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Raman scattering was used to study optical phonons in a Si;,Ge, strained-layer superlattice
on ¢-Si(001) that was subjected to hydrostatic pressure at room temperature. The

change of phonon frequency with pressure, dw/dP, for the principal quasi-confined LO mode
in the Ge layers, is found to be significantly smaller than that for bulk crystalline Ge.

This difference is shown to be due to the tuning of biaxial strain in the Ge layers and the
pressure response of the confined mode as hydrostatic pressure is varied. Both strain

and confinement make comparable contributions to dw/dP for the Ge layers in the superlattice

examined here.

Ultrathin Si/Ge strained layer superlattices (SLSs)
have been grown recently with high quality crystallinity,
by using molecular beam epitaxy (MBE), despite the sig-
nificant lattice mismatch (~4%) between Si and Ge.'?
The electronic properties of Si/Ge superlattices are of par-
ticular interest because of the possibility of obtaining quasi-
direct-gap behavior through a combination of zone folding
and strain effects.>"® Raman studies of the structural prop-
erties of Si/Ge superlattices have yielded useful informa-
tion on strain, confinement, and interfacial disorder.” ! Of
particular importance is the effect of strain, which can shift
and split both the conduction band and valence band, and
thereby change the band offsets.!? The application of high
pressure provides a new method to study the effects of
strain and confinement in layered structures. When hydro-
static pressure is applied to a SLS, the lattice mismatch
between alternating layers changes because of the different
compressibilities of the two materials in these layers. Con-
sequently, in commensurately grown structures, biaxial
strain can be tuned by varying the applied hydrostatic pres-
sure. Moreover, the shift of each confined mode frequency
with applied pressure differs from that of the zone-center
longitudinal optical (LO) phonon because the Griineisen
parameter varies across the LO phonon dispersion curve.
We present 2 Raman study of the strains in SLSs by sub-
jecting a Si/Ge superlattice to high pressure in a diamond
anvil cell (DAC), and then analyzing it by Raman spec-
troscopy. The change in phonon frequency of the strained
Ge layer with pressure is shown to be lower than that of
bulk ¢-Ge, and this is attributed to the change of strain and
the effect of confinement in these pseudomorphic layers
with applied pressure. This is apparently the first Raman
study of a SLS subjected to hydrostatic pressure.

The superlattice was grown by MBE on top of a 2700
A Si buffer layer which had been grown on a Si(001)
substrate. The growth temperature was 375-400 °C. The
basic unit of the superlattice sample consists of 12 mono-
layers of Si followed by 4 monolayers of Ge (Sij;Gey), and
is repeated 25 times. A 140 A Si cap layer was grown to
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protect the superlattice. The SLS substrate was mechani-
cally thinned to 50 um, and then loaded along with ruby
chips and a 4:1 methanol-ethanol fluid mixture into a gas-
keted Mao-Bell diamond anvil cell in order to apply hy-
drostatic pressure. The pressure (P) in the DAC was de-
termined by using the calibration scale for ruby R,
fluorescence versus pressure. Raman spectra of the Si/Ge
SLS were taken at room temperature using the 4880 A line
from a cw argon ion laser in the backscattering configura-
tion, with dispersion by a triple grating spectrometer and
detection by an intensified diode array. It was necessary to
subtract the background diamond fluotescence from these
spectra.

The Raman spectrum of this Si/Ge SLS is character-
ized by the presence of three main peaks, assigned in order
of increasing energy to Ge, Ge-Si-like, and Si vibrations.
Two representative Raman spectra are shown in Fig. 1,
corresponding to ambient pressure (1 bar) and 62.5 kbar,
the maximum applied pressure in the experiment. As ap-
plied pressure is increased within this range, the biaxial
strain in the Ge layers decreases from ~4.0% to ~3.3%.
Only one Ge peak was found, at 308.0cm ™ ! for P = 1 bar;
it was asymmetric with a tail towards lower energy. This
peak corresponds to the principal quasi-confined mode in
the Ge layers, and is shifted in energy with respect to that
in bulk c-Ge (301.3 cm ~ ! at P= 1 bar). The big Si peak
near 520 cm ~ ! is from the unstrained ¢-Si contributed by
the cap layer, superlattice Si layers, the buffer layer, and
the substrate.

The Raman shifts of each feature versus pressure are
shown in Fig. 2. Least-square straight lines are also plotted
for these data, yielding dw/dP values for each peak. dw/dP
is 0.31+0.03, 0.45+0.03, and 0.47+0.02 cm ~ 1/kbar for
the Ge, Ge-Si-like, and Si peaks, respectively. For compar-
ison, the Raman shifts versus pressure for bulk ¢-Ge and
¢-Si were also measured in this same pressure range, giving
0.37+0.02 and 0.49+0.02 cm ~ !/kbar for ¢-Ge and c¢-Si,
respectively. dw/dP for the Ge phonon in the SLS is 0.06
cm ~ !/kbar smaller than that in ¢-Ge.
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FIG. 1. Raman spectra taken at P = | bar and P-= 62.5 kbar are shown
(T =295 K). The peaks’in order of increasing energy are the principal
quasi-confined Ge mode, Ge-Si-like mode and Si mode.

Lattice dynamics and linear chain model calculations
of Si/Ge SLSs'%!% show that there are confined modes in
thin Si layers, and quasi-confined modes in thin Ge layers,
even though the Ge optic and Si acoustic modes overlap in
energy. In most Raman studies of 8i/Ge SLSs only the
principal quasi-confined Ge mode is observed. The higher-
order modes are usually weak and sensitive to the interfa-
cial ordering.!"1> At ambient pressure, the frequency of
the principal confined Ge optic phonon in the SLS exam-
ined here is 6.7-cm ~ ! higher than that in ¢-Ge. The com-
pressive stress in the Ge layer is expected fo increase o by
15.8 cm ™!, suggesting that_the quasi-confinement de-
creases @ by ~9 cm ™!, This conclusion agrees with other
experimental results and with an estimate from the LO
phonon dispersion curve.*!! Both theory and experi-
ment'®"! agree that the confinement shift for the principal
Si optic mode is rather small (<2cm™ 'Y for the 12 mono-
layer Si layers in this SLS. The strain-induced shift in these

Si layers is virtually zero since the SLS is pseudomorphi- -

cally grown on a Si substrate. Therefore, the confined pho-
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FIG. 2. Plot of the Raman shifts as a function of hydrostatic pressure for

three peaks. Least-square fits yield do/dP = 0.31+0.03, 0.45+0.02, and
0.47+0.02 cm ™ | /kbar for the Ge, Ge-Si-like, and Si peaks, respectively.
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non feature in the Si SLS layers is expected to overlap the
¢-8i peak, as is seen here.

From the analysis of Cerdeira et al.,'® it follows that
when a strain is applied along the major crystal axes, ihe
dynamical equation in the [001] direction is decoupled
from the other two directions.” Therefore, the Raman fre-
quency for an optical phonon in Ge layers of the SLS along
the [001] direction, in the absence of confinement and in-
terfacial disorder, is .

w=ay+ (1/200) [pe,; + g6 + €)1, (D

where the wq is the frequency of the ¢-Ge zone-center LO
phonon, p and g are the Ge deformaiion potentials defined
in Ref. 6, and €, are the diagonal elements of the strain
tensor. In the presence of hydrostatic pressure and biaxial
stress, €; can be decomposed into €; = € + €. M is
the hydrostatic stra.m, which has the form

€ =gy el = P/(CTY + 205, @

where CPF and C$¥ are the elastic constants for Ge, and P
is the applied bydrostatic pressure. The biaxial strain in the
Ge layers is

e =B = [a%(P) — O (P) ] /0 (P), (3)
whiere a(P) is the lattice constant at pressure P; also
V= (ZC“"’/C"e eld, (4)

Inserting Eqs (2)—(4) into Eq. (1) gives

1 cE as‘ 1) P2 »
“"f“’ﬂ*‘ 9P coe 2010(COE -+ 2C55)

ra

L s ) 1
(q pCGe)lEU +2C55 ﬁ
(5)

where gy is the lattice constant at ambient pressure. The
second term on the right-hand side is the usual lattice mis-
match correction due to the compressive strain in Ge lay-
ers at ambient pressure, which gives the + 15.8 em !
contribution mentioned earlier. The third term is due to
hydrostatic pressure applied to bulk Ge. The fourth term is
due to the change in Ge and Si lattice constants with pres-
sure because Ge and Si have different compressibilities; this
results in a decrease in compressive sirain in Ge layers with
increasing pressure.

Inclusion of confinement can modify Eq. (5) in two.
ways. (l) At ambient pressure, the confined Ge modes for
an n-atom layer are not at the zone center frequency wg,
but at frequencies w{™, which are obtained approximately
by zone folding the bulk LO. dispersion curve at k%%
= mmu/ndy,"" where dy is the monolayer spacing and
m = 1,2---n. This assumes no coupling between confine-
ment and strain, and perfect interfaces. The m = | mode
corresponds to the principal confined mode; which is at
0.5(2m/a) for the Ge layers of the SLS, where ¢ = 4d is
the lattice constant. Consequently, wg should be replaced :
by mm(k w/a)..{1) Since the Griineisen parameter y
varies across the bulk LO phonon dispersion curve, the
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TABLE I. Parameters for bulk ¢-Si and ¢-Ge at room temperature.

Si Ge
Cy, (kbar) 1656° 1288%
Cy; (kbar) 638.6° 482.5°
a, (A) 5.431° 5.646*
wy (™) 0.9849 10™® 0.5648x 10'®
p(s™?) —1.345x 10%8° —47x 104"
g(s~?) — 1.946x 108" —6.167x 107 ®

3§, S. Mitra and N. E. Massa, in Handbook on Semiconductors, edited by
T. S. Moss (North Holland, Amsterdam, 1986) Vol. 1, p. 96.
bReference 16.

pressure-dependent “bulk” contribution, which is the third
term on the right-hand side in Eq. (5), will be different for
each confined mode. Calculations!” suggest that ¥ for LO
phonons decreases by ~0.044 as k increases from 0 to 7/a
along (001) in Ge; though this has not been verified ex-
perimentally, this value will be assumed here. Since the
principal confined mode in the Ge layers is at #/a, the
difference in dw/dP between k=m/a and k=0 is esti-
mated to be

do do|  3(yAw+ wAy)
dp k=1r/zz_dP k=0 (CTF +2C5)
= — 0.028 cm ~ !/kbar, (6)
where Awg = cogl) wp = —90 cm~ 1. With

—(p -+ 29)/6w}, p and g at k=m/a can be ob-
tained assuming either that p, ¢, and ¥ change proportion-
ately from k =0 to 7/a or that (p — ¢)/2w§ = 0.23, for
c-Ge.1¢ In either case, it is seen that the effect of confine-
ment on the fourth term in Eq. (5) is negligible.

Using the parameters listed in Table I for Si and Ge,
dw/dP for principal confined Ge mode in the Si/Ge SLS,
and the zone center optic phonons in ¢-Ge and c¢-Si are
expected to be 0.314, 0.355, and 0.481 cm ~ !/kbar, respec-
tively, excluding confinement effects. The effect of strain in
the Ge layers is expected to decrease dw/dP by 0.041
cm ™ !/kbar relative to ¢-Ge. Inclusion of the confinement
term decreases the expected value of dw/dP in the Ge
layers of the SLS to 0.286 cm ~'/kbar, which is 0.069
cm ™ !/kbar lower than the c-Ge value. Our corresponding
experimental values are 0.31::0.03, 0.37+0.02, and
0.490.02 cm ™ !/kbar for the SLS Ge, c-Ge, and c¢-Si.
This experiment shows that the effects of strain and con-
finement decrease dw/dP in the Ge layers by 0.06 cm ™~/
kbar relative to that in ¢-Ge, which is within experimental
error of the prediction. Our measured dw/dP values for
¢-Si and c-Ge are in agreement with the values obtained
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using p and g, and with previously measured values
0.52=0.03 cm ~ ! /kbar for ¢-Si'® and 0.3852:0.005 cm ~ '/
kbar for ¢-Ge,!® which included a P term in analyzing
»(P). Including this quadratic term in our analysis brings
our dw/dP values even closer to those in Refs. 18 and 19.

In conclusion, the difference between dw/dP for the
principal quasi-confined LO mode in Ge layers in a Si/Ge
SLS and that in bulk ¢-Ge can be explained by biaxial
strain and confinement. The perturbation on dw/dP for Ge
due to confinement is comparable in magnitude and has
the same sign as that due to strain. In contrast, confine-
ment and strain lead to perturbations of roughly compara-
ble magnitudes but opposite signs in the Raman frequency
measurement at ambient pressure. With improved preci-
sion, the Griineisen parameter for Si and Ge LO phonons
from the I" to the X point can be determined from Raman
measurements of dw/dP in $i,Ge,, SLSs on (001) sub-
strates for different #» and m, and that for several other
optical branches can be obtained using SLSs grown on
substrates with different crystal orientations.
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