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Strained SiGe epitaxial layers have attracted
much attention in recent years because of the high
potential for device applications. Fundamental
parameters such as the band gap energy are very
important when the materials are used for device
fabrication. However, knowledge of these parameters,
especially the effect of the sffain, is still insufficient.
In the case of a Ge subsEate, the sffain in the SiGe
layer is tensile while it is compressive for a Si
substrate. Consequently, the physical properties of the
SiGe layers are expected to be different for these two
subsFates. According to the calculation by peoplel),
the band gap energy of SiGe on Ge(100) is smaller
than the case of the unstrained bulk. Also, when the Si
content of the alloy is smaller than about l\Vo, the
band gap energy increases with the Si content, after
which it decreases.

Photoluminescence (PL) is a powerful method
for investigating the physical properties of solids. We
have reported PL of SiGe alloy layers on Si(100) and
discussed the effect of strain on the band gap energy
of SiGe2). Recently, many^authors have repJttrO on pL
of SiGe epitaxial layers3-8). However, most work has
been done on Si substrates. Therefore, in this study,
we have fabricated shained SiGe layers on Ge(100)
substrates and measured the PL specfra in order to
clarify the effect of strain on the band gap energy.
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2. Experiments

The samples were grown on S0-mm-diam
Ge(100) wafers with a resisrivity of 50 Ocm by ultra
high vacuum chemical vapor deposition (UHV-CVD)
using Si2H6 and GeHo at a substrate temperature of
480 'C. We have fabricated two types of samples. One
is a single SiGe alloy layer without any cap and the
other is a 10 !:lod_ Si*Ger_*/SrrGer_, multiple
quantum well (MQW). The structurds anil the alloy
compositions were investigated by transmission
electron microscopy (TEM) and x-ray diffraction
(XRD). The XRD measurement conffumed that the
SiGe layers are sffained. Typical structnres are listed
in Table I.

In the PL measurement, the samples were
immersed in liquid He and excited by the 488 nm line
of an Ar ion laser. The emission from the samples was
analyzed by a 32 cm grating monochromator with a
600 groove/mm grating blazed at 1 pm and detected
by a cooled Ge or a cooled PbS detector.

Table I. Stuctures and alloy compositions of the
samples.

Sample Type Thickness Thickness Period

I
MQW eo A o.o8 ss A o.t5 lo
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We have fabricated strained SiGe layers on Ge(100) substates and measured the
photoluminescence (PL) specfa. Band-edge emission from the SiGe alloy has been observed

for SlGq-*/S5Get-, multiple quantum wells (MQUD due to recombination of bound excirons
in the SiGe alioy having the smaller band gap energy (i.e. the smaller of x and y). From the
positions of the observed PL lines, we can evaluate the band gap energy of the sfiained SiGe
alloy layers. The resulting band gap energies are smaller than those of bulk SiGe alloys and
agree well with the theoretical values for strained layers. We have also observed emission due
to dislocations at the interface.
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3. Results and discussion

Representative PL specna of SiGe on Ge(100)
are shown in Fig. 1 together with the PL of a Ge
substrate. In the spectrum of the Ge substrate, the
emission lines labelled BE and EHD are due to the
recombinations of bound excitons and electron-hole
drops (EHD), respectively. The superscript NP
indicates the no-phonon (NP) transition and TA and
LA indicate the transitions assisted by transverse
acoustic (TA) phonons and longitudinal acoustic (LA)
phonons, respectively.

For the single SiGe layer on a Ge substate
(sample A), the PL spectrum is almost the same as

that of the Ge subsfrate except the relative intensity of
the BE line and the EHD line. In this case, we cannot
observe the band-edge emission of SiGe. As the band
gap energy of Ge is smaller than that of strained SiGe
for this Si content, most of the excited carriers move
to the Ge substrate before they recombine. Thus, we
observe only emission from the Ge subsrate.

On the other hand, in the PL specra of MQWs
(samples B and C), new lines labelled X appear in the
energy region above the band-edge emission from the
Ge substrate. The enersv separation between the XNP

line and the Xro(Goc"&ne is 3a meV. This value is
almost the same as the energy of the Ge-Ge mode of
the transverse optical (TO) phonon in unsffained SiGe
alloye), hence the indicated assignments.
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Fig.l. Photoluminescence specra of SiGe layers on
Ge(100) substrates. Spectral bandpass is 6 nm. The
notation "x10" indicates the original intensity is

magnified by a factor of 10.

Similarly, the separation between the XNI'line and the
yro(si-Ge) hne (47 meV) is almost the same as the
energy of the Si-Ge mode of the TO phonon.
Considering the energy separation between the X lines
as well as the line shape, the impurity concenEations
in the SiGe layers (mainly boron, -L0to cm-') and the
low temperature of 4.2 K, we assign these X lines to
the recombinations of bound excitons for boron in the
SiGe layers. The three X lines are the NP line of the
bound exciton and its phonon replicas. Therefore we
have observed band-edge emission of SiGe due to the
carrier confinement in the quantum wells. The
emission is from the SiGe alloy having the smaller
band gap energy (i.e. the smaller of x and y, see Table
r).

From the positions of the observed PL lines,
we can evaluate the band gap energy of the strained
SiGe alloy layers. The band gap energy E, is given by

Ee = ExNp + IbB + Ere - %onr, (1)

where ExNp is the energy position of the XNI' line, IhB,
the binding energy of the bound exciton, E r the
binding energy of the free exciton, and %or the
energy shift of the band gap due to the quantum
confinement effect. Unfortunately, the exact values of
these parameters are unknown except Exlp, which is
obtained directly from the PL measurement. The
binding energy of the bound exciton, Ib", can be
obtained directly from the PL measurement if the free
exciton line is observable. However, in the present
work, we cannot distinguish the free exciton line even
for high excitation power density or at higher
temperature. The reported value of lhe for boron is
4.6 meV and I meV in the case of Si and Ge,

respectivelyl0). The binding energy of the free.exciton
is L4.7 meV for Si and 4.15 meV for Ge"r. We
evaluated 8"" and E r for the SiGe alloy assuming
that these values are proportional to the alloy
composition.

The energy shift of the band gap due to the
carrier confinement effect, Econf, must also be taken
into account. This effect has been reported for SiGe/Si
quantum wellsa-8). The energy shift is affected mainly
by the well width and the band offset. According to
People's calculationl), the band offset of SiGe/Ge is
10-40 meV for the conduction band and 20-100 meV
for the valence band in the alloy composition range of
this work. These values are small compared with
SiGe/Si. We have estimated that E"on, is of the order
of several meV in this work. The band gap energies of
SiGe obtained from the PL measurement using
equation (1) are listed in Table II. The theoretical
calculation by Peoplel) is given for a temperature of
77 K while our PL measurement has been done at 4.2
K. The red shift of the band gap of SiGe due to the
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Table II. Band gap energy E, of Si*Get-* alloys on Ge(100).

Alloy
composition x i::"* 

of XNP 
fti?lr" 

from PL 
[i,ill?1'?1$for 

srained 
ft.r'?lifo 

for burk

0.811 eV 0.81 eV 0.80 eV 0.85 eV

0.06 0.768 eV 017 eY 0.77 eY 0.82 eV

a) Reference 1.

b) Reference 9.

increase of ttre temperature from 4.2 K to 77 K is
about 3-5 meV considering data reported for Si and
Ge10). The band gap energies obtained in this work are

smaller than those of bulk SiGe alloys and agree well
with the theoretical values for strained layers
calculated by People.

For samptJ C in Fig. 1, the intensity of the XM
line relative to the band-edse emission of the Ge

substrate is sfiong and the ,[ro{si-ce1 Hne cannot be

observed. PL specfra of sample C are shown in Fig. 2
for different excitation power densities. New emission
bands appeff as the excitation power density increases.
In TEM observations we have found dislocations at

the interface between the substrate and the first
epitaxial layer (Sio.roGes.gsr see Table I). The energy
positions of the new emission bands agtee well with
those of dislocation-related D-lines in bulk Sio.roGeo.6o.

Therefore we consider these new emission bands to be

due to the dislocations at the interface.

SiGe MQW on Ge(100)

Sample C

0.70 0.80
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4. Conclusions

We have observed band-edge emission of SiGe
from SirGer-*/S!G.r-v MQW, due to recombination of
bound excitons' in itre quantum well. From the
positions of the observed PL lines, we have evaluated
the band gap energy of the strained SiGe alloy layers.

The resulting band gap energies are smaller than those

of bulk SiGe alloys and agree well with the theoretical
values for strained layers. We have also observed
emission due to dislocations at the interface.
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Fig. 2. Photoluminescence specua of SiGe MQW on

Ge(100) (sample C) for different excitation power

densities. Specnal bandpass is 6 nm.
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