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The electrolyte electroreflectance and Raman scattering
spectra of several samples of glow-discharge amorphous
Si:F:H films have been investigated. We have observed
modulated optical spectroscopy structure at 3.4eV and
4.5eV, energies which correspond to peaks seen in
crystalline silicon. In particular, the latter feature
can be related to the degree of disorder in the material.
Also we have seen peaks in the Raman spectra intermediate
between amorphous and crystalline materials. These
experimental results provide strong evidence that highly
n-doped (P or As) a-Si:F:H possesses an

intermediate range order (i.e., an improved connectivity
between the elements of the random network).

A new type of amorphous semiconductor alloy has recently been reported [ 117 .
This new material has silicon and fluorine as its main structural components.
It is multi-elemental and includes hydrogen and can also include other elements.
This Si:F:H alloy, prepared by the glow-discharge decomposition of SiF, mixed
with hydrogen, has been reported to overcome a number of problems of a-Si and
a-Si:H. In order to gain further information about the electronic and vibra-
tional states of this amorphous semiconductor, we have investigated the elec-
trolyte electroreflectance (EER) and Raman spectra of several samples of this
material.

The Raman spectra of crystalline (c-Si) and amorphous silicon (a-Si) differ
considerably. The former material exhibits a single, sharp 11ne at 522 cm
while the latter shows a broad asymmetric peak around 475 cm . To date, peak
positions intermediate between these two have not been reported for disordered
Si [ 2] except in ion-damaged amorphous material which has been pgftially annealed
by pulsed laser radiation [3]. The presence of the sharp 522 cm ' Tine can be
used to identify crystallinity [4]. Recent experiments on annealed Si0_ films
confErT the usefulness of Raman scattering as a method of detecting cry§ta111n-
ity L5].

We have observed in several samples of a-Si:F:H (a) structure in the EEB]
spectrg]in the range 1-5eV and (b) Raman peaks intermediate between 475 cm = and
522 ¢cm . This is the first report of modulated optical structure above the
fundamental amorphous gap [6,7] and intermediate Raman peaks in a disordered
tetrahedral semiconductor. In all samples investigated, EER features were seen
at 3.4eV and 4.5eV, energies which correspond to optical and modulated optical
structure of crystalline silicon [8]. 1In particular, the 4.5eV feature can be
related to the degree of local disorder in the material. The observations of
the 3.4eV and 4.5eV EER structure§](part1cu1ar1x the latter) as well as Raman
peaks intermediate between 475 cm ° and 522 cm strongly indicated that
highly n-doped (P or As) a-Si:F:H possesses an intermediate range
order (IR0) i.e., an improved connectivity between the elements of the random
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network. Our work on As-doped material has been presented elsewhere [9] so that
we will concentrate on the results for a-Si:F:H (P).

The samples for this investigation were prepared by the g]gw discharge process,
using an RF power of ~»30w to decompose SiF, gas with a gas mixture Qf SiF; =H
of ~»5:1. The RF power used was capacitive?y coupled to the gas having a dc
bias of approximately -100V on the sample electrode. Typically, a flow of )
0.05 liter/min at 0.5 Torr was used. Doping was accomp]ishgd by the introduction
of PH3. The temperature of the substrate was typically 300°°C.

Shown in Fig.(1) are the EER spectre of two a-Si:F:H (P) samples (GLAD
35-A-B anq GLAD 35-B). Both have a room temperature conductivity qf []O]
(ohm-cm)”'. The former sample is about 0.3 um thick on a crystalline silicon
substrate while the latter is about 0.15um thick on a Sn0,, substrate. The
EER measurements were made using the electrolyte technique™[8].
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Fig.(1) Electrolyte electroreflectance spectra for
a-Si:F:H doped with P( 0.1% of PH in SiF4)

The two spectra are very similar with pronounced peaks around 2eV, 3.4eV and
4.5eV. Above 3eV the features in Fig. (1) correspond to those in Ref. [9]. The
structure around 2eV is very similar to that reported by Okamoto et al, (6] and
more recently by Al Jalali and Weiser [ 7]. This is the energy range of the
fundamental absorption edge. The results of Fig. (1) and those reported in
Ref. [9] are the first observation of modulated spectra above this region in a
disordered semiconductor.

In Fig. (2) we have plotted the Raman spectra of several types of amorphous
silicon. Experimental detailf are given in Ref. [ 9]. The a-Si:F:H (P), with
a Raman peak at about 528 cm ', is the same material used to obtain the EER
spectra of Fig. (1) (both GLAD samples gave essentially the same Raman spectra).
The sample designated a-Si:F:H (As) in Fig. (2) is the same as sample 103 of1
Ref. [ 9]. The position of the c-Si peak is indicated by an arrow at 522 cm’
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Fig.(2) Scattering intensity versus Raman shift!:

The n-doping for both a-Si:H and a-Si:F:H is intro-

duced by 0.1% of PH, or AsH, in the gas mixture.

The a-Si:F:H(B) sample has ?% BZHG in SiF4.

Although EER structure has been reported in the vicinity of the absorption

edge for a-Si:H, ER response has not been obtained involving transitions above
the absorption edge. The structures we observe at 3.4eV and 4.5eV correspond
to the interband transitions in c-Sil 8]. Regardless of the thicknesses of
these samples, the peak energy positions were not changed. On this basis,
together with the small depth of penetration of the 1ight at these energies, we
have ruled out any interference effects.

It has been established that the main contribution to the 3.4eV peak in Si is
due to transitions along the <111> regions (L', - L,) of the Brillouin Zone
(BZ) [10]. Hence it is the same as the E; peak in ot%er diamond- and zinc-
blend type materials. The <111> direct]ons are precisely the directions of
the bonds in the unit tetrahedron. Therefore, any feature related to them is
expected to be retained as long as the short range order is preserved. For
example, the large asymmetric single bump €, (imaginary part of complex dielec-
tric constant) of amorphous tetrahedrally bGnded semiconductors coincides with
the E, feature of the crystalline material. Several theoretical works have
also Aemonstrated this relationship. On the other hand, the 4.5eV feature (EZ)
in c-Si is due to transitions at the X point (X,-X;) and X regions ( Z,- Z,)
of the BZ. The E, feature in €, is washed out Qn &oing from the cryst§111§e to
amorphous materia%. Based on tﬁis fact, as well as on theoretical calculations,
the E, feature is to be associated with an ordering which is longer range than
that ge]ated to E,. For example, theoretical investigations of the polymorphs of
Ge and Si show th;t the E2 peak is selectively Towered with respect to the E]

1251



R. Tsu, M. Izu, V. CANNELLA, S. R. OVSHINSKY, et al.

structure when the local disorder is increased [11]. Thus the observation of
the E, structure in our EER experiment strongly suggests for IR0 in our highly
n-dopéd a-Si:F:H samples. (No EER has been found for low to moderate doping).

In the region slightly below 2eV our EER spectra (see Fig. 1) is similar to
that observed by Okamoto [6] and calculated by Al Jalali and Weiser [7] based
on a Kramers-Kronig analysis of their electroabsorption spectrum for a-Si:H.
They interpret the electroabsorption effect as resulting from the influence of
the external field on the localized states only. It is interesting to note that
in ¢-Si the Fz’ -L, gap is at 1.7eV [12]. Thus it may be that the features
slightly below EeV ]s related to this transition. It is possible that the
<111> nature of the I —L1 gap, i.e. the tetrahedral bonding symmetry, is .
related to short range 8§der .

The Raman spectra of a number of doped and undoped Si:F:H samples are compared
with a-Si:H sample in Fig. (2). The Raman spectra of undoped a-Si:F:H is much
more symmetrical (lower Raman intensity at lower frequencies) jn comparison to
the undoped_T-Si:H. Generally there is a noticeable increase in the peak position
from 475 cm_; for a-Si:H to 480 cm for a-Si:F:H, while a dramatic upyshift
from 475 cm~' for highly n-doped a-Si:H to the neighborhood of 520 cm for
highly n-doped a-Si:F:H. The peak pogition for the highly doped ( 1% B) a-Si:F:H
significantly shifts down from 480 cm . While the addition of fluorine
may increase the range of order, high concentration of P- and As-doping
resultsin a definite IRO. To date, of all the samples studied, the obser-
vations of EER and dramatic up-shift in the Raman peak position are well corre-
lated. Since these effects are not found in a-Si:H (doped or undoped) we
conclude that fluorine is responsible for promoting IRO in our highly
n-doped a-Si:F:H samples.
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