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Quantum-confined biexcitons in Si12xGex grown on Si„001…
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We report experimental evidence for the existence of three-dimensionally~3D! -confined biexcitons in a
strain-relaxed Si0.7Ge0.3 layer grown on a stepwise graded buffer on Si~001! by ultrahigh vacuum chemical
vapor deposition. A calculation of the photoluminescence line shape based on a simple model is found to be in
good agreement with experiment. From this theoretical fit we deduce a binding energy of 1.55 meV for the
3D-confined biexcitons. This binding energy is larger than the reported value of 1.36 meV for a free biexciton
in Si, indicating a quantum-confinement effect.@S0163-1829~97!07019-7#
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Complex excitonic species such as multiple excito
bound to donors or acceptors, biexcitons, and polyexciton
various semiconductor systems have been extensively s
ied because of their importance in the development of se
conductor physics1 and for possible applications of these m
terials. Evidence of biexcitons in bulk Si was obtained
Gourley and Wolfe2 and Thewalt and Rostworowski3 from
the infrared photoluminescence~PL! spectrum, and was late
confirmed by Schmid4 using the visible PL spectrum. Intrin
sic polyexcitons were also observed in ultra-high-purity b
Si by measuring the green PL spectrum over a range
sample temperatures.5 Multiexciton complexes bound to
shallow impurities in bulk Si~Ref. 4! and bulk SiGe alloys6,7

have been carefully studied as well.
Although the optical properties of Si12xGex alloys have

been extensively studied, no experimental evidence for
existence of intrinsic biexcitons in Si12xGex alloys has been
reported, to our knowledge. In this paper, we report what
believe is the first experimental evidence for the existenc
intrinsic three-dimensionally~3D! -confined biexcitons in
strain-relaxed Si0.7Ge0.3 layers grown on a stepwise grade
buffer on Si~100! by ultrahigh-vacuum chemical-vapor dep
sition ~UHV/CVD!.8 A calculation of the PL line shape
based on a simple model is found to be in good agreem
with experiment. From this theoretical fit we deduce a bin
ing energy of 1.55 meV for the 3D-confined biexcitons.

The high-sensitivity PL apparatus we used is as descr
previously,9 except that the luminescence was collected b
lens instead of a parabolic mirror to enhance the collec
efficiency further. Samples were excited by an Ar1-ion laser
at normal incidence by one of three lines: 458, 488, or 51
nm, with an excitation area of 1 mm2. The samples were
immersed in liquid or gaseous helium. The sample temp
ture was measured using a calibrated silicon diode, and c
be varied continuously between 1.7 and 300 K. PL was a
lyzed by a computer-controlled Fourier-transform spectro
eter, and detected by a liquid-nitrogen-cooled Ge detec
Measured PL spectra could be corrected for the syst
spectral response using a blackbody radiator at a known
perature. However, the PL spectra presented here were
550163-1829/97/55~19!/13058~4!/$10.00
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corrected since the system’s spectral response is essen
flat in the spectral range of interest.

Data for two samples are reported here. Sample No.
3-mm-thick undoped Si0.70Ge0.30 layer which was grown on a
stepwise graded buffer layer on a lightly boron-dop
Si~001! substrate. A similar undoped sample, which sho
the same spectral features as this one, has a background
density of 631013 cm23, determined by a Hall-effect mea
surement at room temperature. Sample No. 2, also grown
a stepwise graded buffer layer, is a 1-mm-thick Si0.68Ge0.32
layer intentionally doped with 231016 cm23 of boron, as
determined from a capacitance-voltage measurement. Th
loy composition and degree of strain relaxation of these S
layers were determined from double-crystal x-ray-diffracti
measurements.10 The average residual strain in sample No
is 0.0003, and that in sample No. 2 is 0.0008.

Figure 1 shows the evolution of the PL spectra of sam
No. 1 in the spectral region of the no-phonon-assisted e
tonic emission taken at 2 K, as a function of the photoex
tation power density (Pexc) using the 514.5-nm laser line
The weakD-band emission originating from the dislocation
in this sample was reported previously,9 and will not be dis-
cussed here. Upon increasing the excitation power den
the PL spectra change remarkably. WhenPexc is between
0.01 and 1 W/cm2, the dominant emission is a narrow peak
1.0457 eV; another broad peak at;1.040 eV is dominant for
Pexc from 1 to 50 W/cm2. In contrast, the near-band-edg
spectra of sample No. 2 consist of a single peak at 1.036
and its phonon replicas. This single peak was attributed
the no-phonon-assisted radiative annihilation of excito
bound to boron, BE~B!np, in Ref. 9. Here we confirm that the
1.0457-eV emission in sample No. 1 is from 3D-confin
excitons~CX!, as was previously suggested.9 We also show,
however, that the;1.040-eV peak is due to the annihilatio
of 3D-confined biexcitons~CX2). This emission was previ-
ously attributed to excitons bound to phosphorous donor9

There are two key experimental results which confirm
assignment of the 1.0457-eV emission to the CX. The firs
the sample temperature dependence of the integrated P
tensity for both BE~B!npand CX. Thermal activation energie
of 2.1 meV for BE~B!np and 1.2 meV for CX was reported in
13 058 © 1997 The American Physical Society
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Ref. 9. These values are consistent with the assignmen
BE~B!np and CX. The second set of data, shown in Fig. 2
the sample temperature dependence of the PL peak en
for both BE~B!np and CX. The PL peak energy for BE~B!np

follows the band-gap variation with temperature, as
pected. The PL peak energy for CX shows a linear temp
ture dependence with a slope of 1 meV/K. This strong te
perature dependence can only be interpreted using the m
of a 3D-confined exciton. Confinement occurs because
fluctuations in alloy composition. The peak position wou
be expected to shift to lower energy as excitons which
thermally excited from shallower potential wells diffuse

FIG. 1. PL spectra for sample No. 1 at 2 K using different
excitation power densities. The peak centered at 1040 meV is du
confined biexciton emission. The peak at 1046 meV is due to c
fined exciton emission.

FIG. 2. Photoluminescence peak energy for 3D-confined e
tons~CX! in sample No. 1 and for excitons bound to boron acc
tors, BE~B!np, in sample No. 2 plotted as a function of the samp
temperature. The thick solid line is a linear fit to the CX da
giving a slope of 1 meV/K. The thin solid line is a guide for the ey
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-
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-
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e

deeper ones, i.e., excitons diffuse from regions of the a
containing less Ge into regions having more Ge.

With the firm assignment of the 1.0457-eV emission
the CX, the remaining task is to justify our assignment of t
;1.040-eV peak to CX2, which is the primary goal of this
paper. As analyzed by Gourley and Wolfe,2 the fundamental
relation of the chemical equilibrium condition for exciton
and biexcitons confined in a potential well is the square l
of equation

Ncx2/~Ncx!
25N* ~T!,

whereN* (T) is a temperature dependent equilibrium co
stant,Ncx2 is the total number of biexcitons, andNcx is the
total number of excitons. Assuming that the biexciton P
emission intensityI cx2 is proportional toNcx2, and the exci-
ton emission intensityI cx is proportional toNcx , then the
relation I cx}(I cx)

2 should hold at a given sample temper
ture. This fundamental square law is experimentally verifi
over three orders of magnitude for the biexciton PL intens
as is shown in Fig. 3~a!. This verification supports our as
signment of CX2. The strong increase of the CX2 intensity at
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-

,
.

FIG. 3. ~a! A log-log plot of the integrated PL intensity of th
biexciton vs the integrated PL intensity of the exciton in sample N
1. The solid line is a linear fit to the data giving a slope of 2.~b! The
integrated PL intensity of the exciton emission in sample No. 1 a
function of the excitation power density. The solid curve is t
theoretical curve calculated using the equation indicated on the
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high power excitation density also rules out the ear
assignment,9 of this peak to an exciton bound to a phosph
ous impurity. Since the phosphorous concentration in th
undoped samples is very low, we would expect the p
intensity of a phosphorous-bound exciton to saturate at h
excitation power density.

Additional evidence for the validity of this assignme
comes from the kinetic behavior. One can solve two coup
kinetic rate equations for a system of excitons and biexcit
by using an assumption, valid for an indirect-gap semic
ductor, that the population of excitons and that of biexcito
are in thermal equilibrium.2 Under steady-state condition
Ncx}(Pexc)

1/2. This relation is verified by our experimenta
data shown in Fig. 3~b!, which shows that the intensity of th
CX peak increases as the square root ofPexc. This

1
2 power

dependence of the exciton density on the excitation po
density can occur for the case of a coupled biexciton-exc
system.

The strongest support for our CX2 assignment comes
however, from the PL line-shape fitting. A schematic ene
diagram of the potential well, i.e., at a Ge-rich region of t
alloy, is depicted in Fig. 4 to illustrate the various ener
levels used for the line-shape calculation. There are th
excitonic energy levels~with zero kinetic energy! below the
electron-hole pair energy~without Coulombic interaction!,
Ee-h , the free-exciton energyEfx , the confined exciton en
ergyEcx , and the confined biexciton energyEcx2. There are
three binding energies,Bfx , Bcx , andBcx2, for the free exci-
ton, CX, and CX2, respectively. Note that the symbol fo
each binding energy, which is a random variable associa
with a Gaussian broadening function, represents a m
value. The biexciton binding energy is defined as

Bcx252Ecx2Ecx2. ~1!

The following assumptions are made for fitting the C2

emission line shape:~1! phonons are not involved for th
confined biexciton emission,~2! a Boltzmann distribution
with an effective temperatureTfx is used for the free exciton
system which is not in equilibrium with the confined exc
tons and biexcitons,~3! the density of states for the confine
biexciton is energy independent, and~4! a Gaussian broad
ening function is used forBcx andBcx2. A radiative annihi-
lation process of CX2 obeys the energy conservation law

FIG. 4. Schematic energy-level diagram showing the vari
energies used to fit the exciton and biexciton line shapes. The
tential well is shown by the thick solid line. Subscripts fx refer
free excitons, subscripts cx refer to confined excitons, and s
scripts cx2 refer to confined biexcitons.
r
-
se
k
h

d
s
-
s

er
n

y

e

ed
an

Ecx25Efx1Ek1\vcx2, ~2!

whereEk is the kinetic energy of the free exciton generate
by the biexciton annihilation, and\vcx2 is the photon energy
of the CX2 emission. With the above assumptions and t
energy conservation law, the line shape of CX2 becomes11,12

I ~\vcx2!}E exp@2~Ecx2y2\vcx2!/KBT#

3@Ecx2y2\vcx2#
1/2J@Ecx2y2\vcx2#

3G~B,s,y!dy, ~3!

whereG(B,s,y) is a Gaussian broadening function with
mean value ofB5Bcx1Bcx2 and variances, andJ is the
Heaviside unit-step function. To accurately fit the expe
mental CX2 line shape, we subtracted the CX contributio
from each measured spectrum. The CX spectral line shap
assumed to be the same as the measured spectrum a
lowest excitation power density level, 0.01 W/cm2, since at
this low excitation level the CX2 contribution to the spectrum
is negligible.

Figure 5 shows our fitting results for the spectrum taken
50 W/cm2. The dashed curve is the measured spectr
which is the sum of two solid curves labeled as CX an
CX2. The open circles show the two calculated spectra. T
CX spectrum was fit using a model line shape given
Gourley and Wolfe,2 which has three parameters: the C
energy isEcx51.0457 eV; the CX temperature isTcx52 K,
which is the same as the temperature of the crystal latti
and the standard deviation of the Gaussian-broadening fu
tion is 0.93 meV. As can be seen from Fig. 4, the accuracy
the value ofEcx affects the accuracy in deducing the CX2

binding energy from the line-shape fitting. The low-energ
part of the CX spectrum did not fit well because of the r
sidual CX2 contribution.

s
o-

b-

FIG. 5. Line-shape fitting for the spectrum of sample No.
taken at 2 K at apower excitation density of 50 W/cm2. The dashed
line shows the experimental data, which have been decompo
into the two spectra indicated by the solid curves. The open circ
are the calculated spectra.
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The CX2 spectrum was fit using Eq.~1!. The fit is remark-
ably good. Note that the weak intensity near 1020 meV
due to the transverse acoustic-phonon replica which is
included in Eq.~1!. Good modeling of the measured spec
was obtained over a wide range of the excitation levels fr
1 to 50 W/cm2. From this modeling, three important param
eters were deduced:B52.75 meV,Tfx535 K, ands52.4
meV. This value forB is in excellent agreement with th
thermal activation energy of 2.8 meV previously determin
for this emission peak.9 SinceBcx51.2 meV was determined
from the Arrhenius plot of the temperature dependence of
CX emission intensity,9 the mean binding energy for th
CX2 can be obtained asBcx25B2Bcx51.55 meV. This
value forBcx2 is consistent with the thermodynamically d
termined binding energy of 1.53 meV reported for a biex
ton confined in a strain-induced potential well in Si.2 Since
the binding energy for a free biexciton in bulk Si was det
mined to be 1.36 meV,7 the increase of the binding energy b
0.19 meV~14%! for the 3D CX2 in the SiGe alloy may be
indicative of the quantum confinement effect. This quantu
confinement effect may also explain why such an inte
no-phonon emission line was observed at low temperatur
our samples, because the three-dimensional quantum
finement removes the momentum conservation requirem
for optical transitions. The 14% gain in the biexciton bindi
energy can be compared to that in GaAs/AlxGa12xAs quan-
tum wells, where experimental values range from 25%
100%, depending on the well width and the barrier heigh13

The deduced effective free exciton temperature 35 K
well above the sample temperature. This is due to the
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pected ‘‘recombination heating’’ which has been observ
for biexciton recombination processes in other semicond
tor systems.11,12 Keeping in mind that the data are collect
within the biexciton recombination lifetime, the large d
duced free exciton temperature may be dictated by the
lowing three factors:~1! the initial excess energy left behin
in the center-of-mass motion of the free exciton when a c
fined biexciton recombines;~2! the free exciton energy re
laxation; and~3! the biexciton recombination lifetime, in
which free excitons lose their kinetic energy to phono
Further exploration of this requires additional time-resolv
experiments and is beyond the scope of this paper.

In conclusion, we report the observation of thre
dimensionally confined biexcitons in a relaxed Si0.7Ge0.3 al-
loy film grown on Si~001! by UHV/CVD. To our knowledge,
this is the first report on confined biexcitons in ‘‘bulk’’ SiG
alloys. The binding energy of the confined biexciton w
determined to be 1.55 meV. The enhancement of the c
fined biexciton binding energy is indicative of a quantu
confinement effect.
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