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We have investigated the vibrational spectra of a-Si:H/a-Ge:H superlattices by Raman scattering.
For high frequencies (> 100 cm™!) the intensity of the Raman spectrum is proportional to the density
of vibrational states and shows contributions from the Si—Si and Ge—Ge bonds within the superlat-
tice layers and from the Si—Ge bonds in the interface region. From the relative intensities of these
modes we determine the individual layer thicknesses and the width of the interface. These results are
discussed in terms of the growth conditions. For low frequencies (<80 cm™!') the Raman spectra
show peaks corresponding to the excitation of folded-zone longitudinal acoustic phonons. The
dispersion relation for these phonons is determined by measuring the peak positions as a function of
laser energy and of the superlattice period. The result is well described by a continuum elastic mod-
el. The linewidth of these peaks increases with phonon frequency, indicating that the dispersion rela-
tion acquires a non-negligible imaginary component due to the loss of phase coherence of the acoustic
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vibrations.

I. INTRODUCTION

Periodic structures consisting of alternating layers of
amorphous semiconductors have been fabricated recent-
ly.!=* These structures combine the isotropy and homo-
geneity of the amorphous material within each layer with
an artificial periodicity in the direction perpendicular to
the layers as imposed by the growth process. These two
aspects of the so-called amorphous superlattices are
reflected in their Raman spectrum, as shown in Fig. 1.
For high-frequency vibrations (> 60 c¢cm™!), the charac-
teristic distance over which the phase coherence of the vi-
bration is maintained is very small compared to the
exciting-light wavelength used in Raman scattering. This
is a result of the lack of long-range order in the amor-
phous material. The vibrational modes, which we will
also denote by phonons in analogy to the crystalline vibra-
tions, can therefore not be characterized by a well-defined
wave vector Q in this frequency range. Consequently, in
a Raman experiment the momentum conservation rule is
relaxed and all photon modes contribute to the first-order
Raman scattering. Except for a Bose-Einstein population
factor and for a slowly varying, frequency-dependent light
scattering probability for phonons, the Raman spectrum is
thus proportional to the density of vibrational states and
therefore to the total number of scatterers present in the
sample.’ In a multilayer structure, the Raman spectrum
will be a superposition of the Raman spectra of the indivi-
dual layers weighted by the scattering probability for pho-
nons of each material. As the repetition period of the
multilayer decreases, the number of interface bonds be-
comes a significant fraction of the total number of bonds.
In a-Si/a-Ge superlattices, the characteristic Si-Si, Ge-Ge,
and Si-Ge modes are sufficiently separated in energy to al-
low an investigation of the chemical compositions of the
interfaces by Raman scattering.®” This was first demon-
strated by Persans et al® and we perform a similar
analysis of our samples in Sec. III.
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The influence of the artificial periodicity on the vibra-
tional spectrum of an amorphous superlattice becomes ap-
parent for low-frequency acoustic vibrations (< 80 cm™1),
where the phase coherence length of the phonons exceeds
the superlattice period. These vibrations involve the near-
ly in-phase movement of neighboring atoms and their
coherence length is less sensitive to the lack of long-range
order as compared with optical vibrations. In fact, for
very low frequencies, the phonons are well described by
elastic sound waves propagating in a continuous medium
with a constant velocity. Under these conditions the
momentum conservation rule for light scattering restricts
the scattering to discrete frequencies that are observed in
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FIG. 1. Raman spectrum of an a-Si:H/a-Ge:H superlattice
with a period of 122 A. An expansion of the low-frequency re-
gion of the spectrum shows the excitations of the first zone-
folded LA phonons.
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Brillouin spectroscopy.® In a superlattice, the periodic
modulation of the acoustic properties allows for the possi-
bility of umklapp scattering for phonons propagating per-
pendicular to the layers. The umklapp vectors are integer
multiples of 277/d, where d is the repetition period. This
restricts the magnitude of the irreducible phonon wave
vector ¢ to a mini-Brillouin-zone of dimension 27/d. The
phonon dispersion is, to a first approximation, obtained by
folding into this mini-Brillouin-zone the acoustic phonon
branch of an unstructured material with an effective
sound velocity that depends on the superlattice composi-
tion.” Higher-folded phonon branches are accessible in
light scattering experiments in addition to the lowest
branch that is observed in Brillouin scattering from un-
structured materials.'®!" The excitation of longitudinal
acoustic (LA) folded phonons is evidenced by the two
sharp peaks in the low-frequency range of the Raman
spectrum of Fig. 1(a). We shall present in Sec. IV a
comprehensive study of the frequency of the folded-zone
LA phonons in a-Si/a-Ge superlattices as a function of
the phonon wave vector and the superlattice period.

As the phonon frequency increases the phase coherence
length is reduced. This is reflected in the broadening of
the Raman peaks associatea with folded phonons. We in-
vestigate the frequency and the temperature dependence
of the linewidth broadening in Sec. V. Possible mecha-
nisms for the broadening are discussed.

II. SAMPLE PREPARATION

The a-Si:H/a-Ge:H superlattices were prepared in a
computer-controlled capacitive glow-discharge reactor
described elsewhere.'? The samples have periods rang-
ing from 27 to 232 A and a total thickness between 0.5
and 1.0 um. Pure silane was used to deposit the a-Si:H
layers, and the a-Ge:H layers were grown from GeH,
(one part per volume) diluted in Ar (10 parts per
volume). The other deposition conditions were a pres-
sure of 0.25 mbar in the discharge chamber, a substrate
temperature of 200°C, a total gas flow of 4 sccm
(cm®/min at room temperature and 760 torr) and a rf
power density of 40 mW/cm? A rectangular composi-
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tion profile was achieved by alternating the gas composi-
tion in the discharge chamber periodically without extin-
guishing the plasma. In order to minimize cross con-
tamination due to the 3 s residence time of the gases in
the discharge chamber, an argon plasma was maintained
for 15 s after the deposition of each layer.

The thickness of an individual layer was determined by
the deposition time of thick (~0.4 pm) homogeneous
films; their thickness was subsequently measured by a
profilometer. We measured growth rates of gs;=1.0 A/s
and gg.=1.2 A/s under the conditions mentioned above.

The samples used in this study are listed in Table I.
The first three specimens (nos. 132, 133, and 140) are un-
structured films used as references. The composition
x =0.57 of the a-Si,Ge;_,:H sample was determined by
comparing its optical gap with that of alloy samples of
known composition.!> An a-Si:H sample, where the SiH,
flow was interrupted every 15 s to be replaced by argon
for 15 s (sample no. 144), was prepared to study the effect
of the Ar plasma on a nominally unstructured film. The
remainder of the samples (nos. 134-139 and no. 141) are
superlattices. Their periods, d (third column of Table I),
were determined by dividing the total thickness of each
sample by the number of deposition cycles.

The deposition times of each layer zg. and ¢s; were ad-
justed so as to maintain nominally a constant thickness
ratio dg./dsi=r =0.80 independent of the superlattice
period. However, the actual thickness ratio is not con-
stant because it turns out that the layers continue to grow
during the Ar plasma period. This becomes evident if we
consider the average growth rate defined as

_da
Isi+1Ge

Values for g are listed in the fourth column of Table I for
each sample. For unstructured samples g is simply the
ratio between the thickness and the deposition time. In
the ideal case where the gases are changed instantaneous-
ly, g should be independent of the period for fixed deposi-
tion time ratios fG./ts;. This remains valid for finite gas-
changing times if the growth rate of silicon (germanium)
is proportional to the partial pressure of silane (germane)
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TABLE 1. The samples used in this study.

Average
growth
Period rate
Sample Thickness d g ds; dGe 2dsi.Ge
number (um) (A) (Ass) (A) (A) (A) Sample type
132 0.43 1.2 a-Si:H
133 0.37 1.0 a-Ge:H
140 1.40 1.6 a-Sio 57Gep.43:H
144 0.77 32 2.14 a-Si:-H/Ar
134 0.72 232 1.14 122 95 15 a-Si:H/a-Ge:H
135 0.56 187 1.22 102 70 15
136 0.76 122 1.20 62 45 15
137 0.84 94 1.32 49 30 15
138 0.82 63 1.53 33 15 15
141 0.75 37 1.83 17 5 15
139 0.72 27 2.61 11 1 15




36 CHARACTERIZATION OF a-Si:H/a-Ge:H SUPERLATTICES . . .

in the deposition chamber. In this case the variations in
the growth rates due to transient conditions at the begin-
ning and the end of a layer compensate each other exact-
ly, leaving no net effect on the layer thickness. Contrary
to this expectation, the average growth rate g in Table I
increases with decreasing superlattice period. In fact, the
growth rate of the a-Si:H sample No. 144, where the SiH,
flow was interrupted and replaced by Ar, is much higher
than that of sample no. 133, which was grown without in-
terruption of the silane flow.

The high growth rates of the superlattices cannot be ex-
plained by transient variations of the pressure or rf power
during the gas changes. These variations are kept be-
tween —8% and + 15% for the pressure, and within
2% for the rf power. We attribute the high average
growth rate of the a-Si:H sample no. 144 (Table I) to the
continuation of the film growth when silane is diluted in
argon during the switchover from SiH; to Ar and from
Ar to SiH4. From the thxckness of sample no. 144 and
the fact that gg;=1.0 A/s for unstructured a-Si:H we
deduce that an additional 17 A of a-Si:H grow per
period during the argon-purging intervals.

The connection between growth rate and superlattice
period can now be understood in terms of a simple model,
where the thickness of each period is assumed to exceed
the value determined from the deposition rates of a-Si:H
and a-Ge:H by a constant thickness d,. In this case we
have for the average growth rates

_ Isigsi+1Ge8Ge +da

tsi+1tGe
_ 8si+78Ge dg 2)
1+4r tsi+tce

where (gsi+7gge)/(14+r)=1.1 A/s for all our superlat-
tices with r =0.80.

Figure 2 shows a plot of g versus 1/(tg;+tg.) for the
superlattices considered in this work. The points are
well fitted by a straight line which crosses the vertical
axes at g =1.120.1 A/s in agreement with Eq. (2).
From the slope of this line we determine d, =15.5+1 A.
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FIG. 2. The growth rate of the superlattices vs the inverse of
the sum of the deposition time for the silicon (zs;) and for the
germanium (fge) layers.
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This value is so close to the additional thickness of 17 A
per period determined in the a-Si:H/Ar sample (no. 144)
that it is safe to assume that the additional thickness is
solely due to silicon. This indicates also that the growth
rate of a-Ge:H is proportional to the GeH, concentra-
tion in argon for concentrations below 10%.

The nonreciprocity between deposition rates and SiHy
concentration in inert gases has been previously recog-
nized.'*~'® For low power discharges Street et al.'® re-
ported deposition rates for a-Si:H that are independent of
the silane concentration [SiH,] in argon down to a volume
fraction [SiH4]/[Ar]=0.1%. Kampas'® has studied the
kinetics of a-Si:H deposition from argon-silane mixture by
means of optical emission spectroscopy. He developed a
model in which the growth rate of a-Si:H is proportional
to the product k,n,[SiH,], where k; depends on the elec-
tron energy distribution in the plasma and n, is the elec-
tron density. At low SiH,4 partial pressures n, increases
faster than [SiH4] ™!, as the silane concentration decreases.
The average electron energy and consequently k, also in-
crease with [SiH4]. The net effect is a deposition rate that
is highest for a silane dilution of ~2%.

III. RAMAN SCATTERING: HIGHER-FREQUENCY
REGION

The Raman measurements reported here were per-
formed in the backscattering configuration with p-
polarized light impinging on the sample at an angle of 45°.
A constant power level of 150 mW was used for all sam-
ples. The scattered light emerging perpendicular to the
sample surface was collected and analyzed in a Jarrel-Ash
triple monochromator The samples were kept in vacuum
(below 1077 torr) and at room temperature, except for the
heating due to the incident light.

Figure 3 shows the Raman spectra of a series of sam-
ples. Figure 3(a) is the Raman spectrum of pure a-Ge:H
(sample no 132 of Table I). The two main peaks at 80
and 275 cm™ ' are due to maxima in the density of vibra-
tional states (DOS) corresponding to the TA and TO pho-
nons in the crystal, respectively.!” For a-Si:H sample no.
144 [Fig. 3(b)], the corresponding peaks lie at 160 and 480
cm ™!, respectively.!® The broad maxima between the two
main peaks correspond to the excitations of LA-like and
LO-like phonons in both spectra. The Raman spectra of
large-period superlattices in Fig. 3 are basically the super-
position of the a-Si:H and a-Ge:H spectra as shown for
sample no 138 (d =63 A) in Fig. 3(c). As the superlattice
period decreases the relative contribution due to the
heteropolar Si—Ge bonds at the interfaces increases with
respect to the spectral features of pure silicon and pure
germanium as judged by the growing influence of Si-Ge
Raman modes at 380 cm™! in Figs. 3(d) and 3(e). The
other main Si-Ge vibrational modes are identified in the
Raman spectrum of the a-Sig s7Gep 43:H sample [Fig. 3(f)].
There are two maxima at 100 and 250 cm ~! which bear a
certain relationship to the corresponding modes at 80 and
270 cm~! in the spectra of pure a-Ge:H. The TO max-
imum of the Si network finds its corresponding feature in
the shoulder at about 460 cm~! in the alloy. The details
of the origin of these modes are discussed elsewhere.!®
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FIG. 3. Raman spectra of (a) a-Ge:H, (b) a-Si:H, (c)-(e) a-
Si:H/a-Ge:H superlattices, and (f) a-Sio.s7Geo.43:H alloy. The ar-
rows on the latter curve indicate the characteristic Si-Ge vibra-
tions modes that are not present in the spectrum of pure a-Si:H
or a-Ge:H.

In order to relate the Raman spectrum of the superlat-
tice to the Raman spectra of the unstructure layers we fol-
low the procedure of Persans et al.° A four-layer model
is assumed for the superlattice a-Si:H/a-Si,Ge,_,:H/a-
Ge:H/a-Si, Ge;_,:H with x ~0.5. The intensity of the
features in the Raman spectrum associated with Si-Si,
Ge-Ge, and Si-Ge optical modes is related to the total
number of bonds of each type and therefore to the thick-
ness of the layers. The Raman spectrum is a linear com-
bintion of the Raman spectra of the individual layers
which are measured separately in unstructured samples.
The decomposition is expressed by

Isp (0)~QagiLsi)si(w) 4+ (2ageLl ge M ge(w)
+ (4asi.geLsi-Ge Msi-Ge(w) , (3)

where I (w) is the measured Raman intensity, L is propor-
tional to the layer thickness, and « is the light absorption
coefficient of the layers. The subscripts Si, Ge, Si-Ge, and
SL refer, respectively, to the silicon, germanium, the
silicon-germanium interface layer, and to the superlattice.
This expression is valid if the penetration depth of the
laser light in the sample is much larger than the superlat-
tice period. By decomposing the Raman spectra of the
superlattice into these three contributions we derive values
for the parameters L. These values are then normalized
to the known superlattice period to obtain the ‘“‘spectro-
scopic” thickness of the individual layers
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dB =dLg /(Lg+Lge+Lsige) - 4)

Similar expressions apply for the a-Ge and a-Si,Ge|_,
layers. The “‘spectroscopic thicknesses” determined in
this way are to be understood as the thickness of the cor-
responding unstructured material containing, per unit
area, the same number of scattering centers as the super-
lattice period.

Samples 132 (a-Ge:H), 144 (a-Si:H), and 140 (a-
Sig 57Gep.43:H) of Table I were used as a reference for the
decomposition of the Raman spectra of the superlattices.
The Raman measurements were made with an excitation
wavelength of 5145 A (2.41 eV) and 6471 A (1.92 eV).
Light with these energies is mainly absorbed in the a-
Ge:H layers with its smaller band gap and an absorption
coefficient of 10* cm ! for the energy Egs=1.1¢eV. From
the absorption coefficient of a-Ge:H we estlmate a mean
penetration depth of ~ 100 A and ~300 A for these two
wavelengths, respectively. The information obtained from
the measurements with A =5145 A for small- -period super-
lattices (period <« 100 A) can then be extended to the
large-period structures using the measurements with
A=6471 A.

The decomposition of the Raman spectrum of the su-
perlattice according to Eq. (3) was made by a least-
squares fitting procedure for frequencies in the range
from 200 to 600 cm~! as is shown in Fig. 4. The same
figure also presents the relative contributions of the indi-
vidual layers to the Raman spectrum. The results of the
calculation of the “‘spectroscopic” layer thicknesses are
summarized in Fig. 5. In Fig. 5(a) we plot the “spectro-
scopic” width of the germanium layers (d8,) and twice
the “‘spectroscopic’ width of the alloy interface (2d 8 . )
versus the nominal thickness of the germanium layer, as
calculated from the growth rate (gg.) and the deposition
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FIG. 4. Raman spectrum of an amorphous superlattice with a
37 A period (solid line). The dotted curve is the result of the
fitting procedure described in the text. The other curves show
the relative contributions from the a-Si:H (— — —), the a-Ge:H
(=++=-+), and the a-Si Ge; _:H (—. —. —. ) interface layers.
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the a-Ge:H (d&.) and a-Si,Ge,_:H (d&.c.) layers on the nomi-
nal thickness of the a-Ge:H layers (¢gegge). (b) “Spectroscopic”
thickness of the a-Si:H layers (d§) vs the thickness of the silicon
layers as determined from the growth rates of the superlattices.

time (¢g.) (see Sec. II). In Fig. 5(b) the “spectroscopic”
width of the silicon layer d& as derived from the fit to
the Raman spectra is plotted versus the silicon-layer
thickness as derived from the known superlattice period
and the nominal germanium width d —¢g.g8g.. The
thickness of interface material in Fig. 5(a) is mdependent
of the superlattice period and equal to 7.5+2 A per in-
terface (2dg;.g. =15 A). Both the germanium and silicon
thicknesses increase linearly with tg.gg. and d —tg.gGe,

and intersect the abscissa for thickness values of 5+2 A
and 10%+2 A, respectively. We attribute these nonzero
values to the consumption of silicon and germanium
needed to grow the Si-Ge interface layer of 15 A per
period. In fact, if we assume the density ratio between
the amorphous and crystalline phase to be the same for
germanium, for silicon, and for silicon-germanium alloys
then germanium and silicon layers 9 and 6 A wide, re-
spectively, are necessary to grow an a-Sig 57Geg 43:H lay-
er 15 A wide.

The interface thickness of 7.5 A essentially agrees
with the 5.5 A determined by Persans et al.® This corre-
sponds to 3.5x 10! and 2.6 10" Si—Ge bonds per
cm? and per interface, respectively. Taking the complex-
ity of the analysis and the uncertainty of about 20% into
consideration we do not regard this difference in the in-
terface width as significant. The authors of Ref. 6 inter-
preted their results in terms of a disordered monolayer
of 50% Si and 50% Ge atoms created at each interface.
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A second disordered monolayer of the same composition
would explain our data. Prokes and Spaepen?’ have re-
cently measured the interdiffusion coefficient in a-Si/a-
Ge multilayers in the low-temperature region (550-630
K). Extrapolating their results to the deposition temper-
ature of our multilayers (200°C=473 K) we obtain negli-
gible values (<1 A) for the interface thickness due to
interdiffusion. The purging of the reactor with argon
after each layer should strongly reduce the interface
mixing due to simultaneous deposition from the gas
phase. A possible explanation for the interface mixing
lies in the surface reactions during film growth. It has
recently been suggested that hydrogen elimination and
crosslinking of the silicon network during a-Si:H growth
occurs not only at the surface but also within a thin
transition layer below the surface.?! The material in this
layer is not in its final configuration and can therefore
interact with freshly deposited a-Ge:H to form an alloy
interface layer. The same can also occur when silicon is
deposited on germanium.

A linear regression of the data points in Figs. 5(a) and
5(b) yields slopes of 0.91+0.1 for both germanium and sil-
icon thickness. These values are close to unity and thus
support our conclusion that the Ge growth does not con-
tinue during the Ar plasma.

The results of this section allow us to define a model
for the superlattice consisting of four layers: a silicon, a
germanium, and two a-Sig 57Gep 43:H layers. Each alloy
layer is 7.5 A wide. The thickness of the silicon and ger-
manium layers will be considered to be, respectively, 10
and 5 A thinner than their nominal values as determined
in Sec. I with the understanding that the missing material
is used to form the interface layers. The actual layer
thicknesses of the samples used in this work are listed in
columns 5 and 6 of Table I because they will be impor-
tant in analyzing the results of the next sections.

IV. FOLDED ACOUSTIC PHONONS

Figure 6 shows Raman spectra obtained in the back-
scattering geometry for a series of a-Si:H/a-Ge:H super-
lattices with periods between 37 and 232 A. Each spec-
trum exhibits two peaks with frequencies that increase as
the superlattice period decreases. We assign these peaks
to the excitation of the first (o _;) and second (@ ) fold-
ed branches of the dispersion relation for longitudinal
acoustic phonons'® propagating perpendicular to the sam-
ple surface (z direction) in analogy to similar observations
made earlier in a-Si:H/a-SiN, :H superlattices.* In an ex-
tended zone scheme the peaks w_; and and w, | are asso-
ciated with umklapp processes involving umklapp vectors
of magnitude m (27 /d), with m =—1 and m =+1, re-
spectively. The momentum conservation rule for the z
component Q of the extended-phonon wave vector is then

quim%}t, m==1, (5)
where g =4mn;/A is the magnitude of the momentum
transfer along z due to the backscattered light and », is
the real part of the refractive index. We verified experi-
mentally that these peaks can only be observed for in-
cident and scattered light polarization in the same direc-
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FIG. 6. Low-frequency Raman spectra of a-Si:-H/a-Ge:H su-
perlattices showing the excitation of folded LA phonons. The
spectra are offset vertically for clarity. In the inset the average
sound velocity of the superlattice is plotted vs the thickness ra-
tio of the germanium and silicon layers. The solid line is a fit
to the data points and yields a ratio r, =1 for the sound veloci-
ty in the amorphous phase to that of the corresponding crystal-
line phase along {100).

tion. This is in agreement with the selection rules for Ra-
man scattering from acoustic phonons in the backscatter-
ing configuration as also observed in crystalline superlat-
tices.??

The average frequency @ =(w;+® _1)/2 corresponds to
an extended phonon wave vector Q of magnitude 27/d
[see Eq. (4) with ¢ =0]. The effective sound velocity v.g
for LA phonons propagating perpendicular to the layers is
then given by v.z=cd@ (for @ expressed in cm~!), where
c is the speed of light. This approximation for v.s is valid
even in the presence of frequency gaps in the dispersion
relation because in this case w,; and w_; are displaced
symmetrically with respect to their undisturbed values.
The magnitude of ver depends on the average composition
of the superlattice. In our case it is expected to vary from
sample to sample because the ratio of the layer thicknesses
does not remain constant as discussed in the previous sec-
tions (see Table I). In the insert of Fig. 6 we plot ver
versus the thickness ratio dg./ds;. The slight decrease in
Ve With dg./ds; is consistent with the fact that the sound
velocity in germanium is smaller than in silicon.

We followed the folded-phonon dispersion relation w
versus ¢ in a particular sample as a function of the wave
vector g by varying the laser wavelength A; and thereby
q =4mn,/Ar. Figure 7 shows Raman spectra recorded
with different wavelengths for a 122-/0\-period sample.
The position of the peaks are plotted as a function of the
magnitude of the phonon wave vector ¢ in the insert of
the figure. The average frequency @=(w_+w1)/2
remains constant while the frequency splitting o 1 —w _;
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FIG. 7. Raman spectra of a superlattice recorded with

different laser lines. The structure denoted by PL is a plasma
line of the laser. The position of the peaks as a function of the
phonon wave vector is plotted in the inset. The solid line is the
calculated phonon dispersion relation using the elastic continu-
um model described in the text.

increases with decreasing laser wavelength as one moves
towards the boundary of the mini-Brillouin-zone.

In order to associate the previous results with the
acoustic properties of the superlattice layers we first note
that according to Eq. (5), the phonon wavelength involved
in the scattering process is of the order of the superlattice
period. In our sample, these periods are considerably
larger than the interatomic distances and these modes in-
volve the in-phase movement of several neighboring
atoms. In this case the dynamical properties of each
amorphous layer are well represented by an elastic isotro-
pic medium characterized by a density p and an elastic
constant ¢, (Ref. 23). The long-wavelength longitudinal
acoustic phonons can thus be treated as elastic waves
propagating along the z direction in a layered continuum

according to the one-dimensional wave equation:**
d du(z)
2 23
p2)o° = i ce(z) dz , (6)

where u (z) is the acoustic displacement field.

The effective sound velocity v.s for a periodic layered
structure is obtained from an approximate solution of Eq.
(6) as??

n
> dinUiZ
2 i=1
> (7)
> dipi

i=1

S
3
Il

where d;, v;, and p; are, respectively, the thickness, the
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longitudinal sound velocity, and the density of the ith lay-
er of the period consisting of n layers. Note that the elas-
tic constant of layer i is equal to p,~v,~2. In order to calcu-
late v for the four-layer model of our a-Si:H/a-Ge:H su-
perlattices described in the last section we need the sound
velocities and the densities of the individual layer. For
the silicon and germanium layer we have assumed the
longitudinal sound velocity to be proportional to the cor-
responding velocity in the {100) direction of the crystals,
with a common proportionality factor r,. In Eq. (7) the
densities appear both in the numerator and denominator
so that only their ratios are needed. Assuming that the
ratios are the same for the amorphous and crystalline
phases of germanium, silicon, and the silicon-germanium
alloy, we use the crystalline densities. For the a-
Si;_,Ge,:H interface layer we take values for the density
p and the elastic constant pv? interpolated linearly in x
between the values for silicon and germanium. In this
way the only adjustable parameter is the ratio of the
amorphous to crystalline sound velocity »,. A linear re-
gression of the data points in the inset of Fig. 6 yields
r,=1.00+0.05. The corresponding sound velocities for
a-Si:H, a-Ge:H, and a-Sig 57Geg 43 so obtained are, respec-
tively, (8.4+0.4)x10° cm/s, (4.940.3)X10° cm/s, and
(6.4£0.3)x 10° cm/s. The longitudinal sound velocity of
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a-Si:H falls in the range of values determined from Bril-
louin scattering (vs;=8.4% 10> to 8.8 X 10° cm/s) for films
with a hydrogen content of 15 at. % (Ref. 8). We em-
phasize that this is not a very viable method to determine
sound velocities as long as too many assumptions con-
cerning the relative densities and relative elastic constants
have to be made. We consider it rather a demonstration
that a continuum model with frequency-independent
sound velocities is a reasonable approximation for the
present case.

The dispersion relation of the superlattice in the long-
wavelength limit is given by the solution of (6) for the
modulation profile. For a periodically layered structure,
these solutions are obtained by first solving the wave
equation within each layer and then applying the bound-
ary conditions to join these solutions at each interface.’
In order to reduce the complexity resulting from the
large number of layers (four layers per period) and still
taking into account the interface alloy regions, we sim-
plify the problem by combining the two interface regions
into a single layer of thickness 2dg; . placed between
the germanium and the silicon layer. Each period has
the sequence a-Si:H/a-Ge:H/a-Siy s7Geg 43:H. The solu-
tion of Eq. (6) for a three-layer structure gives the fol-
lowing expression for the dispersion relation:

cos(gd)=14[GG,G;c0s8(0,+0,+63)+G _ G _,Gcos(0;+6,—65)

—{—GIGAzG_:;COS(el—92—93)+G71G2G73COS(91—62+63)] , (8)

ij k=1,2,3

and
9,‘ :a)d,'/l),‘ .

For a two-layer structure, this expression reduces to
Rytov’s dispersion relation.?®

Taking the sound-velocity values previously deter-
mined, we use Eq. (8) to calculate the dispersion relation
of the 122-A superlattice of Fig. 7 (sample no. 136 of
Table I). The result is the continuous line in the inset of
the same figure. We repeat this procedure for the other
samples and always achieve good agreement between Eq.
(8) and the experimentally determined dispersion relation.
This shows that with respect to LA-phonon propagation
the amorphous superlattices are well described by a lay-
ered continuum. Considering that the folded phonons
were observed for superlattice periods smaller than 60 A,
these results demonstrate that the dispersion relation of
the individual amorphous materials remain linear (con-
stant sound velocity) up to phonon wave vectors with a
magnitude that corresponds to 10% of the Brillouin zone
of crystalline silicon.

In the Raman spectrum of the a-Si:H/a-Ge:H super-

T
lattices we have not been able to detect the peaks corre-

sponding to the excitation of phonons from the higher-
order |m | >1 folded branches that were observed in
crystalline superlattices.?> We attribute this to the low
intensity of the light scattered by these modes. The light
scattering from acoustic phonons in amorphous materi-
als results from the modulation of the electric suscepti-
bility by the strain produced by the phonon.?’” The
changes in the susceptibility are proportional to the
strain, the proportionality factor being the photoelastic
coefficient p. In a superlattice, the photoelastic
coefficient is modulated along the growth direction. To
a first approximation, the intensity of the light scattered
by phonons from the mth folded branch is proportional
to the square of the mth Fourier component of p(z),
| P, |? (Ref. 22). For the four-layer model for the su-
perlattices introduced in Sec. II the Fourier components
are proportional to

(psi—pGe)*
|Pm |20< 2
m
.| mmds;
X |sin 4
(dsi +2dsige)
+sin m S: 3G }, 9)
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where pg; and pge are the photoelastic coefficients of the
silicon and germanium layers, respectively. We have as-
sumed in the derivation of Eq. (9) that the photoelastic
coefficient of the interface a-Si, Ge;_:H layer is the aver-
age of the values for silicon and germanium, so that the
modulation profile of p (z) is symmetric around its average
value. Equation (9) shows that the scattering intensity de-
creases quadratically with the branch index m. In fact,
substituting the layer thicknesses for the largest-period
sample (no 134 of Table I) in Eq. (9) we obtain
| P,/P;|2=0.03 and |P3/P,|*=0.08. The intensity of
the higher-order Raman peaks is therefore at least an or-
der of magnitude smaller than that of branches m ==*1,
i.e., below the detection limit of our experiments.

V. LINEWIDTH

The increase in the frequency of the folded-phonon
peaks with decreasing superlattice period is accompanied
by an increase in the linewidth. Moreover, the o, peak
in the small-period samples is always broader than the
lower-frequency peak at w_;. The broadening effect is
apparent in the series of spectra shown on Fig. 6. The
linewidth increases initially slowly for phonon frequencies
up to ~50 cm~! [Figs. 6(b)-6(f)]. At ~50 cm™!, the TA
density of states starts to contribute significantly to the
Raman spectrum. The folded LA phonons of the 37 A
superlattice [Fig. 6(a)] are so severely broadened that they
are hardly observable on top of the TA density of states.

The linewidth is assumed to be the geometrical sum of
the intrinsic linewidth T' [full width at half maximum
(FWHM)] and the spectrometer resolution. The intrin-
sic contribution to the width of both the w_; and w;
peaks are plotted versus o in Fig. 8. A linear recursion

of the data points for frequencies below 40 cm ™! yields a
power-law dependence given by
T T T T T
a-Si:H/a-Ge:H Multilayers
S0+ Laser: 6471 A / 1
/ %
T 20f ! .
E H/§
T 1of §§/ 1
Q
2 o Absor
ption
té" 05 - I —
-
O.2L . Wy 4
o Wy
1 1 1 1 1
5 10 20 50 100

FREQUENCY (cm™)

FIG. 8. Linewidth of the Raman folded-phonon peaks plot-
ted vs the phonon frequency. The contribution of the light ab-
sorption to the linewidth lies within the hatched area for all su-
perlattice samples.
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I'=(0.03%£0.005 cm ™

where v=1.310.1.

We now consider the possible mechanisms that might
account for the broadening of the Raman lines. The first
one is due to the laser light absorption in the opaque sam-
ples. The absorption broadens the light wave vector
within the sample allowing a wider range of phonon
modes to couple to the light. Away from the frequency
gaps, where the dispersion relation is linear, the broaden-
ing of the Raman lines can be calculated by extending the
results derived by Sandercock for the linewidth of Bril-
louin scattering lines.® The folded phonons have a
Lorentzian shape with a full width at half maximum Aw
given by

H=veY, (10)

szzgiqueﬁzzm)eﬁr : (11)
1

where n =n, +in, is the complex refractive index of the
sample for the laser energy, ¢ is the magnitude of the re-
duced phonon wave vector, and a is the light absorption
coefficient. Disregarding the small differences in the
effective sound velocities from sample to sample, Eq. (11)
shows that for a fixed laser energy Aw depends only on
the absorption coefficient. Using Eq. (11) we calculate a
contribution to the linewidth due to absorption that de-
creases from 0.7 cm™' to 0.5 cm™' as the superlattice
period decreases from 232 A to 63 A. The small de-
crease is due to the larger thickness of the silicon layers
relative to the germanium layers in the small period
samples. It contradicts the experimental evidence that
the linewidth increases with decreasing period. The con-
tribution to the linewidth due to absorption is shown by
the hatched regions in Fig. 8. While the absorption can
explain the width of the low-frequency peaks, the high-
frequency Raman peaks are much broader than the pre-
diction of Eq. (9). Most important, the absorption con-
tribution to the linewidth does not scale with @ and can
therefore not explain the differences in the width of the
o_ and w | peaks in the same sample.

A second possible mechanism to account for the
broadening of the Raman peaks is variations in the super-
lattice period due to inhomogeneities of the total film
thickness within the area illuminated by the laser beam.
Away from the edges of the mini-Brillouin-zone we have
from Eq. (5) the following relationship between the fre-
quency shift 8w caused by a change 8d in the period

S0 _ bd

qd
14+m p Ik

py (12)

where m is again the branch index. Assuming that the
relative variations of the film thickness are the same for
all samples, dw/w is constant as long as qd /2m <<].
For A=6471 A this condition is fulfilled for d <100 A.
This would result in a linear relationship (v=1) between
linewidth and w.

To test this possibility we recorded Raman spectra
from different points on the surface of a particular sam-
ple (Fig. 9). In our Raman measurements the laser beam
is concentrated on a (1.2+0.2)-mm-long linear trace by
a cylindrical lens. One spectrum was recorded on the
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FIG. 9. Raman spectra from folded phonons measured at
different points on the sample surface as shown in the inset. The
small changes in the phonon frequency is attributed to variations
in the superlattice period along the surface.

center of the sample [Fig. 9(b)] and two others at points
approximately 2.5 mm away from the center [Figs. 9(a)
and 9(c)]. The frequency of the folded-phonon excita-
tions varied slightly with the position: it was smallest at
the center of the sample [Fig. 9(b)] and ~0.4 cm™!
higher away from the center [Figs. 9(a) and 9(c)]. Over
the width of the laser spot (1.2 mm) the corresponding
contribution to the relative Raman linewidth dw/w
amounts to no more than 0.01, a factor of 5 too small to
explain the broadening observed in Fig. 8. From these
data we conclude that variations in the film thickness
over distances of a few mm are not responsible for the
observed line broadening. Measurements with a stylus-
type profilometer confirmed that the thickness variations
along the surface on a length scale between 50 um and 1
mm are at least a factor of 4 smaller than those neces-
sary to explain the linewidth.

We now consider the broadening effects that are related
with the propagating characteristics of the acoustic pho-
nons on a microscopic scale. In a perfect periodic and
harmonic structure the phonons created in the Stokes
light scattering process have an infinite lifetime and there-
fore well-defined energies. Deviations from this condition
lead to lifetime reductions with a concomitant spread in
the phonon energy. We shall discuss the line broadening
in terms of the phase coherence length of the phonons !/
which characterizes the spatial extension over which the
phase coherence of an acoustic mode is maintained.’ If
the phonon wave vector is smaller than 1//, the displace-
ment field can be expressed by

ulg,z)=ee 2/, (13)

where z is the propagation direction perpendicular to the
layers. We neglect in this expression the mixing of
modes from neighboring branches that is important only
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at the boundaries of the superlattice mini-Brillouin-zone.
The light scattered by the phonon is related to the
square of the Fourier transform of Eq. (13) and the in-
trinsic width T" (in wave numbers) of the Raman peaks is
then given by:?

Veft

= . 14
wle (14)

The ratio of the linewidth to the mean frequency (in
cm ™) @=v.q/cd is then

r_d. (15)

ol

In order to have the folding of the LA dispersion rela-
tion in the superlattice it is necessary that / >>d, so that
several phonon reflections at the superlattice interfaces
can coherently interfere. In fact, one obtains from Eq.
(15) d /1 ~0.2 for the frequency range shown in Fig. 8.
Furthermore, for the 6471-A laser lighto, with which our
measurements were made, 1/¢g ~250 A <! for all sam-
ples with a period larger than 50 A. This assures the va-
lidity of Eq. (13) for superlattice periods within this
range. Using Egs. (10) and (14) and assuming an
effective sound velocity of 6.6 10° cm/s for all superlat-
tices, the frequency dependence of / is found to be

[2]

I =[(2.4+0.4)x 10~* cm] = (16)
cm

with v=1.340.1.

To obtain additional information about the scattering
processes responsible for the reduction of the phonon life-
time, we measured the temperature dependence of the Ra-
man lines. Due to the decreasing intensity of the signal
with temperature, these measurements were restricted to
temperatures above that of liquid nitrogen. Figure 10
shows the Raman spectra of sample no. 138 (d =63 A)
and of sample no. 136 (d =122 A) measured at 120 and
300 K. The solid lines in this figure are Lorentzian fits to
the data points that yield the linewidths shown next to
each peak. These linewidths were not corrected for the
spectrometer resolution of 1.8+0.1 cm~!, as determined
from the FWHM of the laser line. For the small period
sample [no. 138 in Figs. 10(a) and 10(b)] no significant
change in linewidth with temperature was observed. The
frequencies of the folded phonons in this sample lie in the
frequency range where the linewidth begins to increase
rapidly with frequency (see Fig. 6). The temperature-
independent linewidth indicates that the phonons are
elastically scattered in this frequency range. For the sam-
ple with d =122 A per period of Figs. 10(c) and 10(d), the
linewidth decreases with decreasing temperature. The
folded phonon frequencies of this sample lie in the middle
frequency range of Fig. 8. We followed the temperature
dependence of the linewidth in this sample in Fig. 11,
where the Raman spectra were measured with a spec-
trometer resolution of 2.1+£0.1 cm™!. The linewidth is
approximately constant for temperatures above 300 K
and, as the temperature decreases, it approaches the spec-
trometer resolution. This behavior is displayed by both
peaks of the folded-phonon doublet. It should be men-
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FIG. 10. Raman spectra from folded phonons in superlattices
with periods of 63 and 122 A recorded at different temperatures.
The solid lines are Lorentzian fits to the data points; the
linewidth (in cm ') is shown next to each peak.

tioned that the contribution of the absorption to the
linewidth is so small that the decrease of the absorption
coefficient with temperature cannot account for the
linewidth reduction.

The correlation between linewidth and phonon fre-
quency may thus be divided into three different regions.
For low frequencies the linewidth is determined by the
broadening of the light wave vector due to absorption
(see Fig. 8). As the frequency increases an intermediate
frequency range is reached where / ~w =" or [ ~d" with
v=1.31£0.1, as indicated by Eq. (16). Because the num-
ber of interfaces that a phonon traverses per unit time is
also proportional to d, it is tempting to associate the

T T T T T T

a-Si:H/a-Ge:H

Multilayer
Sample no.136
[ Period =122 A 1
4F N=6471A —
]
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F S!pectrometer i
| resolution

1+ s Wy .
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0O 100 200 300 400 500
Temperature (K)

FIG. 11. Width of folded-LA-phonon Raman lines as a func-
tion of temperature. The linewidth was not corrected for the
spectrometer resolution of 2.1 cm~!.
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reduction in the phonon coherence length to scattering
processes occurring at the interfaces. However, purely
elastic scattering by defects at the interfaces cannot ac-
count for the temperature dependence of the phonon
coherence length, which arises from the interaction of the
folded acoustic phonon with other excitations.

For even higher frequencies (240 cm™!), the
linewidth increases rapidly with frequency. This range
corresponds to the low frequency tail of the TA-like Ra-
man peak from a-Ge:H, as shown in Fig. 6(a). The
phase coherence length of the TA-like vibrations in ger-
manium seems to be smaller than that of the LA folded
phonons. Indeed, as shown in Fig. 6(a), the folded LA
phonon excitations are still observable, indicating a cer-
tain degree of phase coherence, while the TA-like vibra-
tions appear as a broad background. This is a conse-
quence of the loss of phase coherence and the resulting
relaxation of the wave vector conservation rule for Ra-
man scattering. We ascribe the linewidth of the folded
phonons in this energy range to a mixing of modes with
LA and TA character.

VI. CONCLUSIONS

We have investigated the vibrational spectra of a-
Si:H/a-Ge:H superlattices by Raman spectroscopy. In
the range of high-frequency optical vibrations the Raman
spectrum is the incoherent sum of the scattering intensi-
ties of the individual bonds probed by the laser light. It
contains therefore contributions from homopolar Si—Si
and Ge—Ge bonds within the layers, and from heteropo-
lar Si—Ge bonds at the interfaces. By comparing the Ra-
man spectra of the superlattices with those of unstruc-
tured silicon, germanium, and a silicon-germanium alloy
we calculated the “‘spectroscopic” thicknesses of each lay-
er. The thicknesses determined in this way agree with
those obtained from the analysis of the growth rates of the
films. This procedure is a particularly useful one for the
study of interfaces and interface mixing. The calculated
number of heteropolar bonds per interface and per unit
area (3.5%10° cm™?) is equal to the number of similar
bonds present in a (7.5+2)-A-wide a-Si, Ge;_, layer with
x =0.57.

The low frequency part of the Raman spectrum of the
superlattices shows well-defined structures corresponding
to the excitation of zone-folded LA phonons. From the
analysis of their frequencies as a function of superlattice
period and laser energy we determine the LA dispersion
relation. We conclude that the corresponding dispersion
relation for a-Si:H and a-Ge:H are linear for wave vectors
up to at least 10% of the Brillouin-zone of the corre-
sponding crystals. As the phonon frequency increases,
the dispersion relation acquires an imaginary component
due to the increasing localization of the acoustic phonons.
The phonon coherence length determined from the
linewidth of the folded phonon peaks varies as w~" with
v=1.3%0.1 in the frequency range from 10 and 40 cm .
For higher frequencies, the coherence length decreases
rapidly to the point that folded-phonon excitations are
hardly observed above ~40 cm~'. This corresponds to a
transition from the region of low frequency extended
acoustic phonons to high frequency localized vibrations.



36 CHARACTERIZATION OF a-Si:H/a-Ge:H SUPERLATTICES . . .

Finally, these results demonstrate that amorphous su-
perlattices are a convenient system for probing interfaces
and high frequency acoustic vibrations in amorphous ma-
terials by means of light scattering. This technique allows
the study of the phonon propagation in amorphous ma-
terials in a frequency and temperature range that is not
normally directly accessible by other methods such as ul-
trasound propagation,’® thermal conductivity,’! or pho-
non transmission experiments.>?
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