

(5) Upon annealing at T, & Td, the hydrogen in a-Si:H
diffuses (atomically) and evolves from the free surface. In
a-Si:F the fluorine forms stable SiF4 molecules that accu-
mulate in trapped bubbles. The bubbles grow, probably
by a mechanism of defect diffusion.

(6) The spin density of rf glow-discharge a-Si:F samples
increases sharply with annealing temperature for T, & Td,
even at T, as low as 225 C, while in a-Si:H there is a tern-
perature range in which the spin density decreases as the
annealing temperature is raised.

We thus find that in some respects (ESR versus Td,
dark transport) fluorine has the same effect as hydrogen
in the a-Si matrix, while in other respects (optical gap at
[F) & 12 at. %, photoconductance) the films behave as if
there was no fluorine present at all.

Let us discuss first the photoconductivity of a-Si:F.
Even though there is as yet no single accepted model for
the temperature dependence of the steady-state photocon-
ductivity in amorphous semiconductors, it is generally ac-
cepted that the increase in the photocurrent with tempera-
ture at temperatures below the photocurrent maximum
arises from thermal excitations of photocarriers which are
trapped in the shallow band-tail states. ' Thus, the
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higher activation energy and the lower value of the photo-
current of a-Si:F with respect to a-Si:H are consistent
with the assumption that the density of tail states in a-
Si:F is much larger and penetrates much deeper into the
mobility gap than it does in a-Si:H.

To test the hypothesis of the wider band tail in a-Si:F,
we recently performed photoinduced-absorption (PA)
measurements. As analyzed by Tauc, the PA experi-
ment probes the density of trapped photocarriers in the
band tails of the amorphous semiconductor. We found
that near room temperature the magnitude of the PA sig-
nal in a-Si:F is about 2 orders of magnitude higher than
that of a-Si:H. This result is consistent with the as-
sumption that, indeed, the larger density of tail states in
a-Si:F is the origin of the low macroscopic mobility and
the low photoconductivity of that material. The large
density of tail states can also explain the independence of
the photoconductivity of a-Si:F on the spin density: With
a sufficiently high density of tail states, as is obtained in
a-Si:F, tail-to-tail recombination may dominate, and then
the recombination through spin centers becomes insignifi-
cant. There also seems to be some evidence that, even in
a-Si:H, recombination is dominated by tail states and not
by dangling bonds.

The optical band gap in a-Si:F was found to be practi-
cally independent of the density of spin defects, as shown
above. Others have shown that the optical band gap in
a-Si:H, as derived from Eq. (3), is directly related to the
density of tail states and the topological disorder of the
film. ' We thus conclude that in a-Si:F, unlike in a-Si:H,
the density of tail states is always high, independent of the
degree of compensation of deep defect states by the
fluorine. We also see that variations in the fluorine con-
tent (below —10 at. %) do not affect the optical gap and
hence have little effect on the high topological disorder.
However, our annealing experiments show that the
fluorine content has a strong effect on the ESR signal.

As to the origin of the large difference between the den-
sity of tail states of low-spin a-Si:F and a-Si:H samples,
we note that the band-tail states in amorphous semicon-
ductors are attributed to the local potential fluctuations in
the disordered system. ' One possible origin for the po-
tential fluctuations is the local strain of the chemical
bonds that cannot achieve their relaxed bond lengths and
angles. We may thus assume that hydrogen has the abili-
ty to relax the strained bonds, while fluorine in a-Si:F
does not. It was indeed suggested previously that the spe-
cial feature of hydrogen in a-Si:H is to reduce the strain
by reducing the average coordination number of the over-
constrained disordered tetrahedral structure. ' Howev-
er, the reduction of the average coordination number is
definitely not the clue to the low density of tail states in
a-Si:H, since similar amounts of fluorine and hydrogen in
the amorphous silicon matrix, which reduce the average
coordination number by exactly the same amount, give
very different densities of tail states in the two materials,
as shown above.

We thus propose that the special feature of hydrogen
lies in the strength of its bond to the silicon atom. We
note that the Si—H bond strength (3.09 eV) is slightly
lower and almost equal to the Si—Si bond strength (3.29

eV). On the other hand, the Si—F bond strength is
much higher (5.30 eV)." (These values are for diatomic
molecules; in the solid all bonding energies are expected to
increase slightly due to the different electronegativity of
the bonded silicon. ) We also note that hydrogen diffusion
and evolution experiments have indicated that the hydro-
gen in a-Si:H is bonded in pairs at sites of neighboring sil-
icon atoms in the form '"

a-Si—=Si—HH —Si=—a-Si . (6)

Combining the information on the bond strength of hy-
drogen and fluorine to silicon and the special bonding
form of hydrogen in pairs, we propose that hydrogen is
unique in its ability to attack, and dissociate preferential-
ly, strained Si—Si bonds. It does so by hopping from site
to site, ending at points of strained bonds, where its pres-
ence helps best to reduce the free energy of the system.
These ending points seem paired as given by Eq. (6).
Since the bond strength of Si—H is somewhat less than
that of Si—Si, hydrogen selectively dissociates strained
Si—Si bonds whose contribution to the total free energy is
high. In this way the atomic scale potential fluctuations
are reduced to a minimum and the tail states are eliminat-
ed. Fluorine, on the other hand, is not selective to
strained Si—Si bonds and it does not dissociate them pre-
ferentially. Instead, it bonds at random in the a-Si ma-
trix, because any bond of fluorine to silicon considerably
reduces the free energy of the system. The process which
further lowers the free energy in the Si-F system is not the
migration of the fluorine to sites of strained silicon bonds,
but rather the formation of stable SiF4 molecules.
Indeed, upon annealing of a-Si:F films, we found that the
Si—F bonds are replaced by SiF4 molecules. This process,
of course, consumes the fluorine atoms of a-Si:F without
helping to relieve the strained bonds.

We do not believe that the higher density of tail states
in a-Si:F should be attributed to defects associated with
the size of the fluorine versus that of the hydrogen atom.
That is because, first, the bond length of Si—F is very
close to that of Si—H (1.53 versus 1.47 A), and, second,
a-Si:F:H films were found to perform electronically in a
way similar to that of a-Si:H without fluorine. ' If the
fluorine itself was the origin of the defects in a-Si:F, these
defects should have also been found in a-Si:F:H. We thus
conclude that the high density of tail states and the low
photoconductivity of a-Si:F are not due to a specific prop-
erty of fluorine, but rather to a specific property it lacks,
that is, the ability to relieve strained bonds.

Our model implies that the a-Si:F should be more
strained than the a-Si:H. A measure of the strain in
amorphous silicon can be obtained from the width of the
Raman TO band observed in a-Si. Shimizu et al. have
found that sputtered a-Si:F samples had higher strain
than sputtered a-Si:H. We have performed preliminary
Raman experiments on our glow-discharge a-SiF and
a-Si:H and also have evidence that the a-Si:F is more
strained than a-Si:H.

Our results also suggest a different view of the NMR
studies of GD a-Si:H. These studies have shown that the
NMR signal of a-Si:H is composed of a narrow and a
broad line. '" The narrow component was attributed to
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hydrogen scattered in silicon grains and the broad line
was assumed to belong to a "tissue material" of higher hy-
drogen density. We propose that the scattered monohy-
bride has a function similar to that of fluorine in a-Si:F it
does help to cancel deep traps and spins, but not shallow
traps. The hydrogen which exhibits the unique property
is indeed the hydrogen of the strain-relieving pairs
(SRP's), which helps to eliminate the shallow traps. The
SRP's contribute to a broad NMR line since the separa-
tion between two hydrogen atoms of an SRP can easily be
smaller than 1.9 A because the interatomic distance of re-
laxed Si—Si bonds is 2.3 A. The value I.9 A, derived
from the NMR data, is an upper limit of the separation
of a pair of H atoms in an SRP if the pairs are to be
dispersed in the material and are to account for the broad
NMR line. ~7 [NMR experiments in a-Si(F,H) and sput-
tered a-Si:F also show a broad line. However, the broad
line in sputtered a-Si:F should be attributed to the pres-
ence of SiF& molecules, not to fluorine SRP's. SiF4 mole-
cules exist in large quantities in sputtered a-Si:F and a-
Si:F:H films. ]

In conclusion, we have shown that a-Si:F films of low
spin density can be produced, can be doped, and that their
optical properties and dark conductivity are similar to
those of a-Si:H samples. We show, however, that the den-

sity of the electronic tail states of a-Si:F penetrates much
deeper into the forbidden band gap. As a result, the pho-
toconductivity of a-Si:F is lower and its photoinduced ab-
sorption signal is higher than that of a-Si:H. We have
shown that the photoconductivity in a-Si:F is independent
of the spin density of the films, and we have argued that
also in a-Si:H the low photoconductivity of annealed sam-
ples may be, to a large extent, the result of an increased
density of tail states. Thus the high photoconductivity of
good-quality a-Si:H samples is the result of the low densi-

ty of shallow tail states in this disordered material. We
suggest that this is due to structural strain relief, which
reduc. s the local potential fluctuations which are respon-
sible for the tail states. We have argued that the structure
relaxation in a-Si:H is not a consequence of the slightly
reduced coordination number, but a special property of

the Si:H system related to the diffusivity of hydrogen and
the thermodynamics of the Si:H system. We have argued
that due to the high bond strength of Si—F and the poor
diffusivity of elemental fluorine in the a-Si:F matrix, no
strain relief can be obtained in the a-Si:F system, even
though the material can be prepared so as to give low spin
density.

Finally, our results imply that, if one could produce an
intrinsic continuous random network of a tetrahedral
amorphous material with no spins. and no hydrogen or
fluorine, as suggested by Paul, that material would not
perform like low-spin a-Si:H samples. In fact, such hy-
pothetical material may have low room-temperature dark
conductivity, activation energy which is about half the
band gap, and negligible phonon-assisted tunneling con-
duction. Yet, it would probably have poor photoconduc-
tivity due to a large density of strain-induced tail states.
Our low-spin a-Si:F films seem to be close to that hy-
pothetical material.

Note added. Recently, measurements were made on our
samples by Dr. M. Stutzmann at the Xerox Palo Alto
Research Center. These measurements indicate that, as
compared to the Xerox standards, all spin densities re-
ported in this paper should be higher by an order of mag-
nitude.
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