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Optical studies of bonding in coevaporated amorphous silicon-tin alloys
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Homogeneous amorphous Sil „Sn„alloys have been prepared by coevaporation on cold sub-
strates over a wide composition range, 0~x &0.50. Their complex dielectric constant Z has been
accurately determined between 0.5 and 3 eV by combining different methods on films with different
thicknesses (from 30 to 300-500 nm). The derivation of two characteristic alloy parameters (the op-
tical gap and the average gap) from these data is discussed in detail. While the optical gap decreases
linearly with increasing x, the average-gap variation shows a change in slope for x =0.30, suggest-
ing a modification of the alloy average bonding. A careful analysis of the overall evolution upon al-

loying of the e& and e2 spectra supports the conclusion that these a-Si& „Sn„alloys are chemically
ordered.

I. INTRODUCTION

Although Sn has a very low solid solubility in crystal-
line Si, amorphous Si-Sn alloys can be obtained as thin
films by cosputtering and coevaporation techniques. '
Much attention has recently been paid to hydrogenated
a-(Si-Sn) alloys prepared by reactive sputtering, glow-
discharge decomposition of SiH4 and SnH4 mixtures,
sputter-assisted plasma chemical-vapor deposition' and
molecular-beam deposition, " because of their potentials
as low-band-gap materials for multijunction-solar-cell ap-
plications. However, in most cases these alloys tend to
become inhomogeneous as the Sn concentration in-
creases, because of the segregation of part of the Sn
atoms which form crystalline P-Sn precipitates. ' ""

Homogeneous a-Si, Sn„alloys, with Sn atoms enter-
ing substitutionally the Si network, could be obtained up
to Sn atomic concentrations x as high as 0.5 by con-
trolled coevaporation onto substrates maintained at
liquid-nitrogen temperature. ' The hydrogenation of
these alloys has recently been achieved by introducing
atomic hydrogen during evaporation. ' We present here
the results of a detailed study of the optical properties of
such coevaporated, nonhydrogenated a-Si& Sn alloys,
with x varying from 0 to 0.5. We determine the changes
upon alloying of characteristic parameters like the optical
gap and the average gap, and we propose a model for Sn
incorporation based on the analysis of the modifications
of the complex dielectric constant over a large spectral
range.

II. EXPERIMENT

The samples were thin films deposited in an ultrahigh-
vacuum chamber (base pressure of the order of 10
Torr, pressure during deposition lower than 3X10
Torr), by coevaporation of Si and Sn from an electron-

beam gun and a thermal cell, respectively, onto well-
polished substrates maintained at liquid-nitrogen temper-
ature. Two calibrated quartz microbalances were used in
order to control the evaporation rate of each constituent
and to monitor both the composition and the thickness of
the films. Deposition rates ranged typically from 0.2 to
0.5 nm/sec.

In order to obtain reliable values of both the real (e, )

and imaginary (E~) parts of the complex dielectric con-
stant e=e, +ie2=(n+ik) over a wide spectral range
(from 0.5 to 3 eV), we combined the results of di6'erent
methods applied to films with different thicknesses for a
given alloy composition.

In the high-absorption region, we measured both the
refiectance (R) and the transmittance (T) at near normal
incidence of thin ( =30 nm) films, with a Cary-17 spectro-
photometer equipped with a V-W specular reflectance at-
tachment. The n and k values were then determined
simultaneously from the (R, T) data, using exact thin-film
expressions taking into account the coherent multiple
rejections in the film and incoherent ones in the trans-
parent substrate. ' The film thickness needed in the cal-
culations was measured with 1% accuracy by an x-ray in-
terference technique. ' These thickness values were
found to be in excellent agreement (within 1%) for all
compositions with those given by the quartz monitoring
system, which had been calibrated by multiple-beam in-
terferometry measurements on thicker films (of the order
of 200 nm). ' This indicated that the alloy density did
not depend on the film thickness.

In the low-absorption region, in order to improve the
accuracy on k (on the absorption coefficient a=4mk/A, ),
we used thicker films (300—500 nm) and we complement-
ed the traditional transmittance measurements by photo-
thermal defiection spectroscopy (PDS) experiments, per-
formed with the sample immersed in CC14, with a 250-W
tungsten halogen lamp followed by a H25 Jobin-Yvon
monochromator as the exciting source, at a 13-Hz modu-
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lation frequency. Since the PDS signal is simply propor-
tional to the film absorptance A = 1 —(R + T) for
thermally thin samples (film thickness much smaller than
the thermal diffusion length in the medium), the PDS
spectra S(A'co) were calibrated in all cases by fitting to the
true A (A'co) values computed from the film optical con-
stants as deduced from the transmittance measurements
in the usual way, in the region (a=10 —10 cm ') where
the two methods both overlap and give reliable results.
The absorption coefficient e was then determined from
the calibrated S(iiico), using appropriate thin-film expres-
sions.

A multilayer analysis of grazing-incidence x-ray
reAectometry experiments' performed on a few thin al-
loy films revealed the existence of a superficial contam-
ination layer with a thickness of the order of 3—4 nm. '

From the value of its x-ray refractive index which can
also be deduced from these experiments, it could be in-
ferred that this layer probably consisted in slightly
porous or hydrated Si02. We checked by model calcula-
tions that neglecting the presence of such a contamina-
tion layer in the determination of n and k from (R, T)
measurements on thin films did not affect the k values but
was responsible for a slight decrease of the n values,
without noticeable change of the n(A'co) energy disper-
sion.
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III. ANALYSIS OF THE ALLOY
OPTICAL PROPERTIES

A. Complex dielectric constant

Figures 1(a) and 1(b) show the real (e&) and imaginary
(ez) parts of the complex dielectric constant as a function
of energy between 0.5 and 3 eV, determined by the (R, T)
method applied to thin films, for a series of a-Sii Sn
alloys with Sn atomic concentration x varying from 0 to
0.59. It must be pointed out that E'& and e2 values become
slightly less reliable in the (2.5 —3)-eV range, because of
larger uncertainties due to problems inherent in the
search of (n, k) solutions by the (R, T) method, and that
the accuracy on the e2 values in the low-absorption (low-

energy) range is rather poor since very thin films have
been used in these experiments. Two remarks can be
made about these spectra.

While for the alloys with x ~0.50 the overall shape of
the e& and ez spectra remain roughly similar to that for
pure a-Si, with only minor modifications to be studied
later, it changes drastically for the two alloys with
x & 0.50. This rejects the fact that these samples are no
longer homogeneous, since they contain metalhc P-Sn
crystallites embedded in the amorphous semiconducting
matrix, as shown by electron microscopy and electron
diffraction studies. In the following, we will only consid-
er the homogeneous a —Si, Sn alloys, with x varying
from 0 to 0.50.

The general trends observed upon alloying are, as ex-
pected, a shift of the e2 spectrum to lower energies and an
increase of the sub-band-gap e& values. However, it ap-
pears very clearly, when looking for example at the shape
of the e2 edge and at the location of the broad maximum
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FIG. 1. (a) Real (e&) and (b) imaginary (e2) parts of the com-
plex dielectric constant vs energy for a-Si& „Sn, alloys with Sn
atomic concentrations (1) x =0, (2) 0.055, (3) 0.095, (4) 0.15, {5)
0.195, (6) 0.31, (7) 0.38, (8) 0.42, (9) 0.495, (10) 0.55, (11)0.59.

in the e& spectrum, that the alloys can be separated into
two groups: Si-rich alloys, for x 0. 195, which exhibit a
Si-like optical behavior and Sn-rich alloys, for
0.31~x &0.495. This is a first indication of a possible
change in average bonding for Sn concentrations between
0.2 and 0.3.

B. Optical gap

This relation has been derived from the general one-
electron e2 expression,

In the region of the absorption edge where the absorp-
tion coefficient a is high enough (a~10 cm ') that the
corresponding optical absorption can without any doubt
be assigned to electronic transitions between extended
states in both the valence and conduction bands, it has
been proposed ' that the imaginary part of the complex
dielectric constant behaves as

(@co) e2=B (A'co —Eo)
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ei(A'co) =
2
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where E, and E, are the energies of the initial and final
states of the optical transitions and P„,= ( c IP I

u ) is the
corresponding momentum matrix element. When apply-
ing the "nondirect"-transition model in which only the
energy is conserved in the transitions, expression (2) then
becomes

ei(fico) — P (irico) fg, (E)g, (E +fico)dE,
(A'co)

(3)
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FIG. 2. Plots of the quantity fico(e&)' vs energy according to
the Tauc model for the same a-Sil „Sn„alloys as in Fig. 1, with
x varying from 0 to 0.495; the straight lines used for the optical
gap determination are drawn in a few cases only.

where g, (E) and g, (E) are the valence- and conduction-
band densities of states, and P is the average momentum
matrix element squared. Relation (1) is obtained from ex-
pression (3) under the assumptions of a square-root ener-

gy dependence of the densities of states at the band edges,
and of constant average momentum matrix element. The
optical gap Eo determined by extrapolation from relation
(1) thus represents some measure of the energy separation
between extended states in the valence and conduction
bands, and is commonly considered as a useful parameter
for characterizing amorphous semiconductors, even if its
physical meaning remains unclear. It may be added that
recent theoretical calculations have confirmed the gen-
eral validity of relation (1), even though the assumptions
involved in the original Tauc model may be questionable.

Figure 2 shows plots of the quantity %co(ei)' versus
energy between 0.5 and 3 eV for pure a-Si and for the
series of a-Si& Sn„alloys with x varying from 0.055 to
0.495. As emphasized earlier, the use of thin films for the
optical measurements allowed us to determine e2 over a
large absorption range. It can immediately be seen in
Fig. 2 that, if relation (1) is followed very well for Sn-rich
alloys with x ~ 0.31, over a wide spectral range (1 eV and
more), leading to an unambiguous determination of the
optical gap Eo, this is not the case for pure a-Si and, to a

lesser extent, for Si-rich alloys with + 0. 19. Especially
for pure a-Si, the curvature is so important that no reli-
able Eo value can be obtained; depending on the edge re-
gion chosen for the extrapolation, Eo can vary by more
than 0.2 eV.

While relation (1) was found to be well obeyed for
many amorphous tetrahedr ally bonded semiconduc-
tors, ' deviations have already been reported and dis-
cussed for hydrogenated a-Si, and different laws which
better reproduce the optical data have been proposed.
These laws are justified by a modification of the assump-
tions made in the original Tauc model: either by chang-
ing the energy dependence of the densities of states at the
band edges, or by arguing that the average dipole ma-
trix element, instead of the average momentum matrix
element, must be taken as a constant (independent of en-
ergy). This last assumption is indeed consistent with
the results of matrix-element calculations performed for
the so-called ST-12 crystalline polytype of Si, which
presents structural analogies with amorphous Si, as well
as with the results of an experimental determination of
the energy dependence of the matrix element from a com-
bination of complex dielectric constant and density-of-
states measurements on ci-Si:H. Since expression (2) can
also be written

ei(&~)=(2~e)'—y I&...I'5(E, —E, —iii~),22
V, C

(4)

and, under the assumptions of constant average dipole
matrix element and parabolic band edges, one obtains

ei(fico) =(8') (irico —Eo)

This relation, which replaces Eq. (1) for the determina-
tion of the optical gap, was found to be well followed for
a-Si:H, ' with an Eo value appreciably lower than the
Eo values which could be deduced when applying rela-
tion (1) to the same data. Figure 3 shows that our ez
values for pure a-Si are indeed rather well reproduced by
relation (6) over about 1 eV. The corresponding Eo
value, of the order of 1.05 eV, is, however, very small
compared to the Eo values which can reasonably be de-
duced from the plots of Fig. 2 (between 1.3 and 1.7 eV).
On the other hand, relation (6) does not seem to apply to
the a-Si, „Sn alloys, especially the Sn-rich alloys, for
which it leads to unphysical results (negative value for
the optical gap). This discussion demonstrates that the
problem of the optical absorption due to transitions be-
tween extended states close to the band edges is far from
being solved, since no unique model is able to correctly
reproduce the optical data in the a-Si, „Sn system for
all x values from 0 to 0.5. This means that one should
take properly into account in each case the exact energy
dependence of both the band-edge densities of states and
the optical matrix element. Since, however, the Tauc
model seems to give better results for the alloy series, we

where R, , = (c
I
r Iu ) is now the dipole matrix element,

the nondirect-transition model leads to

e~(irico)-R (A'co) fg, (E)g, (E+Aco)dE
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FIG. 3. Plots of the quantity (e2)' vs energy for the same a-
Sil Sn alloys as in Fig. 3; the straight line used for the optical
gap determination is drawn in the pure a-Si case only.

will use this model in the following.
The variations of the two characteristic parameters,

the optical gap Eo and the "slope" of the edge B, versus
Sn concentration x between 0.055 and 0.495, are reported
in Fig. 4(a) and 4(b), respectively. These values have been
determined by considering systematically the high-energy
(high-absorption) part of the plots of Fig. 2. Under such
conditions, the optical gap Eo decreases linearly with in-
creasing x over the whole composition range, according
to ED=1.45 —1.87x eV. One can notice that the Eo
value for x =0, 1.45 eV, corresponds to the value which
would be deduced for pure a-Si by extrapolation of the in-
termediate, and not upper, part of the edge. A zero-gap
value would be obtained for an alloy with x =0.775. The
present decrease of Eo upon alloying is slightly slower
than the ones reported previously for coevaporated or
sputtered nonhydrogenated alloys. ' This probably
comes from the fact that the optical measurements were
then performed on thicker films (i.e. , over a smaller spec-
tral range) and over a more narrow x range, and that
their analysis ignored the effects discussed above. Con-
trary to Eo, the slope B does not show a smooth variation
with x. It first decreases with increasing x up to x =0.19
and then remains approximately constant. This behavior
simply reAects the changes in the shape of the absorption
edge when incorporating Sn to a-Si. One can notice that,
for Sn-rich alloys with x ~ 0.31, for which the Tauc mod-
el applies very well, the edge shifts parallel to itself to-
wards low energies with increasing x.

C. Average gap

The real part e& of the complex dielectric constant at
energies smaller than the optical gap can be related to
some "average" gap which, contrary to the optical gap,
does not represent a real (pseudo) gap in the density of
states, but can rather be considered as a measure of the
average energy separation between valence and conduc-
tion states, representative of the average bonding
strength in the material. Various models have been pro-

10

8

7

'0 10 15 20 25 30 35

x (x)

40 45 50

FIG. 4. Variation with the Sn atomic concentration x of (a)
the optical gap Eo and (b) of the "slope" of the edge 8 as de-
duced from the Tauc model for a-Si& Sn alloys.

posed in order to derive such an average gap. We first
consider the single "effective oscillator" description of
the frequency dependence of the refractive index n in the
sub-band-gap region:

n (A'co ) = 1+
Eii, —(Ace )

E~ is the energy of the effective oscillator and Ed is a so-
called "dispersion energy, " which is claimed to measure
the average strength of the optical interband transitions
and to depend essentially on the ionicity, the chemical
valency, and the coordination number, and not on the
volume density of the valence electrons. For pure a-Si
and for Si-rich alloys up to x =0.19, the experimental en-
ergy dispersion of n is well reproduced by relation (7)
over a rather large spectral range, as shown in Fig. 5, and
the two parameters E~ and Ed can be accurately deter-
mined. For higher. Sn concentrations, because of the sud-
den shift to lower energies of the broad maximum of the
n or e& spectrum [see Fig. 1(a)], the available energy range
becomes very small and, although relation (7) can still be
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coordination. This expected behavior of the experimen-
tal Ed values gives confidence that the experimental E~
values obtained simultaneously are reliable over the
whole composition range.

We now use the spectroscopic theory of bonding,
based on the simple isotropic free-electron model con-
taining a single energy gap Eg proposed by Penn. In
this model, the static (real) dielectric constant e(0) can be
expressed as
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FIG. 5. Examples of fits of the energy dispersion of the real
part n of the index of refraction with the "effective oscillator"
expression (7) for pure a-Si and for three a-Si l „Sn„alloys; the
dots represent the experimental n values, the dashed-dotted
curves the results of the fits.

applied, the E~ and Ed determination is less reliable.
The variations of these two parameters with x over the
whole composition range are, nevertheless, reported in
Fig. 6. It must be pointed out that E~, which depends
essentially on the n energy dispersion, is practically not
affected by the errors due to the presence of a contamina-
tion layer on the samples, but that Ed, which depends on
the n absolute values, must be slightly underestimated (by
a few percent). Eil„which is of the order of 3 eV for pure
a-Si, in agreement with a previous estimate, " decreases
linearly with increasing x for x 0. 19. For higher Sn
concentrations, E~ starts to decrease more rapidly. This
coincides with a general change in the alloy optical be-
havior, as pointed out before. As for Ed, it remains prac-
tically constant over the whole composition range and
equal to about 33 eV, a value again in agreement with a
previous estimate for a-Si. The fact that Ed does not
change upon alloying is consistent with the prediction of
the model, since the substitutional incorporation of Sn
atoms into the a-Si network does not modify its average

(A'co )
e(0) =n (0)= 1+ A E2

Eg is an average gap representing the average energy sep-
aration between bonding and antibonding states,
A'co~ =(4~¹/m )'~ is the plasma energy associated with
the four valence electrons (N being their number per unit
volume, e the charge, and m the mass of the free electron)
and A accounts for matrix-element effects. One can no-
tice that if the two average gaps E~ and E~ are assumed
to be equal, expression (7) reduces to expression (8) for
fico=0, provided Ez Ez = A (Aco~ ) . We have determined
Eg from the n (0) values obtained by extrapolation of the
experimental data with expression (7), using for fi~ the
values calculated with the alloy densities as measured in a
previous work, and taking A = 1. These E values are
reported as a function of x in Fig. 7, together with the
Ez values obtained with the other model. It must be re-
called that E, which depends on the n absolute values,
may be slightly affected by the errors due to the contam-
ination layer. The unexpectedly high value for pure a-Si
might be due to the presence of a thicker superficial layer
and/or to a more important porosity. Figure 7 shows
that although the E~ values are larger than the E~
values, they follow the same trends upon alloying. They
first decrease linearly with increasing x (for x ~0. 19), at
about the same rate as the E~ values, and then their vari-
ation becomes more rapid. It is interesting to notice that
Eg would be equal to E~ if A was taken to be of the or-
der of 0.63, a value which is close to A =—', estimated in
the Penn model.

It has been proposed that the average gap Eg should
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FIG. 7. Variation with the Sn atomic concentration x of the
Wemple average gap E~ and of the Penn average gap E~ for
a-Si l „Sn allOyS.
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vary with the average interatomic distance d according to
E —d . This prediction was indeed verified in the case
of sputtered a-Cxe& „Sn alloys, with x =0, 0.25, and
0.50, which were known to present a random nearest-
neighbor environment. In the case of the present
a-Si, „Sn„alloys, using the d values determined in a pre-
vious study, ' we found that the E d product remained
constant within 2% for the Si-rich alloys up to x =0. 19.
For higher Sn contents, this quantity started to decrease
regularly with increasing x. This again suggested a
change in the average bonding for x between 0.2 and 0.3.

One can wonder whether there is a correlation between
the variations upon alloying of the average gap, which
represents the average energy separation between the
valence- and conduction-band states considered as a
whole, and the optical gap, which corresponds to the dis-
tance between the band edges. Figure 8 shows the E~
values plotted as a function of the Eo values over the en-
tire composition range. For the Sn-rich alloys (x ~0.31),
E~ decreases linearly with Eo, with a slope nearly to 1,
indicating that the width of the (pseudo) gap follows the
bonding-antibonding splitting, as expected from a simple
tight-binding model. For the Si-rich alloys (x ~0. 19),
E~ decreases less rapidly than Eo. This different behav-
ior suggests that, at low Sn concentrations, alloying
affects more strongly the location (and probably the
shape) of the band edges than the bulk of the bands
which determines the average bonding strength.

D. Absorption edge
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FIG. 8. Average gap E~ vs optical gap Eo for a-Si, Sn al-

loys with x varying from 0 to 0.495.

Figure 9 shows the optical-absorption coe%cient a as a
function of energy between 1.5 and 0.5 eV for pure a-Si
and for a series of a-Si& „Sn alloys with x ranging from
0.10 to 0.49. As explained before, these data have been
obtained from a combination of optical and photothermal
deflection measurements on thick films. a decreases
smoothly with decreasing energy for all samples, and no
structure can be detected on these spectra. This means
that, contrary to the case of a-Si:H, it is impossible to
separate out the contributions of optical transitions in-
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FIG. 9. Logarithm of the optical-absorption coeScient
o. =4~k/A, vs energy in the edge region for a-Si, Sn alloys
with x varying from 0 to 0.49.

IV. DISCUSSION

Controlled coevaporation onto substrates maintained
at low temperature has allowed to obtain homogeneous
amorphous Si, „Sn alloy films, with Sn atoms entering
the tetracoordinated a-Si network substitutionally, for x
between 0 and 0.5. It was thus possible to investigate the
effects of alloying in this IV-IV amorphous system over a
wide composition range. The optical gap Eo, determined
by extrapolation of the high-absorption part of the e2
edge according to the Tauc model, was found to decrease
linearly with increasing x over the whole composition
range, except for x =0 where the Tauc model did not ap-
ply. On the contrary, the variation of the average gap as
deduced, either from the n(A'co) variation, E~, or from
the n (0) values, E, exhibited a change in slope for x of
the order of 0.2—0.3, which pointed to some modification
of the alloy average bonding strength for such Sn concen-
trations. A closer examination of both the E', and ez spec-
tra determined over a large spectral range (from 0.5 to 3
eV) shows that these spectra do not evolve smoothly
upon alloying. While for x 0. 19 their behavior remains
essentially Si-like, more drastic changes are observed for

volving, respectively, disorder-induced band-tail states,
and defect states located deeper in the gap. Such a result
was to be expected for films deposited at liquid-nitrogen
temperature which, even after annealing at room temper-
ature, must be very disordered and contain a high pro-
portion of defects of various kinds (dangling bonds, weak
bonds, etc.) The tail states and defect states must at least
partially overlap and the total density of localized states
throughout the pseudogap must be very high, especially
for the low-band-gap Sn-rich alloys. This was indeed
confirmed by dc-conductivity measurements performed
on identically prepared alloy films, analyzed in terms of
variable-range hopping in localized states at the Fermi
level. ' The density of states at the Fermi level was found
to increase from 8X10' eV ' cm for x =0.10 to
1.6X10 ' eV 'cm for x =0.48.
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concentration at which the a-Si, Sn alloy optical prop-
erties change from a Si-like to a Si-Sn-like behavior, but
seems to be slightly higher; the alloy with x =0.31 is
indeed already Si-Sn-like. This discrepancy might indi-
cate that the tetrahedra, rather than the bonds, are the
proper structural units determining the optical response
of the alloys, as already suggested.

It is worth pointing out in the end that our conclusions
about the nature of bonding in coevaporated a-Si& „Sn
alloys is opposite that deduced from careful structural
and optical studies on cosputtered a-Ge& Sn alloys,
which were found to have a random nearest-neighbor en-
vironment. The preferential occurrence of "heteropo-
lar" Si—Sn bonds in a-Si& „Sn alloys can first be ex-
plained by the large size diA'erence between the atoms of
the two constituents (0.235 nm for Si, compared to 0.280
nm for Sn), which favors local configurations in which a
Sn atom is rather surrounded by Si atoms than by Sn
atoms. However, since Si has a somewhat higher elec-

tronegativity than Sn, chemical eA'ects cannot completely
be discarded. Photoemission and x-ray spectroscopy
studies of the electronic state distributions are under way
in order to bring additional information on this prob-
lem. It would also be interesting to perform extended
x-ray-absorption fine-structure spectroscopy studies of
the local environment around both Si and Sn atoms as a
function of the alloy composition, in order to obtain a
more direct confirmation of the presence of chemical or-
dering.
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