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The low-temperature near-band-gap photoluminescence of Si, Ge„ is studied over the whole

composition range 0&x ~1. We identify free- and bound-exciton processes and determine the

properties of momentum-conserving phonons. From our results we determine the low-temperature

band gap of the alloys. Analytical expressions are derived for the X and L bands:

Eg„(x)= 1.155—0.43x +0.206x eV; Eg„(x}=2.010—1.270x eV. The intensity and the linewidth

of the various excitonic transitions are found to depend only on the statistical alloy fluctuations. No
preferential clustering of Si and Ge atoms is detected.

I. INTRODUCTION

The elemental semiconductors silicon and germanium
form a continuous series of disordered alloys. A detailed
understanding of the properties of the Si-Ge alloys is a
prerequisite for successful device applications. The ma-
nipulation of semiconductor materials by the growth of
superstructures leads to new and sometimes unexpected
semiconductor properties. Examples are the enhanced
mobility and the appearance of new direct optical transi-
tions in strained Si-Ge superlattices. ' In this paper, we
concentrate on the bulk properties of Si-Ge alloys. The
object is to study and to reevaluate fundamental parame-
ters in the alloys; for example, the energy of the indirect
band gap, the properties of momentum-conserving (MC)
phonons, and the importance of alloy Auctuations. We
use the photoluminescence (PL) technique to characterize
the samples and to study their properties. Luminescence
measurements of Si-Gp alloys have been reported only for
Si- or Ge-rich alloys. Free-exciton (FE) and bound-
exciton (BE) luminescence, donor-acceptor —pair recom-
bination, and electron-hole droplets were studied in Ge-
rich alloys. On the other hand, high-resolution spec-
tra of FE and BE recombination, as well as deep lumines-
cence centers, were reported from Si-rich alloys. ' In
this paper, we present a high-resolution PL investigation
of Si-Ge alloys over the whole composition range.

The paper is organized as follows. In Sec. II, the ex-
perimental conditions and the sample descriptions are
given. Section III deals with the experimental results of
the PL measurements and the PL lines are identified. In
Sec. IV, we derive the low-temperature band gap of alloys
from the PL data, discuss the phonon structure in the al-

loys, and give evidence for a purely random distribution
of the Si and Ge atoms in our samples. A summary of
the results is given in Sec. V.

II. EXPERIMENTAL

is excited by the above-band-gap light of different Ar.+-
laser or Kr+-laser lines. The excitation power varies be-
tween -5 and 100 mW/mm . The samples are mounted
in a glass cryostat, immersed in liquid helium, or in a
temperature-controlled cryostat (Leybold), which allows
us to vary the sample temperature between 1.6 K and
room temperature.

Photoluminescence signals are analyzed by a 1-m grat-
ing monochromator (Spex 1702) and detected by a
liquid-nitrogen-cooled Ge detector (North Coast). The
signals are processed in standard lock-in technique. Data
storage, lock-in, and monochromator settings are con-
trolled by a desktop computer.

B. Sample preparation

In the present study we use Si& Ge alloy samples
grown by various methods. Bulk Si-Ge alloys are cut
from polycrystalline ingots with fairly large grains, which
were prepared by a zone-leveling technique. The nomi-
nally undoped samples show p-type conductivity with
free-hole concentrations of the order of 10' cm at
room temperature. A few samples are As doped up to a
concentration of 3X10' free electrons/cm . The sam-
ples are well characterized and have been previously used
for electroreAectance' and Raman scattering" measure-
ments.

The near-band-gap photoluminescence data presented
here correspond mainly to these samples, for reasons to
be discussed later. We also present the results of mea-
surements performed on layers of Si-Ge alloys grown on
Si substrates by liquid-phase (LPE) and vapor-phase
(VPE) epitaxy. The LPE layers are grown from In or Sn
solutions, as described in Ref. 12, whereas the VPE sam-
ples are crystallized from a Ge-Si chalcogen vapor phase,
in an analogous way to that used for Si growth. ' Both
LPE and VPE layers have thicknesses between 0.3 and 20
pm.

A. Photoluminescence C. Determination of the alloy composition

The photoluminescence spectra of Si-Ge samples are
measured in a conventional PL setup. The luminescence

The compositions for the different sets of samples were
determined employing diverse techniques. The alloy
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compositions of the bulk samples already investigated in
Refs. 10 and 11 were determined from density measure-
ments. For a few of the LPE layers we calculate the
composition from the lattice constant, which was mea-
sured by x-ray diffraction. In all cases we checked by Ra-
man measurements that the layers were not strained. '

The VPE samples had nominal compositions calculated
from the amounts of Si and Ge contained in the vapor
phase.

All samples used in this study are characterized by
spectral ellipsometry, which gives the energies of the
direct interband electronic transitions in the material.
The electronic gaps vary linearly with the composition in
the Si-Ge alloy system. ' In particular, the E& gap gives
rise to a large structure whose energy varies by about 1.2
eV from Ge to Si and, therefore allows a rapid and accu-
rate determination of the alloy composition. %'e used an
interpolation of the E& energy between Si and Ge, ac-
cording to Ref. 15, to obtain the composition of our sam-
ples. The E, energy is found by 6tting the numerically
calculated second derivative of the ellipsometric spec-
trum. with an analytical two-dimensional critical point
line shape (for details see Ref. 15). The accuracy of our
fitted E j energy is typically between 5 and 10 meV, which
implies an accuracy in composition better than 0.5 to 1.0
at. % Ge. The "optical" compositions so obtained are in
good agreement with the x-ray-diffraction data where
these are available, with discrepancies of, at most, 3%.
In the presentation of our measurements we always use
the optical composition x to describe the alloy composi-
tion.

The homogeneity of the samples critically depends on
the growth process of the samples. In the polycrystalline
samples, the typical energy changes in the luminescence
lines for different excitation spots on the samples corre-
spond to variations in the composition of different grains
of not more than 3 at. % Ge. In the LPE or VPE layers,
no shift of luminescence lines was found for different ex-
citation spots, although a grading of the composition in
depth could be detected by x-ray-diffraction measure-
ments. ' Apparently the excitons diffuse to the regions of
lowest band gap and recombine. In some LPE-grown
samples with high dislocation densities, the excitonic
diffusion is hindered and recombination occurs in the ex-
citation volume of the laser. Only in these LPE samples
could we detect small shifts of the luminescence lines due
to variations in the alloy composition.

III. EXPERIMENTAL RESULTS
AND IDENTIFICATION OF THE
PHOTOI. UMINESCENCK LINKS

A. General features of the photoluminescence spectra

In this section, we present PL spectra of Si-Ge alloy
samples and give a labeling of the low-temperature near-
band-gap PL lines, which will be discussed in detail later.

In the course of our study of Si-Ge alloys, we found
that the near-band-gap low-temperature PL spectra of
differently grown samples show the same gross features.

However, our polycrystalline samples exhibit, in general,
spectra of superior quality compared to the samples
grown by the LPE and VPE techniques. The optical
transitions in the bulk Si-Ge samples have a much small-
er linewidth (in most cases by a factor of, at least, 3 to 5)
compared to the optical transitions in the LPE layer. In
addition, the intensity of the near-band-gap PL, in the
LPE samples, is always very weak due to strong disloca-
tion related PL bands. ' Samples grown by VPE also
show small linewidth optical transitions; however, these
lines are usually superposed on very intense broad optical
transitions of unknown origin.

In the presentation of our results, we will primarily
focus on the PL spectra from the bulk samples. Only for
the discussion of certain aspects, will spectra from the
LPE and VPE samples be presented. The low-
temperature PL spectra of lightly doped Si or Ge crystals
are dominated by the optical recombination of bound ex-
citons (BE). Due to the indirect nature in momentum
space of the Si and Ge band gaps, the radiative recom-
bination of an electron-hole pair within the bound-
exciton complexes involves the creation of a phonon with
a certain k value to conserve momentum during the opti-
cal process. However, it is also possible for the bound
electron-hole pair to recombine without phonon partici-
pation. The impurity itself transfers the momentum in
this so-called no-phonon (NP) transition. Such a transi-
tion is more likely to occur for deeper impurities with
their larger spread of wave functions in k space. A typi-
cal low-temperature PL spectrum in Si and Ge doped
with shallow impurities consists of the bound-exciton NP
transitions and their phonon replicas at lower energies. '

The intensity ratios of the NP line to the phonon replicas
depend strongly on the binding energy and the type of
impurity (donor, acceptor) and are difFerent for Si and
Ge. In general, the NP lines are weak, and increase in in-
tensity with the binding energy of the complex. In Si,
coupling to TO phonons is strongest followed by the cou-
pling to TA phonons. In Ge, LA- and LO-phonon repli-
cas of the BE's are favored.

We find a smooth variation of the characteristic PL
features in the Si-Ge samples as the composition is
varied. Figure 1 gives a few examples of the low-
temperature near-band-gap photoluminescence for
different compositions. The sample temperature in all
measurements is T =4.2 K and the excitation is by the
A, =514 nm line of an Ar+ laser.

All spectra in Fig. 1 exhibit a simple, almost identical
structure. We label the lines X with an upper index to
characterize the optical transitions in more detail: NP,
TA, and TO. For optical transitions, without the
creation of a phonon, we use NP, and with the participa-
tion of a momentum-conserving (MC) phonon, we use
TA, or TO. The subscript for the phonon lines (Ge-Ge,
Si-Ge, Si-Si) specifies a distinct phonon in the alloys. A
detailed discussion of the labeling will be given in the fol-
lowing sections.

For a description of the Si-Ge alloy spectra, we will
start with the Si-rich sample Si092Ge(}O8 The spectrum
of this sample, displayed in Fig. 1, resembles those spec-
tra found in crystalline Si. Differences are the energetic
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position of the lines and their increased linewidth. In
pure Si the NP transition of the BE's is roughly 30 meV
higher in energy. This shift of the X line is due to the
reduced band gap in the alloy and will be discussed in
more detail in Sec. IV. The Xs; s; line appears at exactly
the energy difference of the TO phonon in Si (58 meV)
from the X line. ' In addition, the small shoulder on
the low-energy side of the NP transition can be identified
with the MC TA-phonon replica in silicon. Towards
lower energies several weak two-phonon transitions can
be detected.

The halfwidths of the lines ( -7 meV for the X tran-
sitions) are much larger than those of the BE transitions
in silicon ( SO. 3 meV). With higher Ge content in the al-

loy the lines become sharper and more structure is found
in the phonon replicas.

We detect in the alloys phonon energies that are close
to those of pure germanium and silicon, e.g. , XG, 0, and

Xs; s;, but also phonons typical for the alloy (Xs; o, ).

Clearly, changes in the energetic position of the spectra
and variations in the relative intensities of the line occur
with increasing composition.

B. Identification of the free-exciton recombination

I(E)-(E Es )' —exp

with l(E) being the luminescence intensity at photon en-
ergy E, E „ the excitonic band gap, and T the tempera-
ture. The fit temperature T obtained always agrees
within 2 K with the bath temperature. However, in most
samples a proper fit of the FE line shape was not possible
because the intensity of the FE recombination was too
weak. An example of such a spectrum is given in Fig. 3.

%'e identify the line labeled FE due to its thermal be-
havior, as resulting from no-phonon FE recombination.
The excitonic NP luminescence is greatly enhanced in the
alloys, since the statistical distribution of the Si and Ge
atoms can act as momentum-conserving scattering
centers. %e detect TA-, LA-, and TO-phonon replicas of
the FE recombination, their intensities being dependent
upon the composition.

The (FE) luminescence and its phonon replicas were
first reported for Ge-rich alloys in Ref. 5. In low-doped
Si-rich Si-Ge alloys, Mitchard and McGill identified the
(FE)NP transitions. In their low-doped samples, the
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We have investigated the temperature dependence of
the PL spectra of Si-Ge samples to identify the nature of
the optical transitions. Figure 2 shows that as the tem-
perature is increased the line labeled X thermalizes
with respect to the line labeled (FE) . Above 12 K X
is no longer detectable and (FE) exhibits a shape
characteristic of free-exciton (FE) recombination. The
line shape of the FE line is easily fitted to the well-known
expl ession
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FICx. 1. Near-band-gap photoluminescence spectra for
several bulk Si-Ge samples. The optical transitions are named
X~ where j gives the type of transition (no-phonon or phonon
participation) and i specifies the nature of the phonon.
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FIG. 2. Photoluminescence spectra of a bulk Sii „Ge„
(x =0.085) sample at different temperatures.
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FIG. 3. Photoluminescence spectra of a bulk Si& „Ge„
(x =0.58) sample at different temperatures.

C. Origin of the X trarisition

(FE) was found even at 1.9 K. A shift of the (FE)
line towards smaller energies was detected at these tem-
peratures and interpreted as due to the weak binding of
excitons to alloy fluctuations.

All our samples have apparently much higher impurity
concentrations because we can detect the FE lumines-
cence only at higher temperatures T~ 5 K. At this tem-
perature, the thermal ionization of BE's into FE's results
in an increase in the FE luminescence intensity. In our
samples the FE luminescence shows no shift in energy
with sample temperature.

In a few of our LPE samples we can, however, detect
the (FE) line even at temperatures below the A, point of
liquid helium. Nevertheless, a fit to Eq. (1) gives a much
higher sample temperature. In the LPE samples just
mentioned, apparently local heating was produced by the
laser. All the samples that show this property have a
high dislocation density which presumably favors local
heating of the samples. The origin of this behavior is not
understood at the moment.

A strong (FE) transition was reported in absorption
and photoluminescence in a high-purity Si& Ge„sample
with x =0.85. The position of this transition falls exact-
ly at the same energy as we find for the (FE) line in a
sample with the same composition.
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the X lines we determine the binding energy of the ex-
citons to be about 3—6 meV. There is a large inaccuracy
associated with these binding energies, due to the weak-
ness of the FE lines in most of our samples. We are not
able to establish a trend in the binding energies with com-
position. Possible binding centers for the excitons are bo-
ron, phosphorus, or arsenic, which have exciton binding
energies iri the range of 4 meV in Si and 1 meV in Ge. In
a few LPE layers grown from the indium solutions, a
binding energy of approximately 15 meV is derived from
the spectra at higher temperatures. This value corre-
sponds to the binding energy of the In bound exciton in
Si."

An Arrhenius plot of the X line intensities gives a
binding energy of -5 meV, which is in agreement with
the energy separation of this line from the FE line. The
energetic position of the X line is not affected by a
higher sample temperature, but an increase in linewidth
can be detected.

With increasing laser excitation, the line shape of the
X transition changes and a structure labeled XBE and
X in Fig. 4 can be resolved. At low excitation power
the X transition has the smallest linewidth and consists
only of the XBE line. With increasing laser power the
X~K line remains at the same energy position, but de-
creases in intensity relative to a broader band X that
emerges from the low-energy side of the XBE .transition.
The shift of this X band can be as much as -5 meV
from the original XBE position.

In most samples, the halfwidth of the lines is too large
to distinguish between these two transitions. In these
cases, we detect only a shift of the X transition and an
increase of the linewidth with laser power. An example is
given in Fig. 5.

The total intensity of the X transition changes
linearly with laser power in all our samples. This depen-
dence from the laser power is shown in Fig. 6. Non-
linearities occur if we measure separately the intensity of
the broad X band and the sharper nonshifting line XBE
in the samples where the X line is structured. Whereas
the intensity of X increases almost linear with laser
power, the XBE line intensity shows a sublinear depen-

The near-band-gap luminescence spectrum of Si-Ge al-
loys is dominated by the transition labeled X in Fig. 1.
From the identification of the FE lines in Sec. III 8 and
their thermal behavior, shown in Figs. 2 and 3, we inter-
pret the X transitions as being due to the NP recom-
bination of excitons bound to shallow donors and accep-
tors. From the energy spacing between the (FE) and

1.10 1.12 1.14 1.16
WAVELENGTH ( pm)

1.20

FIG. 4. Dependence of the PL spectra on laser power for
sample Si, „Ge (x =0.085). The excited area on the samples
is approximately 1 mm .
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Si& xGex: x=0.86

Tb~th =1.6K

x 1 mW

in pure Si or Ge crystals, bound multiexciton complexes
(BMEC) are formed at increased exciton densities. The
decay of the BMEC's gives rise to the X luminescence
at the low-energy side of the bound-exciton recombina-
tion XBE. No sharp BMEC lines can be resolved in the
alloy due to the increased linewidth produced by the al-
loy Auctuations. A similar interpretation for the long-
wavelength wings of the X lines in Si-rich alloys was
proposed in Refs. 7 and 8.
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dence, due to saturation efI'ects.
The laser power dependence of the X line can be un-

derstood by a bound-exciton recombination in samples
with local fluctuations of the composition. Similarly, as
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FIG. 6. Intensities of the X transitions in different samples
as a function of the laser power. For the sample with composi-
tion x =0.085 the intensities of X (A ), X~E (+ ), and the to-
tal intensity X (~ ) are shown.

FIG. 5. Line shape of the X transition for different laser
powers. The Si, „Ge„sample has a composition of x =0.86.
The excited area of the sample is approximately 1 mm .

D. The I.-photolumineseence band

In several of our samples, we detect a broad lumines-
cence band at the low-energy side of the X transition.
In Ref. 7 a band labeled L with similar properties was
detected in an indium-doped Si& Ge sample with
x =0.10. The L band was interpreted as a bound-exciton
recombination at the In acceptor. However, the unusual-
ly large temperature shift of the L-band energy could not
be explained by a bound-exciton recombination process.

We detect the L band in various, difFerently doped
samples, including those that are not deliberately doped
with In. The L band is only seen at higher temperatures.
In a few samples, however, we detect the L band even at
low temperatures (T=4.2 K) as in Ref. 7, but in these
samples an effective sample heating due to the laser exci-
tation is found by a fitting of the FE line shape.

The intensity of the L band increases up to -20 K and
then decreases again. Figure 3 gives an example of the
evolution of the L band with temperature. The decrease
of the luminescence intensity can be explained by an ion-
ization process of an exciton with a binding energy of
—15+5 meV. The change in linewidth of the L band is
given in Fig. 7(a). At higher temperatures the linewidth
of the L band shrinks and the band exhibits a symmetric
shape. Temperatures higher than 40 K lead again to an
increase in linewidth.

The unusual shift of the L band towards lower energies
was first reported in Ref. 7. In Fig. 7(b) the nonlinear
shift with temperature is shown together with the ener-
gies of the (FE) and I luminescence. The shift of
the L band seems to depend only on the quality of the
sample; no inhuence is found from the composition x.
The largest shift of -45 meV was found in a sample with
intense dislocation related luminescence bands. '

Our interpretation of the L band is as follows. A
high-density electron-hole plasma is created in potential
wells formed by large Si-Ge alloy Auctuations; perhaps in
the vicinity of dislocations in these samples. The shift to
lower energies that occurs at higher temperatures is then
associated with the preferential formation of electron-
hole plasma states in deeper potential wells. Recently,
Rowell et al. in a PL study on molecular-beam epitaxy
grown Si-Ge alloys, claim to have observed a similar
alloy-induced band-to-band transition. ' However, these
authors were misled in their interpretation, since the
band-gap energies of the samples were not accurately
known. As we will show in Ref. 17, their alloy band
coincides with dislocation related PL bands.
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FIG. 8. Phonon energies for different compositions x derived
from the energy separation between the NP lines and the pho-
non replica lines.

FIG. 7. {a) Temperature dependence of the L-band linewidth
in sample Si& „Ge (x =0.58). (b) Energy position of the PL
lines in Si, Ge (x =0.58) as a function of the sample temper-
ature.

E. Phonon-assisted transitions

Several phonon-assisted optical recombination process-
es occur in the Si-Ge alloys in addition to the NP transi-
tions. From the energy separation between the NP tran-
sitions and the phonon replicas, we determine the phonon
energies in the alloys. In Fig. 8 we plot the observed en-
ergies of the MC phonons for difFerent compositions.

We detect TO as well as TA phonons at the Si-rich site
(x « 1) of the alloys. The linewidth of the TO-phonon
replica first increases with alloying (See Fig. l) and then
splits into three separate modes at x -0.3. We identify
the three different TO-phonon lines by their energy posi-
tion as due to TO-phonon vibrations of different nearest-

neighbor atoms. The phonon labeled TOs; s; is the
momentum-conserving vibration of a Si atom surrounded
by other Si atoms. Similarly, the TO&, z, phonon is the
TO-like vibration mode in Ge. Replica TOs; c, labels the
vibration of a Si atom in a Ge lattice. The energy of the
TOs; ~, mode is almost identical to the energy one would
expect for a simple harmonic oscillator with the reduced
mass of a Si-Ge pair. We will show in Sec. IVB2 that
the only important parameter to describe the relative in-
tensities of the three different TO-phonon lines is the
composition x.

The phonon energies of the TOs; s; and TO~, ~, pho-
nons vary slightly for the Ge-rich alloys (x )0.85). This
is because, in this composition range, the electron state
change from the Si-like to the Ge-like band structure
and, therefore, phonons of different symmetries are need-
ed for the momentum conservation. In Table I we sum-
marize the observed TO-phonon energies and compare
them to phonon energies of the pure Si and Ge lattices.

TABLE I. Phonon energies of TO momentum-conserving phonons in Si& Ge alloys.

x &0.85
x )0.85
x &0.85
x )0.85
0&x &1

TOS s
TOsi-si
TOG, G,

Ge-Ge

TOSi-Ge

58.0 meV
61.0 meV
34.5 meV
36.0 rneV
49.0 meV

Si: TO(h) (Ref. 19)
Si: TO(L3) (Ref. 19)
Ge: TO(X4) (Ref. 19)
Ge: TO(L3) (Ref. 19)
Alloy mode (Ref. 19)
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Whereas the TO-phonon energies are constant with x,
the TA phonons show an almost linear change with x.
The TA phonons start for low x at the energy of the
TA(h) phonon in Si. From our measurements it is not
clear whether the TA-phonon energy for Ge-rich alloys
coincides with the TA(X3) or the TA(L3) phonon energy
in Ge, which are very close in energy. The LA phonon,
however, merges at the Ge rich site with the LA(Lz)
phonon of pure Ge. It was not possible to follow the
LA-phonon replica to compositions smaller than x =0.8.
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IV. DISCUSSION

A. Determination of the indirect band gap in Si-Ge alloys

0.7
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X band: Eg„'(x)=1.155—0.43x+0.206x eV, (2)

The main objective of this work is to determine the en-
ergy of the indirect band gap in Si-Ge alloys. We mea-
sured the low-temperature PL spectra of samples with
different alloy composition x. As was discussed in the
previous sections, we are able to analyze various optical
recombination processes in the alloys. For the deter-
mination of the band-gap energy we will use the energy of
the FE and BE PL lines.

In samples where the FE luminescence is detectable,
we are able to obtain the FE threshold energy by a proper
linefit as described in Sec. III B. The FE threshold ener-

gy determines the FE band gap in the samples at low
temperatures. For all other samples, the FE band gap is
calculated from the BE PL energy according to the fol-
lowing procedure. The BE binding energy is well known
for shallow acceptors and donors in Si and Ge and is
directly proportional to the acceptor or donor binding
energies (Haynes rule). Neglecting central cell effects,
the BE binding energy is determined by the electron and
hole masses and the dielectric constant of the host crys-
tal. It is known from experimental data and from calcu-
lations that electron and hole masses change almost
linearly in the alloy from Si to Ge. The BE binding ener-

gy for shallow donors and acceptors is -5 meV for Si
and —1 meV in Ge. ' We calculate the FE band-gap en-
ergy in the alloys by adding the scaled BE binding energy
to the BE energy position. We estimate the error in this
energy determination to be smaller than 1 meV.

The excitonic band-gap energy (E ), as determined
from our PL data, as a function of the alloy composition
x, is plotted in Fig. 9. The band gap varies smoothly
from the Si FE gap at 1.155 eV to the excitonic gap in Ge
at 0.740 eV. At around x =0.85 the crossover from the
Si-like X-conduction-band minimum to the Ge-like L
conduction-band minimum occurs. The scatter in the
data points is mainly due to the inaccuracy in the compo-
sition value x, which was discussed in Sec. IIC, and is
Ex=+0.015. The scatter in the energy should not be
larger than +0.5 meV. Therefore, the uncertainty of the
data points corresponds roughly to the size of the square
symbols in Fig. 9.

We fit the experimental data separately for 0 ~ x & 0.85
and 0.85 & x ~ 1 by a least-squares procedure, The
analytical expressions are as follows:

FIG. 9. Excitonic band gap (0) vs composition x for
Si

& „Ge alloys, as determined from low-temperature PL spec-
tra. Literature data are included for comparison ( X ) (Ref. 27).
The dotted line corresponds to the analytical expression given
in Ref. 33. The solid line gives our fit to the measured data.

L band: E' '(x)=2.010—1.270x eV . (3)

The curves that fit best the experimental data [Eqs. (2)
and (3)j are plotted in Fig. 9 as solid lines.

A comparison of our band gap with other published
data on Si-rich and Ge-rich alloys shows remarkably
good agreements. For a sample with x =0.11 Mitchard
et aI. find the position of the FE 41.4 meV below the FE
in pure Si. This composition corresponds to a band-gap
shift of 44.8 meV, according to our data. Our values of
the band-gap changes are somewhat smaller than those
from Ref. 8, 40.9 meV compared to 43 meV for x =0.1.
One has to take into account that the band-gap shift, in
this case, was determined only for 0&x &0. 1 in Ref. 8.
Safarov and Titkov And in Ge-rich alloys a change of the
FE position of 12 meV per at. %%uoSi, whic hcorrespond s to
12.7 meV in our measurements.

An early absorption investigation of Si-Ge alloys for
0&x & 1 was performed by Johnson and Christian.
Their derivation of the near band gap of Si-Ge alloys is,
however, far too inexact to obtain reasonable energy
values.

Braunstein and co-workers, in a pioneering work, mea-
sured the optical absorption for the Si-Ge alloys system
as a function of temperature and composition. For
several alloys the temperature-dependent energy gaps are
given in Ref. 27 from 77 K up to room temperature, with
the exception of pure Si and Ge, where 4.2 K data are
also included. We extrapolate from Braunstein's data the
energy gap at 4.2 K for the different alloy compositions.
These data are given as crosses in Fig. 9.

As shown in Fig. 9, the band gaps of Si-Ge alloys
determined from Ref. 27 deviate from our results. The
difference in the absolute position of the band gap in pure
Si and Ge by —10 meV, and the much larger differences
in the alloy band gaps could simply result from the inac-
curate fitting process used by Braunstein et al. In the
composition range of x =0.5 the approximation of only



5690 J. WEBER AND M. I. ALONSO

one effective phonon energy is no longer valid. All three
TO modes, as well as the NP transitions, have to be in-
cluded in the Macfarlane-Roberts expression.

Recent band-structure calculations by Krishnamurthy
et aI. of unstrained Si-Ge alloys account for the chemical
and structural disorder using the molecular coherent-
potential approximation (MCPA). Prior authors used
the virtual-crystal approximations (VCA), coherent-
potential approximations (CPA), and other approxima-
tions to study the band structure and the effect of alloy
disorder. However, due to the less accurate band
structures of the constituent materials involved in the al-
loy formalism, these calculations predict only trends of
specific quantities, not quantitatively accura. te results. In
Ref. 33 the results of a CPA calculation are given in
parametrized form for the L and X bands, respectively.
The dashed lines in Fig. 9 represent the results of this cal-
culation.

Our experimental results for x =0 to 0.85 are higher in
energy by almost a constant amount of 0.04 eV. We feel
the differences between our experimental curve and the
calculated band gap result from the starting parameters,
for the critical points in the band structure of pure Si or
Ge, not being chosen properly in the calculation. The
indirect-band-gap energies for pure Si and Ge calculated
from Ref. 33 are found to be 1.11 and 0.76 eV at T =0 K.
The exact values, which are also in agreement with the
energies of our excitonic transitions, are 1.155 and 0.740
eV, respectively. ' However, our analytical fit to the ex-
perimental data has the same curvature as the calculated
band structure.

An important parameter in the band structure of alloys
is the bowing parameter b, which describes the deviation
from a linear band-gap shift and is identical to the prefac-
tor of the quadratic term in Eq. (2). From our analyti-
cal fit to the experimental data we find b=0.21. The
parametrized band-gap curve from the CPA calculation
in Ref. 8 gives a somewhat smaller value of b =0.18. In
the MCPA calculations, a proper account of the structur-
al disorder due to the different bonding lengths is given.
According to the authors, the energy gap, compared to
the CPA calculations is only slightly reduced (at x =0.5

by —7 meV) but the bowing parameter is now b =0.21,
identical to our measured value.

B. Effects of disorder in Si-Ge alloys

Silicon and germanium form a continuous series of
substitutional solid solutions of fixed crystal structure
over the entire composition range. The occupation of the
substitutional lattice sites by Si or Ge is assumed to be
purely statistical, although ordering effects at the Si- and
Ge-rich site of the alloy were reported. ' However,
more recent investigations found no complexing or order-
ing in these unstrained bulk samples. In Secs. IVB1
and IV B 2, we discuss the inAuence of alloy Auctuations
on the PL spectra of Si-Ge alloy samples.

1. The linewidth of the X transition

dE
dx 4 ~a~3 + (4)

8 —ii
CU

I
I

l I I

2—
I

I

0.5 1.0

COMP OS IT I 0N

temperature and the laser power also give rise to drastic
changes in the linewidth, due to the different lumines-
cence lines (FE), XBF, and X constituting the X
luminescence. From our measurements, we determine
carefully the full width at half maximum (FWHM) of the
XBF line by choosing the appropriate laser power and
sample temperature in each case to make sure that we
measure only the width of the X~F line. The results are
given in Fig. 10. The linewidth of the XzF line in our
best samples varies from 4 to 8 meV, with a pronounced
minimum around x =0.85. Samples with a high disloca-
tion density or high-impurity concentrations exhibit a
much larger linewidth, and are not included in the fol-
lowing discussion.

The increased linewidth of the X~F transition in alloys
is likely to be caused by local variations in the alloy com-
position x. Changes of the FE and BE binding energy
and the band-gap energy with x, all contribute to the
measured linewidth of Xzz. The binding energies of the
free and bound excitons vary linearly in the alloy as was
already discussed in Sec. IV A. If we assume only small
statistical fIuctuations of x in our sample, we cannot ac-
count for the BE linewidth by only a change of the FE or
BE binding energies with composition.

Alferov et al. discussed first the possibility that the
linewidth broadening is the result of variations in band-
gap energy produced by local Auctuations in the alloy
composition x. If we use their arguments, and extend
the valid composition range, as was done in Ref. 38, we
derive the following expression for the BE line broaden-
ing:

The linewidth of the X line is found to change with
composition. However, as is reported in Sec. III C, the

FICx. 10. Linewidth of the XB~ transition vs composition.
The solid line is the predicted linewidth using Eq. (4).
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The derivative of the band-gap energy with respect to the
composition x can be derived from the measured band
gap in Sec. IV A. X is the density of lattice sites in the al-
loy. The only adjustable parameter in this expression is
the Bohr radius a~ of the bound exciton. A reasonable fit
to the measured line broadenings is given in Fig. 10. We
used two different Bohr radii: for 0 &x &0.85 az =38 A,
and for 0.85&x &1.0 a&=110 A. Both values are in
good agreement with the Bohr radii expected for shallow
bound states in Si and Ge, respectively. '

In a paper by Baranovskii and Efros the binding of a
FE to local Auctuations is calculated. Suslina et al. in-
terpret the broadening of excitonic lines in II-VI com-
pounds according to this mechanism. In GaAsP a new
PL line is identified as recombination of a FE in potential
fiuctuations. ' In Si-Ge alloys Mitchard and McGill find
a similar excitonic recombination 0.1 meV below the FE
recombination. This small binding energy leads us to be-
lieve that the binding of the FE to alloy fluctuations is
not important for the linewidth of the BE lines in our
samples.

Thus, the linewidth of the XBE line in our best samples
results only from the statistical fluctuations of the distri-
bution of the Si and Ge atoms in the alloy. Additional
broadening mechanisms have to account for the in-
creased linewidth of all other samples. Possible candi-
dates are microscopic inhomogeneities, defects, and alloy
clustering.

In Ref. 8 a linear increase with x of the linewidth for
x &0. 1 was reported, and the values of the linewidth are
of the same order as our measurements (x =0.1: b,E =7
meV). Much smaller linewidths were reported by
Mitchard et al. (x =0.11: b,E=3 meV).

We feel our increased linewidth, compared to Ref. 7,
does not result from clustering in our samples. The clus-
ter of k atoms in the alloy would increase the linewidth
by a factor of &k . To account for the larger linewidth
in our samples, we would have to assume a clustering of
3-4 atoms in the alloy. However, from the intensity ra-
tios of the PL lines (see Sec. IV B2) we have no evidence
for the preferential clustering of a few atoms.

2. The relative intensities of the PL transitions

The bound-exciton transition can occur via absorption
or emission of MC phonons or with involvement of
scattering centers. Due to the need of a large crystal-
momentum, scattering occurs mainly by the short-range
part of the impurity potential, whose spatial extent is of
the order of the lattice constant.

From the PL spectra of the different Si-Ge samples
(Fig. 1) it is obvious that the relative intensity of the NP
transitions, compared to the phonori-assisted transition,
changes with x. We plot, in Fig. 11, the intensity ratio of
the NP transitions to the phonon-assisted transitions for
the same set of samples used in Sec. IV 8 1. The depen-
dence on x is easily explained by the appearance of
short-range potential fluctuations due to Si-Ge pairs in
the alloys. The probability to find such a pair in the alloy
is proportional to x(1—x). As shown in Fig. 11, this
dependence gives a reasonable fit to the measured intensi-

I&I

li I

I

0.5
COMPOS I T ION

FIG. 11. Intensity ratio of the no-phonon transitions X to
the phonon replicas X " ' for different compositions x. The
solid curve is proportional to the probability of finding a Si-Ge
pair in the alloy.

ty ratios. Deviations from the curve are mainly due to
the inaccurate determination of the intensities.

'
No

correction was made for the sensitivity variations of the
Ge detector. The intensity ratio of the no-phonon to the
phonon transitions seems to be determined only by the
composition x.

There is an easy way to determine the ratio of Si and
Ge atoms in the alloy from our PL spectra. As is
presented in Sec. IIIE, and discussed in Sec. IVC, we
find specific TO vibrations of Si-Si, Si-Ge, and Ge-Ge
pairs in the PL spectra. The ratio of their intensities
should be proportional to the number of these pairs:"

TO
~(Ge-Ge} ( 1 x)

TO 72x

rTO
~ (si-si) x
~so 2(1 x)

These ratios are calculated under the assumption of equal
oscillator strengths for all pairs and a purely statistical
distribution of the atoms in the alloy. In Fig. 12, we plot
the intensity ratios of the different phonon lines, along
with the expected dependence according to the above
equations. A reasonable agreement between the experi-
mental data and the statistical distribution is found, indi-
cating that the occurrence of pairs is purely random and
no potential ordering takes place.

C. Phonon energies in Si-Ge alloys

In general, different types of vibrational spectra are
found in alloys. For some systems the phonon frequen-
cies vary linearly with concentration and match the fre-
quencies of the pure constituents at the ends of the con-
centration range. In other systems, however, vibration
frequencies related to each one of the constituents can be
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FICz. 12. Compositional dependence of the different TO-
phonon line intensity ratios.

give the most accurate phonon energies of the three opti-
cal modes in Si-Ge crystals. ' Compared to our results,
the Raman energies of the zone-center phonons show a
slight dependence on x and have different energies than
the MC TO phonons measured by PL.

We expect to derive the same MC TO energies from
the analysis of the absorption measurements. However,
only one average phonon energy was used to describe the
absorption process. Two phonon absorption measure-
ments give the TO-phonon frequencies near the edge of
the reduced zone, " but the determination of the energies
is not precise enough to compare them with the PL data.

The one-mode behavior of the acoustic phonons is ex-
plained in Ref. 27 by the virtual-crystal and ordered-
crystal approximations. According to these models, the
MC phonons should vary linearly with composition in
the x =0.85 —1.0 range [(111) phonons] and in the
x =0—0. 85 range [(100) phonons]. At x-0.85 a slight
discontinuity in energy is expected due to the change
over from (111)to (100) phonons. The (111)and the (100)
LA and TA phonons have nearly the same energies at
this composition and we expect that the indirect electron-
ic transitions take place both at the (100) and (111)
conduction-band minima.

In PL measurements the MC TOs; G., phonon was first
reported in Ge-rich alloys. This phonon couples to the
BE and FE recombination. We find the same behavior in
our samples. Benoit a la Guillaume et al. report on PL
measurements on a sample of Sio &5 Geo ~5. In their spec-
tra the FE, as well as the electron-hole droplet (EHD),
recombination couples to the TOs; G., mode.

found separately, and additional frequencies of new
mixed modes can occur.

In the Si-Ge alloys two types of alloy phonons can be
detected. For the momentum-conserving TO phonons,
we determine three different energies, which show no
shift with composition x. These energies correspond to
vibrations of Ge-Ge, Si-Si, and Si-Ge pairs (three-mode
behavior). But an almost linear variation in x is found
for the TA- and LA-phonon energies (one-mode behav-
ior).

With a simple, one-dimensional model, Barker was
able to calculate the behavior of the zone-boundary pho-
nons in Si-Ge mixed crystals. Barker finds three optical
modes and only one acoustical mode. The optical modes
involve the motion of only Si or Ge atoms, or a combined
Si and Ge vibration, respectively. The two first-
mentioned modes become the pure Si and pure Ge optic
modes at x =0 and 1. From a more sophisticated calcu-
lation, Taylor also proposes a three mode behavior of
the TO phonons in Si-Ge crystals.

The frequency of the TOs; 0, vibration was calculated
for zone-center phonons, and measured as a local-mode
vibration by infrared absorption. Raman measurements

V. CONCLUSION

In the paper we have presented a detailed study of the
near-band-gap PL in Si& „Ge„with composition x rang-
ing from 0 to 1. Several excitonic recombination process-
es have been identified and typical features in the alloys
have been discussed. The linewidth of the BE recombina-
tion and the intensity ratios of the different lines can be
described under the assumption of a purely statistical dis-
order in the alloys. We determined the energies of the
momentum conserving phonons and the band-gap energy
in the alloys.
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