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Abstract
The energy shifts of optical interband transition edges, E

′
0, E1, E1+�1 and E2,

of relaxed Si1−xGex alloys grown epitaxially on Si(001) substrates by molecular
beam epitaxy have been studied as a function of Ge composition using their
complex dielectric functions measured by spectroscopic ellipsometry at room
temperature. The interband transition edges were resolved by a line shape fitting
on the numerical second derivative spectra of the dielectric functions. The E

′
0,

E1,E1+�1 andE2(�) edges are found to shift to lower energies with increasing
Ge composition while theE2(X) edge shifts to higher energies. Also it is found
forE1 andE1+�1 energies that downward bowing exists and for�1 energy that
upward bowing exists. These behaviours of the transition edges are understood
by comparing the band structure of Si with that of Ge and interpreted as due to
the effect of the random potential originated by alloying disorder.

1. Introduction

Si and Ge are miscible in all proportions, forming a solid solution of Si1−xGex over the
entire composition. The lattice constants of unstrained Si1−xGex alloys have been measured
and Vegard’s law is found to be a good approximation [1]. Such binary alloys Si1−xGex
have been extensively studied due to the possibility [2] for electronic device applications
such as heterojunction bipolar transistors [2], modulation-doped field-effect transistors [3],
and quantum-well infrared sensors [4]. Research about the optical properties and related
optical transitions of this alloy system has been widely performed because it can give valuable
information for understanding the electronic band structures and determining critical band
parameters useful for its technological applications [5].

Kline et al [6] have shown that the linear dependences between the transition energies
of Si and those of Ge exist as a function of Ge composition for relaxed Si1−xGex alloys.
Humlicek et al [7] reported dielectric functions of relaxed-grown Si1−xGex alloys measured
by spectroscopic ellipsometry (SE) for the entire Ge composition and a quadratic dependence
ofE1 interband transition energy as a function of the Ge composition. Thereafter, a number of
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SE studies have been performed on relaxed and strained Si1−xGex epitaxial films [8–11]. But
these studies are restricted to small ranges (x < 0.3) of Ge composition. Therefore, for all Ge
compositions, to know the energy shifts of the E

′
0, E1, E1+�1, and E2 edges as a function of

Ge composition is considered to be important because it can give critical information on how
the electronic band structure of the alloy system evolves and provide the band parameters for
device applications.

In this work, the dielectric functions of Si1−xGex alloy films grown by molecular beam
epitaxy (MBE) on Si(001) substrates were measured by SE and compared with those of Si and
Ge. For such an investigation, complex dielectric functions, ε = ε1 + iε2, for a number of relaxed
Si1−xGex alloys for all compositions (0.0 � x � 1.0) were measured by SE in the 2–6 eV
photon energy ranges at room temperature. The composition dependence of the characteristic
critical-point energies of the alloys was quantitatively estimated using a line shape analysis
on the second derivative spectra of dielectric functions. The variation in the critical-point
energies as a function of Ge composition can provide information about the evolution of the
band structure of the alloy system.

2. Experimental details

Si1−xGex alloy films with Ge compositions of 0.07, 0.15, 0.2, 0.4, 0.6 and 0.8 were used in
the present optical study. They were grown by MBE on Si(001) at a substrate temperature of
730 ◦C. Their thicknesses were set to be about 1 µm in order to remove the effect of lattice-
mismatch-induced strain within the penetration depth of the incident photon beam. The average
Ge composition throughout the epilayer was controlled by the ratio of Si and Ge flux and the
epilayer thickness was controlled by the growth time. Also, they were estimated by double-
crystal x-ray diffraction measurement. For comparison with the alloys, (100)-oriented Si and
Ge wafers were used.

SE measurements were performed on the samples at room temperature with a rotating-
analyzer ellipsometer [12] in the 2–6 eV photon energy region with an energy interval of 0.01
eV. The continuum light source was a high-pressure 75 W Xe short-arc lamp with a range of
1.5–6.5 eV. An ARC SpectraPro-275 monochromator with a 1200 groove/nm grating was used
to produce quasi-monochromatic light with a spectral resolution of 0.1 nm for 435.8 nm and a
focal length of 0.275 m. Then the light through the monochromator was focused by a spherical
mirror with 0.3 m focal length. We used crystal quartz Rochon prisms that were constructed
by optically contacting the prism halves [12] for the polarizer and analyser prism, respectively.
Also, in order to reduce the instability of rotating speed, we used a stepping motor with 400
step/360◦ for the rotating analyser. For the fixed polarizer, we used the Model 20010 motor
of Oriel Co. which rotates in 0.01◦ steps in order to perform an accurate calibration. For our
detector, we used an ARC R928 side-on photomultiplier tube with a range of 1.5–6.5 eV.

From the result of the SE measurement, the complex dielectric function can be obtained
by a two-phase model (air and sample) [13] and represented by

ε = sin2 φ + sin2 φ tan2 φ
(1 − ρ)2
(1 + ρ)2

(1)

where ρ is the complex reflectance ratio (= rp/rs) of the p (parallel) and s (perpendicular)
field components of the light beam defined with respect to the plane of incidence of the sample
obtained by SE measurement andφ is an angle of incidence, 70.5◦ in the present measurements.
The epilayer thicknesses of the samples are sufficiently greater than the effective penetration
depth, δ [14], of the light beam in the absorption region of their dielectric functions, where δ
can be qualitatively estimated to be δ = λ/4πκ , with λ being the wavelength of the light beam
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and κ the imaginary part of the complex refractive index, related to the complex dielectric
function by ε1/2 = n + iκ .

All the samples were chemically etched in a solution of 8:4:1, HNO3:H2O:HF at room
temperature for about 1 minute before the SE measurements in order to reduce the effect of
the surface oxide layer [15].

3. Results and discussion

Real (ε1) and imaginary (ε2) parts of the measured dielectric functions of the relaxed Si1−xGex
alloys with Ge compositions of 0.2, 0.4, 0.6 and 0.8 are exhibited and compared with those
of pure Si and Ge in figures 1(a) and (b), respectively. It is seen in figure 1(b) that two strong
absorption structures exist for the Si sample at about 3.4 and 4.2 eV. These absorption structures
are known to originate from direct band-to-band transitions at various regions in the Brillouin
zone (BZ) of Si. The 3.4 eV structure is known to be due to the E

′
0, E1 and E1+�1 interband

transition edges and the 4.2 eV structure due toE2(X) andE2(�) edges [5, 16]. The sharpness
of the 3.4 eV structure indicates that the three edges are located close to each other in energy.
The band structure of Ge differs from that of Si most significantly in the conduction band
arrangement. For example, the �c15 and �c2′ levels reverse their ordering. Moreover, while Ge
and Si are both indirect semiconductors, the conduction band minimum in Ge occurs at the
L-point as opposed to a point near X in Si.

For the Ge sample, it is seen in figure 1(b) that there are three structures at about 2.2, 3.3
and 4.2 eV. From the band structure of Ge [5], the 2.2 eV structure is interpreted as due to the
E1 and E1+�1 interband transition edges, the 3.3 eV structure due to the E

′
0 edge, and the

4.2 eV structure due to the E2 edge. The E1 and E1+�1 edges of Ge are significantly shifted
to lower energies compared with the transition edges of Si, while the E

′
0 and E2 edges are

scarcely shifted.
From the evolution of the dielectric function spectra in figure 1, it is seen that the structure

due to the E1 edge of the Si1−xGex alloys shifts gradually to lower energies as the Ge
composition increases, while the structure due to the E

′
0 edge remains at about same energy.

For E2 edges, we have found that the structure due to E2 edges of Si1−xGex alloys is hardly
shifted from that of Si and Ge, but its intensity is reduced from that of Si to that of Ge as the
Ge composition increases. It is interpreted as due to the effect of the alloying of Si and Ge.
Also, a decrease of the height of the ε1 and ε2 values at the structure due to the E1 edge occurs
up to concentrations of x ∼ 0.6, then this feature begins to reemerge smoothly until it reaches
the corresponding value of Ge which is interpreted as due to the alloying disorder.

To know the energies of theE
′
0,E1,E1+�1 andE2 transition edges in the Si1−xGex alloys

is considered to be important because it can give critical information on how the electronic
band structure of the alloy system evolves. So, a critical point line shape analysis has been
performed for an exact evaluation of the energy shifts of the various transition edges with
respect to the Ge composition variation. In order to enhance the structures in figure 1(b), the
second derivative spectra of the dielectric functions, d2ε/dE2, were calculated numerically.
An appropriate level of smoothing was also performed in order to remove the noise in the
derivative spectra without distorting the line shape. The derivative spectra were fitted to the
standard critical point line shapes [16] represented by

d2ε

dE2
= −n(n− 1)Aeiφ(E − Ec + i�)n−2 n �= 0 (2)

Aeiφ(E − Ec + i�)−2 n = 0 (3)

where A is the amplitude, Ec the critical-point energy, � the broadening factor and φ the
excitonic phase angle. The exponent n has the values of −1

2 , 0, 1
2 and −1 for the one-, two-,
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Figure 1. Real (a) and imaginary (b) parts of the dielectric functions of relaxed Si1−xGex alloys
with the composition x indicated in the legend.
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Figure 2. Fits to the second derivatives of the imaginary parts of the dielectric functions of relaxed
Si1−xGex .

three-dimensional, and excitonic critical points, respectively. A least-squares fitting procedure
using the Marquardt algorithm [17] was used for the fit. In the present line shape analysis,
the excitonic line shape was assumed for the E1 and E1+�1 edges and the two-dimensional
line shape for the E

′
0 and E2 edges. The excitonic assumption for the E1 and E1+�1 edges of

the Si1−xGex alloys was found to give an excellent fit quality in discriminating them from the
neighbouring E

′
0 edge. In figure 2, both the second derivative spectra and the fitted curves of

Si, Si0.4Ge0.6 and Ge are exhibited in order to confirm the fitting quality and a good agreement
between them is found. The energies and linewidths of interband transition edges obtained by
line shape analysis are listed in table 1.

In the present line shape analysis, the E
′
0 edge of pure Si was safely resolved from the

neighbouring E1 and E1+�1 edges. Also, the spin–orbit splitting �1 between the E1 and

Table 1. Interband transition energies and linewidths (in parentheses) of relaxed Si1−xGex alloy
as a function of Ge composition x.

x E1 (eV) E1 +�1 (eV) E
′
0 (eV) E2(X) (eV) E2(�) (eV)

0 3.398 (0.105) 3.432 (0.108) 3.337 (0.111) 4.259 (0.133) 4.473 (0.158)
0.2 3.075 (0.128) 3.173 (0.139) 3.284 (0.131) 4.266 (0.142) 4.450 (0.161)
0.4 2.850 (0.150) 3.000 (0.170) 3.214 (0.163) 4.269 (0.148) 4.425 (0.177)
0.6 2.555 (0.146) 2.720 (0.165) 3.202 (0.163) 4.280 (0.147) 4.410 (0.175)
0.8 2.295 (0.121) 2.498 (0.155) 3.198 (0.140) 4.274 (0.140) 4.420 (0.170)
1.0 2.09 (0.110) 2.299 (0.140) 3.200 (0.128) 4.298 (0.128) 4.415 (0.144)
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E1+�1 edges of Si was resolved to be 34 meV, which had not been resolved in previous
studies [7–11]. Also, the �1 energy of Ge was found to be 0.209 eV in this analysis, which
is in good agreement with the result in [18]. The E1, E1+�1, E

′
0 and E2 energies obtained

from the present line shape analysis are exhibited in figure 3 as a function of Ge composition
x. The results show a quadratic dependence of the transition energies on Ge concentration. So
we have fitted the E1, E1+�1, E

′
0 and E2 energies using the quadratic equation

E(x) = A + Bx + Cx2 (4)

where C is a bowing parameter. The resulting curves are shown in figure 3 by solid lines.
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Figure 3. Evolution of E
′
0, E1, E1+�1, E2(X) and E2(�) transition edges for relaxed Si1−xGex

alloys with the composition x.

For E1 and E1+�1 transition edges, it is found from figure 3 that these transition edges
shift to lower energies with a downward bowing and their splitting is increased as the Ge
composition increases. The E1 and its spin–orbit-split E1+�1 edges are due to the direct
interband transitions along the � (� − L) direction in the BZ, �v45 → �c1 and �v6 → �c1,
respectively, where the valence and the conduction bands go quite parallel with each other,
inducing a strong joint density of states for the transitions. Using equation (4), these curves
are represented by the following quadratic equations

E1(x) = 3.398 − 1.586x + 0.27x2 (5)

E1 +�1(x) = 3.432 − 1.185x + 0.065x2 (6)

respectively. They show downward bowings with positive bowing parameters C and the
bowing of the E1 edge is larger than that of the E1+�1 edge. These results differ from the
results of Kline et al [6] in that their transition energies varied linearly with Ge concentration,
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but coincide with those of Humlicek et al [7] and Pickering et al [9] except for the value of the
bowing parameter for the E1 edge. Pickering et al [9] reported that the bowing parameter of
theE1 edge was 0.153 eV. The bowing of the fundamental band gap in semiconductor alloys is
well known to be mainly caused by the following two contributions [19]. The first contribution
to the band gap bowing is the averaged atomic potential in binary alloys and can give either
upward or downward bowing. This has been interpreted by the virtual-crystal approximation
(VCA) [20, 21], in which the magnitude of the periodic crystal potential varies linearly with
alloy composition. The second contribution is the potential fluctuation due to the alloying
disorder and known to cause downward bowing mainly. This effect can be explained by the
coherent-potential approximation (CPA) [20, 22]. They also can be extended to higher-energy
transition edges than the fundamental one. For higher transition edges, the magnitude and the
sign of the bowing compared to the fundamental gap can change [23].

The theoretical work on the relaxed Si1−xGex alloy was performed by Krishnamurthy
et al [20] using both the VCA and CPA. A band structure calculation on relaxed Si1−xGex
using VCA showed a linear variation in E1 energy with x. On the other hand, a band structure
calculation using CPA showed that the E1 energy of the alloys varies with positive bowing.
The difference between the VCA and the CPA results [20] was reported to be about 0.08 eV
at x = 0.5. The present fitting to the experimental results indicates a deviation of the E1 edge
of 0.06 eV at x = 0.5 from the linear interpolation between Si and Ge. This indicates that the
potential fluctuation due to the alloying disorder mainly affects the downward bowing of the
E1 edge. Also, the bowing parameters are found to be relatively small compared with III–V
and II–VI alloys [19, 23–25], which indicates that the disorder effect in Si1−xGex is weaker
than that in III–V and II–VI alloys.

A large nonlinearity of �1 is also observed from equations (5) and (6) and is shown in
figure 4. Such nonlinearity of �1 also indicates the potential fluctuation in compositionally
disordered semiconductor alloys [23]. The variation in the �1 energy as a function of the Ge
composition can be fitted by the following quadratic equation

�1(x) = 0.034 + 0.331x − 0.155x2. (7)

This result shows a slight discrepancy with the previous result of �1(x) = 0.033 + 0.266x −
0.091x2 deduced from the E1 energy [7] and the E1+�1 energy [9]. It is mainly due to the
downward bowing of the E1 edge by the alloying disorder. This upward bowing of the �1

is observed in many studies for various semiconductor alloys such as In1−xGaxAsyP1−y [19],
ZnxCd1−xSe [23] and AlxGa1−xAs [24]. Figure 5 shows the Lorentzian broadening parameters
� for all of the CPs obtained from a line shape analysis. We also have found that the linewidths
increase with increasing Ge composition until x = 0.4 and then decrease. This fact indicates
that the quantity of disorder increases until x = 0.4 and then decreases.

TheE
′
0 interband transition is due to the direct interband transitions near the � point of the

Brillouin zone (BZ) between the �v25′ valence band and �c15 conduction band, i.e. �v25′ → �c15.
It is found that the E

′
0 transition edge slightly shifts to lower energies with increasing Ge

composition and has downward bowing as in the case of the E1 transition edge. But the
dependence of the E

′
0 transition on the Ge composition is small, that is about 20% of that of

the E1 energy. The Ge composition dependence of the E
′
0 edge is represented by

E
′
0(x) = 3.337 − 0.348x + 0.222x2. (8)

This result for the E
′
0 transition edge differs from Kline et al’s result [6] and from that of

Humlicek et al [7] in the linear dependence on the Ge composition. From figure 3, it is seen
that E1 and E

′
0 transition edges are crossed at x ∼ 0.05 and this result is in good agreement

with many other experimental results [8–10].
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The major strength of the 4.2 eV structure comes near theX point and along the� (�−K)
directions designated by theE2 edges [5]. ForE2 transition edges, it is seen in figure 3 that the
E2(X) transition edge shifts to higher energies and the E2(�) edge to lower energies as the
Ge composition increases so that their energy difference becomes reduced, but these amounts
are very small. These curves are

E2(X)(x) = 4.259 − 0.052x + 0.084x2 (9)

E2(�)(x) = 4.473 − 0.139x + 0.072x2 (10)

respectively. By comparison with our results, the measurement of Carline et al [10] for the E2

transition appears to be a superposition of the transitions E2(X) and E2(�).

4. Summary

Dielectric functions of the relaxed Si1−xGex /Si(001) alloys (0.07 � x � 0.8) grown by MBE,
Si and Ge samples have been measured by spectroscopic ellipsometry in the 2–6 eV region
at room temperature. Using a line shape fitting on the numerical second derivative spectra
of the dielectric functions, the shifts of the E1, E1+�1, E

′
0 and E2 transition energies are

obtained as a function of Ge composition and these are fitted as the quadratic relation between
Ge compositions and transition energies. The fitting result shows that the dependences of the
E

′
0 and E2 transition energies on Ge composition are relatively weaker than that of E1 and all

transition energies show downward bowing. These behaviours of the transition edges can be
interpreted as due to the shifts from valence and conduction band structure of Si to those of
Ge as the Ge composition increases and due to the effect of the random potential originated
by the alloying disorder.
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