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Raman spectroscopy (RS) and low-angle x-ray diffraction (LAXRD) have been used to
characterize semiconductor multilayer interfaces. In the present study a model for Raman
spectra of multilayers is developed and applied to the specific case of the interfaces of a-Si/a-Ge
multilayers. Quantification of the “blurring™ of interfaces is possible because peak heights in the
Raman spectra of thin films are proportional to the number of scatterers, thus RS is capable of
directly “counting” the total number of chemical bonds of a given type in the film. Multilayers,
prepared by various deposition techniques, are compared. The relative roles of LAXRD and RS
in investigating interfaces are contrasted. Several a-Si/a-Ge multilayers deposited by ultra-high
vacuum (UHV) evaporation (MBD) are found to exhibit very regular periodicities and
exceptionally sharp interfaces ( < 1.0 A intermixing).

I. INTRODUCTION

Recent developments in thin film technology have
made it possible to prepare and characterize very regu-
lar, periodic, multilayered thin film structures. This has
created a great deal of interest, both on a basic and tech-
nological level. Several groups' have prepared periodic
structures composed of alternating layers of tetrahe-
drally bonded amorphous semiconductors and insula-
tors. It has been stated that the optical and electrical
properties of those amorphous multilayers suggest
quantum size effects similar to those observed in crystal-
line* superlattices. In addition, periodic multilayers
consisting of alternating thin layers (from 10-100 A ) of
high-density and low-density materials have been
shown to act as efficient Bragg diffractors for x rays.**

Characterizing thin film multilayers containing
layers that may be only a few atoms thick has required
the development of specialized techniques. Progress has
proceeded one step at a time. Many prior structural
studies sought to establish the existence of regular layer-
ing in multilayers and to determine the layer spacing.>*
Others sought to observe atom-to-atom bonding
changes that may occur when atoms are constrained in
ultra-thin films."* Quite recently attention has shifted
to the interfaces between layers, first using low-angle x-
ray diffraction (LAXRD)? and then using Raman spec-
troscopy (RS).%’ RS has been shown to be a valuable
tool for characterizing the interfaces of a-Si/a-Ge alloy
multilayers.

In the present study we focus on the use of Raman
spectroscopy (RS) for characterizing semiconductor
multilayer interfaces. In particular we present a model
for the analysis of the Raman spectra of semiconductor
periodic multilayers and discuss the specific case of a-Si
and a-Ge multilayers.
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The model finds application in distinguishing the
interfacial sharpness of multilayer films prepared by a
spectrum of depositions techniques including ultra-high
vacuum evaporation, also called molecular beam depo-
sition (MBD), ion beam and magnetron sputtering, and
glow discharge. This study, which was first summarized
in Ref. 7, marks the first report of the use of MBD and
magnetron sputtering for the preparation of amorphous
semiconductor multilayers. Of the films studied, several
MBD-multilayers exhibited the sharpest interfaces
(< 1.0 A). The role of substrate heating and the suit-
ability of other deposition techniques in achieving sharp
interfaces is also addressed.

The interfacial roughness parameter determined by
low-angle x-ray diffraction (LAXRD), a long known
technique for characterizing interfacial sharpness in
multilayers, is in good agreement with Raman.

Il. EXPERIMENTAL
A. Preparation

Amorphous multilayer structures were prepared by
a number of techniques. With the exception of those
prepared by rf glow discharge process, all films were
silicon germanium multilayers. The thickness of the sili-
con and germanium layers in each period were generally
as close to equal as possible. In each of these cases,
among the samples prepared were those with an approx-
imately 100 A period, Si/Ge (50 A/50 A). Fused
quartz, 7059 glass, and silicon (100) test wafers were
employed as substrates. The deposition techniques uti-
lized included the following.

(1) Evaporation in ultra-high vacuum (MBD): A
PHI-400 MBD system, with a base pressure in the low
107" Torr scale, was employed to deposit multilayers
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composed of unhydrogenated a-Si layers alternating
with layers of unhydrogenated a-Ge (a-Si/a-Ge). The
multilayers were produced by subsequential electron
evaporation from pure silicon and germanium sources.
Precise layering was achieved using pneumatic shutters
in front of the sources. The shutters were controlled by a
Sloan thickness monitor. The deposition rate set at 1 A/
s for both materials. The thickness of individual layers
ranged from 10-200 A and in most multilayers 25 layer
pairs were deposited.

(2) Ion beam sputtering: An Ar ion beam from a
2.5 cm Kaufman ion source, operating in pure Ar, was
caused to strike alternately one or another target. The
targets were attached to a disk mounted on a pivot and
could be automatically and reproducibly rotated into
the path of the ion beam. The ion beam was shut off
while the targets were rotated. To promote uniformity
the samples were also rotated during deposition. In the
preparation of Si/Ge multilayers, the targets were
> 5N Si (cast) and 6N Ge (hot pressed). The substrate
was heated by radiation. The thickness of the individual
layers was nominally 5 nm. A detailed description of an
ion beam sputtering system can be found elsewhere.®

(3) Magnetron sputtering: A Sloan model SL 1800
four-target, horizontal magnetron sputtering system
was used to prepare Si/Ge multilayers via rf sputtering.
Layering is achieved by rotating the carousel on which
the samples were mounted. The rotation speed was cho-
sen to control layer thickness, whereas the ratio of Si to
Ge thickness was fixed by adjusting each target’s power.
The plasma above each target remained lit while the
substrates rotated. To minimize intermixing, the silicon
and germanium targets were separated by one or more
unused target locations. The instantaneous sputtering
rate for Si and for Ge was 14-18 A/s. Periodicities
ranged from 8-100 A.

(4) Alternating layers of a-Si:H/a-SiN:H were
grown by an rf glow discharge following a method de-
scribed elsewhere.’

B. Characterization

X-ray diffraction (XRD), which employed a Phil-
lips XRD-2500 x-ray diffractometer, was the nonoptical
method chosen to obtain structural data. Special atten-
tion was given to low-angle diffraction (LAXRD). The
presence of regular periodicity and the dimensions are
the data immediately accessible from LAXRD. Filtered
Cuand Cr X, lines were employed, but Cr was prefera-
ble for low-angle measurements. Multiplying the period
thicknesses by the number of periods is potentially the
most accurate technique for measuring the thickness of
the multilayers. Thickness data were also obtained us-
ing a mechanical stylus technique. Details on measure-
ments of film absorptance (@) and refractive index can
be found elsewhere.'®

The LAXRD data contain information of interfa-
cial roughness. The model proposed by Underwood et
al.* for the diffraction behavior of a layered synthetic
multilayer has been used in the work. The thickness of
the interfacial roughness, as deduced by that model, was
obtained from the integrated intensity under the low-
angle XRD peaks. Abeles e al.* have already applied
the model to determine the roughness parameter in a-
Si:H/a-SiN, :H multilayers.

The film average compositions and impurity con-
tent were determined by Auger electron spectroscopy
(AES) and electron spectroscopy for chemical analysis
(ESCA). The IR transmission data were also examined
for the presence of O, N, H, and C modes. Certain thick
films were examined by electron microprobe microanal-
ysis. The instrument employed was a JEOL (model SM-
35C) with a Kevex model Unispec 7077 solid-state de-
tector for energy dispersive x-ray (EDX) analyses.
Kevex software, Magic V, was employed for data analy-
sis. The energy of the exciting electron beam was set
high enough for the multilayer to appear homogeneous,
but low enough that substrate atoms were not analyzed.
This provided a check on other methods for determining
the relative thickness of the layers.

The 514.5 nm line from a Spectra Physics model-8
W Ar ion laser was used for the Raman studies. A Spex
double grating spectrometer provided spectral analysis
of the Raman scattered light. A standard photon count-
ing system was employed for detection and analysis. In
the next section we consider the use of RS to study mul-
tilayer interfaces.

lll. INTERPRETATION OF DATA
A. Modeling the Raman spectrum of a multilayer

Raman spectroscopy has been shown to be a very
useful technique to characterize the structure of single
layers of amorphous semiconductors.'' Previous publi-
cations of the uses of RS to characterize multilayer
structures have employed its sensitivity to observed
quantitative changes in the microscopic structural order
of thin layers, particularly the bond-angle distribution
width.'* Recently it has been reported that RS can de-
tect Si-Ge bonds at interfaces in a-Si/a-Ge multi-
layers.®’

The purpose of this section is to develop a method
for employing RS data for quantitatively determining
intermixing at interfaces in multilayers.

Quantification of the blurring of interfaces is possi-
ble because peak heights in the Raman spectra of thin
films are proportional to the number of scatterers, thus
RS is capable of directly “counting” the total number of
chemical bonds of a given type in a thin film. This is
particularly true in amorphous material since the
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phonon decay length is on the order of the lattice con-
stant. Thus each site acts like a single scatter.

The development in Sec. III B is valid if the follow-
ing conditions prevail.

(1) It is known that the material is layered.

(2) Changes in the composition of materials should
produce significant changes in the RS spectrum. The
spectrum of the alloy produced by intermixing should
be significantly different than either of the parent mate-
rials over at least a portion of its spectrum.

(3) The absorptance at the RS wavelength chosen,
of each of the layers in the multilayers and the products
of their intermixing, is large enough for the Raman cross
section to be significant but small enough that the beam
is not totally attenuated before it reaches the next inter-
face. For periodicities of approximately 100 A, a should
be greater than 10* cm ' and less than 10 cm .

(4) Thin film optical interference effects can be ne-
glected so that exponential decay describes the absorp-
tance of light in each layer. Optical interference occurs
when a traveling electromagnetic wave encountering
changes in index. In multilayers interference effects can
occur, on the one hand, between individual layers of the
multilayer film and, on the other hand, between the air—
film and film-substrate interfaces. The first effect—inter-
ference between individual layers in a periodic multi-
layer—is negligible if the reflectance amplitude (r)
between layers is small or if the distance (d) between
interfaces is much smaller than the wavelength of light
in the medium. The second source of interference can
also be handled without difficulty. To simplify the fol-
lowing analysis it is assumed that the multilayer is suffi-
ciently absorbing that the laser light will be substantially
attenuated before it strikes the back interface.

B. Development of the model

Let us consider a multilayer structure consisting of
Z periodic layer, as shown in Fig. 1. The top layer of the
total structure is layer A. The effective thickness and the
absorption coefficient at the Raman wavelength (4 )
of each individual layer A, B,..., Z are denoted by / , ,
lgy [z, and @y, ag,..., @z, respectively.

The symbols ¢, , ¢...., ¢; denote the actual path
lengths the light travels when the multilayer is illumi-
nated at an off-normal angle.

Employing these definitions, the total intensity of
Raman scattered light from all layers A in the structure
I, can be written as

L =1,(148*4+8*+8%+)=I,/(1-5?%,
(1)

where I |, and S are defined by
I, =U2s/ 2a,) [1-3"13(—2“.\‘&)] (2)
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FIG. 1. Schematic representation of a Z layer periodic multilayer
structure. /,, ¢g, ¢z, and a,, @y, @, are the path length of light and
absorption coefficient for layer A, C, and Z, respectively.

and

S=exp[ —(@rly +aplp +a;4)] . (3)
Here I}, is the intensity of Raman scattering due to the
top A layer alone and /, is the intensity of the laser beam
entering the structure. When the Brewster angle geome-
try is chosen, reflectance losses are minimized and, to a
good approximation, I, is also the intensity of the laser
beam external to the multilayer. The Raman cross sec-
tion of material A is =, .

Substituting 7, and Sin Eq. (1) we have

I, =12, [1 —exp( —2a,4,) ]/ [2a, (1 —§5%)] .
(4)
Similarly, the added Raman intensity from layers B---X
is given by
_ IoZg exp(—2a,6) [1 —exp( —2ay4) ]
[2a5(1 —S5?)]

Iy

L]

(5)
Ix
= {fozxfza’x) CK]J[ —Z(GAZA +"'+ax_:(;(_1)]
X [1—exp( —2axtx)]
X{1 —exp[ —2(a, s + ...+az&)]}*| . (6)

where 25 and 24 are the Raman cross sections for ma-
terial B and X, respectively.
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We will consider the specific case of a biperiodic
multilayer structure consisting of layer pairs A and C
separated by interfacial layers B and B’ as pictured in
Fig. 2. We further make the assumption that the inter-
face produced by depositing A on C is the same as depo-
siting Con A, that is, B = B’, while ¢, (¢ ) is the actual
thickness of the A (C) layer after intermixing. / ; stands
for the intensity from both layers. From Egs. (4) and
(5), the intensity ratio /5 /I , is expressed as

Iy 20,26 [1+exp(—2ac4)]

I, Sa[exp(anfa) —1]
where we have made the assumption that ¢; €¢, . From
Eq. (7) the quantity /5 can be expressed as
[exp(2a, 4y) — 1] IsT Ap
g = » (8)
2a, [1+exp(—2actc)] I,
where 'y =2, /2.
Following the derivation of (8), ¢z can be alternati-
vely calculated in terms of I g /1 :
_ [1—exp(—2ac4)] IsTes
B 2ac[1+exp(—2acd)] e
where I'cg = 2¢/2Z5.
Standard samples, one of composition A or C and
the other of composition B, must be measured under
identical experimental conditions. All samples need to

be thicker than the penetration length of the laser light
used for the Raman measurements. The measured Ra-

’ (7N

(9

To Dectector

A

FIG. 2. Schematic representation of a biperiodic multilayer structure
with intermix regions Band B'. ¢}, , ¢, ¢c,and ¢, and [ , , I, [, and
Iy are the path lengths of light in and the thicknesses of layers A, B, C,
and B', respectively. It is assumed B = B'.

man intensities from the standard samples are termed
I,, I, and Iy, respectively. The Raman intensity [ is
2V, with V being the scattering volume. Since ¥ is pro-
portional to 1/a, the ratio I'yy may be expressed by
I'xy =Ixax/Iyay,in which @y and ay are the mea-
sured absorption coefficients of standard samples Y and
X.

It is usually observed that as long as the total num-
ber of X-X bonds in sample X are not diluted by alloy-
ing or the presence of voids, £ will be reasonably con-
stant even though preparation conditions might vary.'*
It is often possible, therefore, to employ one value of 2
for samples deposited under a variety of deposition con-
ditions.

In contrast with Z, which is relatively invariant, it is
well known that a for amorphous semiconductors near
their absorption edges can depend strongly on prepara-
tion conditions. It is important, therefore, to note that
neither Egs. (8) nor (9) depend on a, or ac to first
order if &, ¢, or ac{c are small. Expanding exponen-
tials (8) and (9) become, respectively,

Gl +ants +0() T
{I [1 +exp(—2ac4:)]}

b =4[l —(ac )34 0() [ hla/ls,
(11)

where @ (" ) means terms of order # or higher in @

When a¢'is small, it is, therefore, not necessary to
measure & for each combination of preparation tech-
nique and conditions. This is an important savings.
Equations (10) and (11) explicitly confirm intuition
that 4 is equal to ¢, or /- weighted by the ratios of the
appropriate cross sections and peak intensities. It is also
worthy to note that the first-order term in a /., inside
the square brackets in Eq. (11), is identically zero.

All of the above analysis is correct for both integral
and differential (wavenumber by wavenumber) quanti-
ties; integral data (total scattering under a given peak)
are generally preferable since integrating a spectrum di-
minishes the effect of noise.

i ; (10)

C. Application of the model to silicon-
germanium multilayers

In the past few years, Raman scattering has been
extensively used to analyze the structure of single layers
of a-Si, a-Ge and their alloys.'' In tetrahedrally bonded
amorphous semiconductors, due to the breakdown of
momentum conservation, all phonons is the crystalline
phonon dispersion curve are allowed; therefore, the Ra-
man spectrum resembles the broadened crystalline den-
sity of states (DOS). As shown in Fig. 3(a), the Raman
spectrum of an a-Si(a-Ge) thin film shows two promi-
nent humps located around 140 (75) and 480 cm '
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FIG. 3. (a) Typical Raman spectra for an amorphous germanium film
(dashed), amorphous silicon film (dotted ), and the sum of both (con-
tinuous). The origin of the Raman peaks are noted above the curves.
(b) A typical Raman spectrum for an a-Si, ;s Ge, 5 alloy. The arrow
above 380 cm ' indicates the position of the Si-Ge local vibrational
modes.

(270cm—"'). The former has its origins in the transverse
acoustic (TA) phonons while the latter is related to the
transverse optical (TO) phonons.”* The continuous
curvein the top part of Fig. 3(a) represents the sum of a-
Si and a-Ge Raman spectra.

The Raman vibrational properties of random
a-Si, Ge, _, alloys can also be correlated to the DOS of
their crystalline counterparts.'* Figure 3(b) shows a
typical Raman spectrum for an a-Si, s Ge, 5 alloy. The
spectrum exhibits features common to both a-Si and a-
Ge that arise from vibrations associated with Si-Si and
Ge-Ge pairs, respectively. In addition, a peak that is not
present in either the pure a-Si or a-Ge is observed at
approximately 380 cm™'. The position of this peak
shifts as the composition of the a-Si, _ , Ge, changes. Its
relative strength is also a measurement of the chemical
composition in the alloy and is proportional tox (1 — x)
for a-Si, _, Ge, alloys. Its presence fulfills requirement
(2) above.

The other conditions stated in the development of
the model dictate that multilayer samples having perio-
dicities less than or equal to about 200 A and containing
an a-Ge total thickness greater than 500 A are most
susceptible to analysis. The requirement that the laser

probes at least one germanium layer (two interfaces),
restricts the germanium thickness in each layer to 200
A, while the restriction that the beam be substantially
attenuated at the back of the thin film dictates that the
total thickness of germanium be at least 500 A to limit
the reflectance at a glass interface to less than 1%. Since
a-Ge is several times more absorbing than a-Si (5 10°
em™'vs 2X 10° cm "), the thickness of a-Si is not gen-
erally an issue.

The requirement that interference effects between
layers are negligible needs more careful attention. Con-
sider a thin film of thickness d and with refractive in-
dices n, and k, sandwiched between two slabs of a sec-
ond material (7,,k,). In the limit of zero absorptance in
the film, the magnitude of the composite reflectance am-
plitude 7., from the two surfaces of the first material
at wavelength A is

oo | = [r| [1 —exp( —2i6)] .
e [1—rexp(—2i6)]
Where the phase change & = 27nd /A and |r| is the

magnitude reflectance amplitude from either of the sur-
faces,

7| ={l(n, —ny)* + (ky —k3)?] [(n, + ny)?
+ (ki + k)% 7 'H2.

Neglecting rexp( — 2i8),

|7comp | = 2|7| sin & .

When § is small,

7comp | = 4ar|r|nd /A;

|7comp | becomes negligible when |r| and/or nd /A are
small.

For a-Si (a-Ge), weuse as n and k, 4.7 and 0.8 (4.9
and 2.0) at 514 nm.” For 5.0 nm thick Si layers,
6 = 0.25 radians and |r_,,, | = 0.1. Since reflectance in-
tensity is proportional to rg, it can be concluded that the
effect on the reflected intensity is less than 1% per peri-
od for 100 A periods. Even for thick layers where &
reaches 7/2 radians, the maximum value |7 ., |* is
0.04. The actual effect in the multilayers will be much
smaller due to partial cancellation from neighboring
layer pairs.

In our work, as is common for RS, the Brewster
angle is chosen to minimize specularly reflected light.
For this geometry

G=5[1+ (no/n)’]'?  i=AB,Cetc,

where n,is 1.0 for air and #, is the refractive index of the
semiconductor. For high-index semiconductors, the rel-
ative difference between the ¢ and /; is } (n;) ~2. This is
less than 3% for silicon and germanium alloys. In a-Si/
a-Ge multilayers, therefore, the difference between /;
and ¢ is negligible.
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IV. RESULTS AND DISCUSSION

In order to demonstrate the use of RS to investigate
the structure of interfaces, the model described in Sec.
111 was applied to a-Si/a-Ge multilayers. In all the a-Si/
a-Ge samples studied, the last layer deposited was sili-
con. Thus the layers A,B, and C in Fig. 2 stand for a-Si,
an a-Si, _ , Ge, alloy and a-Ge, respectively.

In Fig. 4, the Raman spectra for three a-Si/a-Ge
multilayers prepared by MBD (7, = 300 °C), ion beam
(T, = 275 °C) and magnetron sputtering (T, = 25°C)
are compared. Each spectrum has been decomposed sig-
nificantly into three components: a-Si (dashed line), a-
Ge (dotted line), and a-Si, _, Ge, (continuous line).
These added together give the best fit to the measured
integrated Raman intensity. The position of the Si; _ .
Ge, peak (380 cm™') in all cases corresponds most
closely to Si, s Ge, 5 . This, then, fixes the composition of
layer B. Notice that a much-reduced a-Si; s Ge, s com-
ponent is observed for the MBD sample. Using Eq. (8)
the interfacial layer thickness /; has been determined
from the integrated Raman intensities under the

a-Si/a-Ge — a-SiggGegg

-— a-Si

Raman Intensity (a.u.)

MBD

(A "

4
P s oo

100 200 300 400 650

Raman Frequency {cm’1]

FIG. 4. Raman spectra for a-Si/a-Ge multilayers prepared by magne-
tron sputtering (top), ion beam sputtering (middle), and MBD (bot-
tom). These samples correspond to the sixth, fifth, and third entries in
Table I, respectively. Each spectrum has been decomposed into three
components, a-Si (dashed), a-Ge (dotted), and a-8i, _ , Ge, (contin-
vous). In all cases x~0.5 was found.

a-Siy s Ge, s and a-Si curves. We find that / is 3.1, 5.3,
and 6.2 A for these MBD, ion beam, and magnetron
sputtered samples, respectively.

The interfacial layer thickness / ; contains two com-
ponents: the number of bonds that an atomically
smooth surface would have with the layer above it, and
any arising from intermixing. The model developed
above is macroscopic and mathematically combines
these bonds together. Thus / is larger than the true
intermixed layer thickness. To properly calculate inter-
mixing requires a proper accounting of the density of
bonds at a growing ¢-Si or Ge film. This quantity can be
estimated, based on the fact that for the growth of poly-
crystalline tetrahedral semiconductors on an amor-
phous substrate at the lowest temperature where partial
crystallization begins, the (110) and (111) orientations
are approximately equally preferred and dominate.'®
The (100) orientation is absent. The bond density for
the (111) and (110) surfaces of Si, s Ge, 5 are calculat-
edtobe 11.3and 9.2 % 10" cm~2."” The bond density of
the amorphous structure just below this temperature
might be expected to be similar to the average of the
(111) and (110) surfaces, about 10.3 X 10" ¢cm ~2. This
is equivalent to 2.2 A of Siy s Geys. The intermixing
width w for the samples is then 1.0, 3.0, and 4 .:\, respec-
tively, for these MBD, ion-beam, and magnetron sput-
terer samples. These numbers are summarized in Table
I

From the LAXRD data, values of the interfacial
roughness (£) and the thickness ratio of the top layer to
the period of the multilayer (77) were calculated using
the technique of Underwood.* Table I contains the peri-
odicity (p) from LAXRD, (&), (7), the number of dif-
fraction orders observed (m), and the intermixing
width from Raman. The third, fifth, and sixth entries in
the table correspond to the samples of Fig. 4.

The MBD sample exhibits the most diffraction or-
ders (14), evidence of exceptional smoothness. We note
that the interfacial width from Raman is always less
than £. £ and w were not measurements of precisely the
same quantities. Here £ contains a component from
roughness and from intermixing, whereas Raman is an
inherently interfacially sensitive technique for
a-Si/a-Ge multilayers.

Having demonstrated the RS-interface technique,
we applied it to study the influence of growth param-
eters on the interfacial sharpness in MBD multilayers.
The first set of curves in Fig. 5 shows the Raman spec-
trum of a series of a-Si/a-Ge multilayers prepared at a
fixed 7, = 300 °C. The period p has been varied from
20-400 A and the nominal thickness of the individual
layers was p/2 for all cases. Broad Raman features char-
acteristic of a-Si and a-Ge (Fig. 1) are observed in all
multilayers with the exception of the one with p = 400
A. In the latter case, in addition to the amorphous com-
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TABLE I. Properties® of various semiconductor multilayers.

LAXRD*
Raman
Composition Structure® Technique® T, ("C) P & 7 m w*
a-8i/a-Ge 25 (50/50) MBD 25 0.8
a-5i/a-Ge 50 (10/10) MBD 300 22 0.2
25 (75/75) MBD 300 154 - 0.54 14 1.0
25 (100/100) MBD 300 <0.5
a-Si/a-Ge 25 (50/50) 1BS 275 104 7.8 0.53 9 3
a-8i/a-Ge 100 (50/50) MS 25 111 peak splitting 11 4
a-5i:H/a-SiN:H 100 (20/20) GD 250 54 5 0.6 4 not susceptible
to analysis

*All thicknesses are in Angstroms.
" Number of periods (thickness of a-Si/thickness of a-Ge or SiN:H).

“MBD (molecular beam deposition), IBS (ion beam sputtering), MS (magnetron sputtering),

CVD).

and GD (glow discharge-plasma enhanced

YLAXRD data are p (periodicity), & (roughness), 7 (ds/pordgy/p), m (number of LAXRD peaks observed).

“Intermixing width, w =17, — 2.2,

ponent, mainly silicon, there are two sharp lines located
at approximately 300 and 520 cm—'. These indicate a
totally microcrystalline germanium layer and a partially
crystallized silicon layer, respectively. Notice that no
significant interfacial mixing has occurred as indicated
by the absence of the Si-Ge peak in the range of 380
cm

MBD: a-Si/a-Ge

Pt T = 300°C
(Si)r (Ge)rq _
J AT
(Si-Ge) | "(gige)

]

(&)
(11/11)

(75/75)

(100/100)

Raman Intensity (a.u.)

I | (200/200)
c-Ge c-Si ]

100 200 300 400 500

Raman Frequency (cm‘1)

FIG. 5. Raman spectra for four Si/Ge multilayers prepared by MBD.
Periodicities, top to bottom, are 22, 150, 200, and 400 A, respectively.
Nominal thicknesses for the Si and Ge layers in each sample are noted
in a column on the left. All samples were prepared at a substrate
temperature of 7, = 300 °C. The position of the Raman line for crys-
talline Ge and Si is indicated in the bottom of the figure.
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The role that deposition temperature plays in
achieving sharp interfaces from MBD multilayers was
investigated. Samples prepared at 25 °C temperature ex-
hibit a comparable Si-Ge peak equivalent to
w=0.8+02Avs 1.0+ 0.2 A for 7, = 300°C (see Ta-
ble I). There is no apparent increase in roughness due to
decrease surface mobility of adatoms at lower 7,. It has
been pointed out previously that the volume fractional
voids in UHV a-Si and a-Ge decrease with increasing
T,. Above T, =200 °C (150 °C) of a-Si (a-Ge), a thin
film exhibits, via TEM, a void-free structure at a resolu-
tion of 50 A. The absence of voids is evidence of higher
adatom surface mobility that can dampen statistical
variations in atomic flux and diminish self-shadowing
effects.

Recent publications'® have shown that Si and Ge
prepared by ion beam sputtering using a Kaufman
source exhibit a very dense structure. They suggest that
the sputtered species impact the growing film with fa-
vorable energies that promote the densification of the
material. Thus deposition at an elevated substrate tem-
perature and high Ar beam voltage in an ion beam sput-
tering process might be a means of producing multilayer
structures with sharp interfaces and regular periodici-
ties.

A set of ion beam high vacuum (HV) sputtered
multilayers have been prepared (see the IBS entry, Ta-
ble I). The samples were positioned such that a large
flux of elastically scatter Ar ions from the target reached
the growing films surfaces, to provide densification.
These ion beam sputtered a-Si/a-Ge multilayer films,
however, exhibit a slightly wider w than the MBD sam-
ples; therefore, it appears that for the experimental con-
ditions employed, the effect of ion beam induced mixing
may be dominant over densification.

Several entries in Table I are conspicuously miss-
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ing. These point to measurement difficulties character-
istic of each technique. The RS does not lend itself to
studying samples like GD ¢-Si:H/a-SiN:H. Since a-
SiN:H is not strongly absorbing, there is not enough
signal at the Raman wavelength. Furthermore, the in-
terface is not characterized by a material like Si, _ , Ge,,
that has distinct modes. On the other hand, the utility of
LAXRD data is curtailed if the sample is not sufficient-
ly uniform and regular like the MS sample. Raman spec-
troscopy does not have this limitation.

In the preceding analysis, for simplicity, it was as-
sumed that the interfacial layer formed by deposited a-
Ge on ¢-Si is the same as by a-Si deposited on a-Ge. If
the adatom mobilities of the two are different, it can be
expected that the interfaces will be different. This might
show up in a shifting of the Si-Ge peak.
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