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Temperature dependence of the direct interband transitions of a Ge/SiGe multiple-quantum-well
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Temperature-dependent piezoreflectance (PzR) measurements were used to study the direct-gap-related optical
transitions in a strain-compensated Ge/SiGe multiple-quantum-well (MQW) structure with Ge-rich SiGe barriers
in the temperature range between 20 and 375 K. The PzR spectra revealed a wide range of possible optical
transitions in the MQW structure. Detailed line-shape fits to the PzR spectra and comparison to a theoretical
calculation based on the envelope-function approximation led to the identification of various interband transitions.
In addition, the parameters that describe the temperature dependence of the excitonic transition energies [E(T)]
and broadening parameters [I"(T)] were evaluated and compared to those of the polar systems. In agreement
with polar materials, [E(T)] values of the MQW structure were found to be similar to the constituent bulk well
material. On the other hand, no significant dimensionality dependence of [["(T)] was observed, in contrast to

polar systems.
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I. INTRODUCTION

Recent progress in Si photonics'™ suggests that Si-based
materials could provide strong support for the technological in-
tegration of optical functions in complementary metal-oxide-
semiconductor (CMOS) microelectronics.* In this perspective,
SiGe alloys are of particular interest because they can be
epitaxially grown on Si substrates and are compatible with a
large number of standard Si processes and CMOS technology.’
Bulk mobilities of SiGe alloys with high Ge content are higher
than those of Si for both electron and holes.® Moreover,
SiGe technology allows the integration on Si substrates of
high-speed electronic devices, such as high-electron-mobility
transistors,’ modulation-doped field effect transistors,® and
heterojunction bipolar transistors.’

In Ge, the direct gap at the I' point is only 140 meV
above the indirect fundamental gap at room temperature,'”
and the direct gap energy is within the range of wavelengths
used in telecommunications. Ge/SiGe multiple-quantum-
well (MQW) structures with Ge-rich barriers have attracted
more attention because their optical properties are expected
to exhibit close analogies to those of III-V direct-gap
semiconductors.''™'7 Yaguchi et al.'® showed quantum con-
finement in Ge/SiGe MQW grown on Ge substrates by pho-
toreflectance spectroscopy at 120 K in 1994. Recently, a strong
quantum Stark effect associated with the direct-gap interband
transition has been observed in strained Ge/SiGe MQW on
relaxed Ge-rich SiGe buffers by photocurrent and transmission
spectroscopy, and electro-absorption modulators based on
this effect have also been demonstrated.'®?° Furthermore,
Gatti et al.®! reported the observation of room-temperature
direct-band-gap photoluminescence in compressively strained
Ge MQW with Ge-rich SiGe barriers. Their results show that
Ge/SiGe MQWs can be promising candidates for efficient
light-emitting devices monolithically integrated on Si.

In this paper, we report a detailed temperature-dependent
piezoreflectance (PzR) characterization on a Ge/SiGe MQW
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structure with Ge-rich barriers grown by low-energy plasma-
enhanced chemical vapor deposition (LEPECVD)?? in the
temperature range between 20 and 375 K. PzR has been
proven to be useful in the characterization of semiconduc-
tor microstructures.’>?* The derivative nature of PzR spec-
tra suppresses uninteresting background effects and greatly
enhances the precision of the determination of interband
transition energies. The sharper line shapes as compared to
the conventional optical techniques enabled us to achieve a
greater resolution and hence to detect weaker features. The
PzR spectra were fitted with a form of the Aspnes equation
of the first-derivative Lorentzian line-shape form.”> From a
detailed line-shape fit, we have been able to accurately measure
the temperature dependence of the energies and broadening
parameters [["(T)] of the interband excitonic transitions in
the QWs. We have analyzed the temperature variation of
the transition energies using the Varshni equation®® and an
expression containing the Bose-Einstein occupation factor for
phonons.?” The temperature dependence of the broadening
function has also been studied in terms of a Bose-Einstein
equation that contains the electron (exciton)-phonon-coupling
constant.”> The parameters that describe the excitonic tran-
sition energies and broadening function are evaluated and
discussed.

II. EXPERIMENTAL DETAILS

The samples used in this study were grown by LEPECVD
on 100 mm Si(001) substrates. The sample consists of 50 com-
pressively strained 15-nm-wide Ge QWs. They are separated
by 21-nm-thick Sip 15Geg g5 barriers. The compressive (tensile)
strain in the QW (barrier) layers is set by a fully relaxed virtual
substrate (VS). The VS consists of a buffer layer graded from
Si to Sip.1Gegg over a thickness of 13 um and capped with
a 2 um SigGepg layer. The schematic MQW structure is
shown in Fig. 1. The nominal well and barrier thicknesses and
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FIG. 1. (Color online) Schematic diagram of the Ge/Sig 15Gey g5
MQW structure deposited on virtual substrate.

the barrier composition were determined by high-resolution
x-ray diffraction.

For the PzR measurements, a thin sample of ~100 um was
prepared by removing part of the Si substrate with successively
finer grades of silicon carbide grinding papers. The thin sample
was then was glued on a 0.15-cm-thick lead zirconate titanate
piezoelectric transducer driven by a 100 Vs sinusoidal source
at 200 Hz. The alternating expansion and contraction of the
transducer subjected the sample to an alternating strain in the
plane perpendicular to the growth direction with a typical root
mean square Al/l value of ~107>. The radiation from a 150
W tungsten-halogen lamp filtered by a 0.25 m monochromator
provided the monochromatic light. The reflected light was
detected by an InGaAs photodiode. The direct current (dc)
output of this photodiode was maintained constant using
a servomechanism of a variable neutral density filter. A
dual-phase lock-in amplifier was used to measure the detected
signals. Multiple scans over a given photon energy range
were programmed until a desired signal-to-noise level was
attained with computer-controlled data acquisition procedure.
A closed-cycle cryogenic refrigerator equipped with a digital
temperature controller was used for the low-temperature mea-
surements. For the high-temperature experiments, the sample
was mounted on one side of a copper finger of an electrical
heater, which enabled us to control and stabilize the sample
temperature. The temperature-dependent measurements were
made between 20 and 375 K with temperature stability of 0.5 K
or better.

III. RESULTS AND DISCUSSION

In Figs. 2(a) and 2(b), the dashed curves represent the
experimental PzR spectra of a 50 period strain-compensated
Ge/SiGe MQW structure at 300 and 20 K, respectively.
As can be seen in Fig. 2, the optical transitions related to
the MQW are observed, as well as transitions corresponding
to the split band-gap energies of the Sig;5Geggs barriers.
Since the band-gap energies of the barrier layers are measured
directly, the barrier height can be determined accurately
without using the literature values. The direct determination of
barrier heights from experiment is desirable since the band-gap
energy of the barrier layers or deformation potentials may
cause some errors in the calculation of the quantum levels. In
order to determine interband transition energies from the PzZR
spectra, we fitted the experimental data with the first-derivative
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FIG. 2. The experimental PzR spectra (dashed curves) at (a) 300
and (b) 20 K of the Ge/Si.15Geygs MQW structure. The solid curves
are the least-squares fits to Eq. (1). The arrows indicate all the
transition energies resulting from the fits. Error bars are indicated.

Lorentzian line-shape (FDLL) function. The solid curves are

the least-squares fits to FDLL function of the form?>?8
AR . s aen
= = ReZAje“DJ(E—Ej +ily)™, (1)

i=1

where A; and &; are the amplitude and phase of the line
shape, E; and T';j are the energy and broadening parameters
of the transitions, and the value of n depends on the origin
of the transitions, with n = 0.5 being appropriate for My-type
three-dimensional critical point interband transitions and n = 2
appropriate for the bounded transitions.>>?® Our experimental
signatures for the light-hole and heavy-hole band-gap energies
of the barrier layers, denoted as Ec-p gy and Ec-pgy, are more
consistent with n = 0.5, while the features originating from
MQW interband excitonic transitions have better fit with n =
2. The arrows with error bars in Fig. 2 indicate all the energy
values of the transitions resulting from the fits. In this work,
the compressive strain in MQW breaks the degeneracy of
heavy-hole and light-hole states in the valence band. The
interband excitonic transitions observed in PzR spectra in the
MQW regime are labeled as mnH(L) by arrows. Here, m is
the quantum-confined electron m™ subband in the conduction
band at the I point, and nH(L) represents the heavy- and
light-hole n™ subband. The transition energies obtained from
the PzR spectra of the Ge/SiGe MQW at 300 and 20 K are
listed in Table I. As can be seen in Fig. 2, the amplitude of
the 11H transition is larger than that of the 11L transition,
where the fitted value of Ajjg/A;L = 2.8 and 2.9 at 300
and 20 K, respectively. The amplitude ratio between 11H and
11L features can be understood as follows. For the present
experimental configuration, the ratio of the bulk transition
matrix elements for heavy-hole and light-hole transitions is
3:1. It is known that the ratio of the oscillator strengths
of heavy-hole and light-hole excitonic transitions in QWs
depends on the bulk transition matrix elements and the overlap
of the envelope functions of the confined electron states and
the confined hole states. The overlap of the envelope functions
between the first confined electron state and the first confined
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TABLE I. Transition energies obtained from PzR spectra of a
Ge/Sig.15Gepgs strained-compensated MQW structure measured at
300 and 20 K. The nominal well and barrier thicknesses were 15
and 21 nm, respectively. Theoretical values were calculated for the
conduction-band-offset ratio Q. = 0.68. The strain-compensated
factor y = 0.1 was included in this calculation.

Experimental Theory
(eV) €eV)
Transition 300 K 20K 300 K
11H 0.880£0.003 0.968 £ 0.002 0.881
11L 0.920 £0.003 1.013 +0.002 0.920
22H 0.953 £0.003 1.039 +0.002 0.959
22L 1.009 £ 0.005 1.101 £0.003 1.027
33H 1.054 +0.005 1.141 £0.003 1.070
Barrier (Ec-1n) 1.129 £0.005 1.217 £0.005
Barrier (Ec-un) 1.171 £0.005 1.259 +0.005

heavy-hole/light-hole state in MQW is found to be similar. The
oscillator strength of the intersubband transition is also known
to be proportional to the amplitude A times the line-width
parameter I". Itis noted that the line width for the 11L transition
is larger than that of the 11H transition. Typically, the light-hole
transitions are more sensitive to biaxial strain variations, which
may have origins from either intrinsic strain fluctuations in
the sample, or they may be induced by the piezomodulation
mechanism. It is known that the modulation mechanism may
also affect the line width observed in the piezomodulated
spectrum. Another possible reason for the larger line width
of light-hole transitions is the larger overlap of the light-hole
wave function with the SiGe barrier, i.e., alloy broadening.
Figure 3 depicts the lineup of various relevant bands at
the I' point in a strain-compensated structure of a Ge well
between Sig 15Geg g5 barriers on a Sigp 0Gegog strain-relaxed
virtual substrate. The compressive strain in the Ge wells causes
the HH band to shift up, the LH band to shift down, and an
overall increase in the band gap. On the other hand, the tensile
strain in the Sip 15Geg g5 barrier layers shifts the HH and LH
bands opposite to that of the Ge well and decreases the overall
band gap. By strain compensating, stability is maintained
in the structure, and hence uniform QWs are achieved. The
corresponding band offsets of the conduction, heavy-hole
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FIG. 3. (Color online) The lineup of various relevant bands at
the I point in a strain-compensated structure of a Ge well between
Sip.15Gey g5 barriers on a Sig 190Geg g9 strain-relaxed virtual substrate.
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FIG. 4. The dashed curves are the experimental PzR spectra at
various temperatures in the region of interband transitions of a
Ge/Sig.15Gep.ss MQW structure. The solid curves are least-squares fits
to Eq. (1), yielding the energies indicated by arrows. For clarity, the
zero of energy is the energy of the 11 H transition at each temperature.
Error bars are indicated.

valence, and light-hole valence bands are denoted as AEc,
AEy un, and AEy Ly, respectively, as indicated in Fig. 3. The
band alignment of both heavy- and light-hole valence bands at
the I" point is of type I.

To assign the observed interband transitions, a cal-
culation was performed based on the envelope function
approximation.?’ Following the previously reported value for
the conduction-band-offset Q. at the I point,18 we have
assumed that the Q. is 0.68 % 0.08 of the band-gap difference
between the barriers and wells. In order to analyze the
experimental results, an adjustable strain compensation factor
y has been introduced and defined as y = (1 — %), where ¢’
is the effective strain, and ¢ is the coherent strain. The strain
compensation factor lies in between zero and unity, i.e., 0 <
y < 1, where y = 0 corresponds to fully strained and y =1 is
fully relaxed. We have used a number of relevant parameters
for Si and Ge listed in Ref. 30. The lattice constant, hydrostatic
(a) and shear (b) deformation potentials, the effective mass of
electron, heavy-hole and light-hole, and the elastic stiffness
constants C;; and C;, of the binary materials were obtained by
linear interpolation of values of the end-point semiconductors
Si and Ge. The calculated transition energies are also listed in
Table I.

The PzR spectra of the MQW structure in the spectral range
of five interband transitions at 20, 77, 150, 225, 300, and 375 K,
respectively, are shown in Fig. 4. To facilitate comparison of
spectra at different temperatures, we have taken the zero of
energy of each scan to lie at the 11H transition energy. The
identifications denoted by 11H, 11L, 22H, 22L, and 33 H
are indicated by arrows at the top of the figure. Error bars
are included. It is noted that there is no obvious change in the
relative position of each transition as the temperature is varied.

The temperature dependence of Epnn,)(T) is plotted in
Fig. 5. The solid lines are the least-squares fits to the Varshni
semi-empirical relationship:2°

E(T) = E(0) — a«T?/(B + T), 2)
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FIG. 5. (Color online) Temperature dependence of various in-
terband excitonic transition energies for a Ge/Sip15Gepss MQW
structure. The dashed lines and solid lines are the least-squares fits to
Eqgs. (2) and (3), respectively. Representative error bars are indicated.

where E(0) are the energies for the mnH(L) transition at 0 K,
and « and B are the Varshni coefficients. The constant « is
related to the electron (exciton)-average phonon interaction,
and B is closely related to the Debye temperature.’® The
obtained values of E(0), «, and § are listed in Table II. For
comparison, we have also listed in Table II the values of
E(0), «, and 8 for Ge,?* Ge-rich (Si),, /(Ge)n,31and Ge/SiGe
MQW.?

We have also fitted the experimental data to a Bose-Einstein
27

expression:
28.]3
E(T) = E(0) —

—_— 3)
[exp(®g/T) — 1]
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where E(0) is the transition energy of mnH(L) at 0 K, ap
represents the strength of the electron-phonon interaction,
and ®p corresponds to the average phonon temperature. The
obtained values of E(0), ag, and ®p are listed in Table II, along
with the corresponding values for the direct gaps of Ge?* and
Ge/SiGe MQW.?* The values of ag and ©g in our sample are
fairly similar to those of Ge bulk. For heavy holes and light
holes, there are slight differences in the fitted values of ag and
®g. We interpret this as being the result of lighter effective
mass of light holes. The light holes are therefore more sensitive
to confinement changes, i.e., the reduction of the potential
height with temperature. Since the differences are within the
probable errors of measurement, a detailed comparison of
these parameters is difficult to perform. Our observation that
the temperature dependence of interband transition energies
in reduced dimensional systems is essentially the same as
the constituent bulk material is consistent with most of
the previous reports,?*3>33 except for Ref. 31. It should
be noted that the line-shape function used in Ref. 31, a
third-derivative Lorentzian line-shape function, did not fit the
experimental data well, which may have introduced errors in
determining the transition energies. However, the reason why
the temperature variations of band gaps are independent of
dimensionality has not yet been explained on a theoretical
basis.

From Eq. (3), it is straightforward to show that high-
temperature limit of the slope of the E(T) versus T curve
approaches a value of —2ag/®g. The calculated value of
—2ap/Op forthe 1 1H and 11L transition equals —0.47 meV /K
and —0.46 meV/K, respectively, which agree well with
the values of dEjy/dT = —0.45 meV/K and dE;/dT =
—0.44 meV/K as obtained from the linear extrapolation

TABLE II. Values of parameters E(0), o, 8, ag, and ®g, which describe the temperature dependence of the energies of the various
transitions of a strain-compensated Ge/Siy 15Geggs MQW structure. The parameters for Ge, Ge-rich (Si),, /(Ge),, and Ge/SiGe MQW are

listed for comparison.

Transitions E(0) (eV) a (x1074 eV/K) B (K) ag (meV) O3 (K)
11H 0.9680 £ 0.003 7.4+0.8 430+ 100 59+10 250+£30
11L 1.011 £0.003 7.24+0.8 400 £ 100 56+ 10 245 +£30
22H 1.037 £0.003 6.9+0.8 430+ 100 55+10 250+ 30
22L 1.097 £0.003 7.0+0.9 410£100 56+ 10 240+ 30
33H 1.139 £0.003 7.24+0.9 430+ 100 57+10 250£30
EEB(Ge) 0.8853 +0.002* 6.5+0.7* 410 4 100* 70+ 10* 302 + 35
0.892° 7.25° 433b
0.8893¢ 6.84¢ 398°¢
11H®-d 1.33 9.56 598
11Lbd 1.23 4.35 147
11H** 0.957 £0.003 72+1.5 420+ 150 65+10 290 £ 46
11L%¢ 0.984 £0.003 6.8+ 1.5 370 £ 150 60+ 10 255+46
11Hf 1.062 £0.003 84+1.0 566+ 120 80+ 10 313+35
11t 1.091 £0.003 82+1.0 555+£120 82410 313+£35

#Reference 23 (piezoreflectance).
PReference 31 (photoreflectance).
‘Reference 26 (transmittance).
4Ge-rich (Si),,/(Ge), superlattice.
e(si4G€6)5GC7g MQW
f(Si3(}e7)5(}629 MQW
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FIG. 6. (Color online) Temperature-dependent broadening pa-
rameters I'(T) of 11H (closed circles) and 11L (closed squares)
features for a Ge/Sip,15Geg gs MQW structure. The solid lines are the
least-squares fits to Eq. (4) with the dominant longitudinal acoustic
phonons energy E; o = 28 meV. Error bars are indicated.

of the high-temperature (225—375 K) PzR experimental
data.

The temperature dependence of broadening parameters
I'(T) is a consequence of the electron (exciton)-phonon
scattering process. The scattering processes related to the fun-
damental transition for Ge and Ge/SiGe MQW structures were
reported to be well described by the following expression,”?
where the electron (exciton) scattering via the longitudinal
acoustic phonons is the dominant process.>*3>

['(T) = T(0) + I'y/[exp(EL o /kT) — 1], “

where I'(0) represents the broadening invoked from
temperature-independent mechanisms, such as compositional
fluctuations, alloy scattering, electron-electron interaction,
impurity, and dislocation, I', is the electron (exciton)-phonon
coupling constant, and Ep is the energy of longitudinal
acoustic phonons.

The variations of the line width as a function of temper-
ature I'(T) of 11H (closed circles) and 11L (closed square)
as obtained from the line-shape fit are plotted in Fig. 6.
Representative errors bars are indicated. The full curves in
Fig. 6 are least-squares fits to Eq. (4) to evaluate I'(0) and
['p for both the 11H and 11L features. The fitted values
of I'(0) and I', are listed in Table III. For comparison,
the values of I', for Ge,? Ge/SiGe MQW,> GaAs,*® and
GaAs/AlGaAs single-quantum-well (SQW)*¢ from literature
are also included in Table III. The fitted value of I"'(0) for 11L
(6.5 £ 0.6 meV) is found to be much larger than that of 11H
(4.7 £ 0.6 meV). The obtained values of I', for 11H and 11L
are similar and equal to 4.7 & 1.0 meV. These numbers are
similar to that of the direct band-edge transition feature for
Ge.” In contrast to polar system materials such as GaAs,*
our results revealed no significant dimensionality dependence
of I'p. It is known that the electron (exciton) coupling constant
for nonpolar material Ge (~4 meV)? is much smaller than
the corresponding value for the direct gap of polar material
GaAs (~20 meV).*® In polar semiconductors, the electron
(exciton)—optical phonon coupling is due to the long-range

PHYSICAL REVIEW B 85, 035303 (2012)

TABLE III. Values of T'(0) and I',, that describe the temperature
dependence of the broadening function I'(T) for 11H and 11L
excitonic transitions of a strain- compensated Ge/Sig 15Gegss MQW
structure obtained from Eq. (4) with E; , = 28 meV. The values of
I'(0) and I, for Ge, Ge/SiGe MQW, GaAs, and GaAs/AlGaAs SQW
are listed for comparison.

o rp

Transition (meV) (meV)

11H 47+0.6 47+1.0
11L 6.5+0.6 47+1.0
EEB(Ge) 1.06 +0.15* 42+0.8
E§*(Ge) 3.30+0.35* 4.0+£1.2*
Ey(GaAs) 22402 20+ 1.0°
11H*¢ 4.940.5 35+0.8
11L*¢ 4940.5 32409
11H*¢ 10.2£0.6 54+09
114 10.440.6 44+1.2
11H®® 1.7+£0.9

“Reference 23 (piezoreflectance).
PReference 36 (photoreflectance)
C(Si4G66)5G€78 MQW

d(Si3Ge7)5Gezg MQW

¢GaAs/AlGaAs SQW, Well width 6 nm.

Frohlich interaction,*®*” which is stronger than the short-range

deformation potential coupling. In reduced dimensional polar
systems, the confinement of the optical phonons causes a
decrease in the phase space for the long-range Frohlich
interaction, which leads to a decrease in l"p.36 On the other
hand, our experimental results agree well with the previous
report by Yin ez al.?? that the short-range deformation potential
interaction in nonpolar materials should have a much weaker
dependence on dimensionality.

IV. SUMMARY

In summary, temperature-dependent PzR measurements
were used to characterize a strain-compensated Ge/SiGe
multiple-quantum-well structure with Ge-rich SiGe barriers in
the temperature range between 20 and 375 K. Using PzR and
theoretical envelope function approximation calculations, the
ground state and higher-order interband excitonic transitions
were observed and identified. In addition, the parameters
that describe the temperature dependence of the excitonic
transition energies and broadening parameters were evaluated
and compared to those of the polar systems. In agreement with
polar materials, E(T) values of the MQW structure were found
to be similar to that of the constituent bulk well material. On
the other hand, in contrast to polar systems, no significant
dimensionality dependence of I'(T) was observed.
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