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We report low-temperature (77 K) electroreflectance and photoreflectance measurements of the
E:-like optical transitions on a series of Ge/Si heterostructures (superlattices and quantum wells).
For single and double quantum wells of any thickness, as well as for thick-layer superlattices (period
~ 100 A) the spectra can be understood in terms of quantum-confined bulk-Ge FE; states. For
thin (~ 10 A) multiple quantum wells and superlattices, zone-folding effects dominate the spectra.
Actual confinement of the electronic states is determined by measuring the Raman spectrum of each
sample in and out of resonance with a given transition.

INTRODUCTION

The study of the electronic states in pseudomorphically
grown Ge/Si heterostructures poses many challenging
questions, such as the possibility of producing a pseudo-
direct-gap material through zone folding.!? The elec-
tronic band structure of Ge/Si superlattices has been cal-
culated using several theoretical methods3 ® and probed
by different experimental techniques.” 13

Earlier workers focused their interest in the struc-
turally induced quasidirect gap in short-period superlat-
tices and only recently has attention been drawn to the
higher interband transitions.10:1%13

‘We are interested here in structures in the optical spec-
trum of single and multilayered Ge/Si systems related
to the bulk F, transitions. These are direct transitions
between valence and conduction bands, which run par-
allel along the [111]-direction (A line) of the Brillouin
zone, all the way to the zone edge (point L).!* When
constructing the electronic states of Ge/Si multilayered
systems using those of their bulk constituents, empiri-
cal concepts such as those of single (SQW) or multiple
quantum wells (MQW) are used. The applicability of
these concepts to electronic states derived from zone-
center bulk states has been established, even for very
thin Ge,Si,, structures.’®!® The main consequences of
the QW model on zone-center states are those of confin-
ing the bulk states to the Ge layers and the miniband
formation in superlattices. For bulk states with k # O
in a periodic Ge,Si,, structure zone folding should oc-
cur. Theoretical®* and experimental'?!3 information on
this type of superlattice indicates that the F; bulk tran-
sitions split into multiplets as a result of zone-folding
and the consequent repulsion between zone-folded states.
The concept of confinement is more difficult to apply to
the states involved in these transitions. Although the
E; gap is larger in bulk-Si (3.5 eV) (Ref. 16) than in
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bulk-Ge (2.3 eV),* the width of the individual conduc-
tion and valence band is considerable (A ~ 0.6 eV),
since the bands run through a large fraction (~ 70%)
of the I'-L(A) line. In fact, both in III-V structures
or in Ge/Ge,Si;—, quantum wells and superlattices this
spread is larger than the difference in the F; optical gap
of the constituent materials. Under these conditions it is
difficult to see why the electronic wave function should
be confined within the smaller gap constituent. In spite
of this, evidence of this type of confinement for F;-like
structures has been reported in some superlattices based
on ITI-V materials.'”>1® Also, ellipsometric and resonant
Raman scattering measurements in single Ge layers of
thicknesses down to 7 A show optical structures that can
be unambiguously attributed to E;-like transitions con-
fined in the Ge layers.!1'® As mentioned before, when,
instead of a single Ge layer, we have a Ge,Si,, periodic
structure, the confined F;-like mode evolves into a mul-
tiplet. Results of resonant Raman scattering® and mod-
ulated reflectivity!® suggest that this multiplet is com-
posed of two distinct components: a Ge-like doublet and
a Si-like one at lower and higher energies, respectively.
It is not clear, however, how this transition from a single
confined state to a multiplet of Ge-like and Si-like char-
acter takes places. It is also not clear whether the con-
cept of confinement of E;-like states survives in shallower
quantum wells, such as those in Ge/Ge,Si;_, systems.
In an effort to clarify the issues discussed above, we
have performed modulated reflectivity (MR) and reso-
nant Raman scattering (RRS) measurements in several
Ge/Si and Ge/Ge,Si;_. heterostructures, which provide
a series of quantum wells with varying depth, width, and
number of repetitions. In the Ge/Ge,Si;_, superlattices,
the shallow quantum wells produce E;-like transitions
clearly derived from bulk-Ge E; states. A similar result
is observed in a single Ge layer [five monolayers (ML)
thick] embedded in a Si matrix. In both cases the F1-
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like structure is shifted toward higher energies from the
bulk E;-peak and this shift increases as the width of the
Ge layer decreases. This is consistent with the idea of
quantum confinement. Actual confinement of the elec-
tronic wave function is confirmed by measuring the Ra-
man spectrum at and off-resonance with this transition.
For double and sextuple (5 ML) quantum wells of Ge in
a Si matrix there is a continuous evolution toward the
E;-multiplet reported in Ref. 13. The Ge-like charac-
ter of the two lowest energy members of this multiplet is
confirmed by resonant Raman scattering measurements.

EXPERIMENTAL DETAILS

The samples were grown by molecular beam epitaxy
at low substrate temperatures.?’ Those with thick (d ~
100 A) Ge layers were grown on Ge(001) substrates and
are composed of alternating layers of Ge and Ge,Si;_
alloy. The samples with thin (d ~ 5 ML) Ge layers were
grown on Si(001) substrates. There are three such sam-
ples consisting of a single (1QW), a double (2QW), and a
sextuple (6QW) Ge quantum well. In multiple quantum
well samples the Ge layers (~ 5 ML thick) are separated
by 5 ML of pure Si, acting as a barrier material. Each
of these structures (single, double, or sextuple wells) is
repeated ten times, having 300-A-thick Si spacer layers
between them. Structural parameters were checked with
x-ray diffraction’® and Raman scattering.?2':22 All rele-
vant sample parameters are listed in Table I.

The electroreflectance (ER) and photoreflectance (PR)
measurements were performed at 77 K with the samples
immersed in liquid nitrogen, using a standard setup.2®
For ER measurements a Schottky barrier was created by
depositing a ~ 100- A-thick Ni-film on the sample surface.
The modulation was accomplished by biasing externally
the Schottky barrier with an ac voltage of ~ 3 V peak to
peak. For PR measurements the secondary (modulation)
beam comes from a 10 mW He-Cd laser attenuated by
neutral filters and mechanically chopped at 200 Hz. The
experimental spectra were fitted with a third derivative
line shape:23

TABLE I. Relevant structural parameters of the samples
studied. The column d4 (dp) lists the thickness of the Ge
(GezSi1_s) layers, z is the Ge concentration in the alloy
Ge,Sii—z, €9 is the percentage variation of the in-plane lat-
tice parameter of the heterostructure and that of bulk Ge,
while N is the number of times the structure d4/dg was re-
peated.

Sample da (R) ds (A) T 10%¢%° N
SLA 102° 34 0.7° ~ 0® 15°
SLB 111® 322 0.7® ~ 0 20°
1QW 7.30 0 0 -4.01° 1P
2QW 7.3P 6.8 0 -4.01° 2P
6QW 7.3P 6.8° 0 -4.01° 6°

“Experimental value. See Ref. 15.
PNominal value.
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where j is the transition number, C; the relative am-
plitude, 6; the phase, I'; the phenomenological broaden-
ing parameter, and E; the transition energy. We used
n = 3.0 which corresponds to two-dimensional critical
points.

Raman scattering measurements were performed on
all samples. These served both as a characterization of
structural parameters such as strain?' and periodicity,2?
and to obtain information as to the confinement of the
electronic states in a given optical transition.?4%19 Sev-
eral lines of Ar-ion and Kr-ion lasers were used as excit-
ing radiation. Scattered light was analyzed by a SPEX
1401 monochromator with standard photon-counting de-
tection. All measurements were performed at room tem-
perature in the backscattering configuration. Normalized
Raman intensities were obtained by dividing the inten-
sity of the Raman features of the Ge/Si samples by that
of the Si optical phonon peak from a piece of bulk Si
placed next to the samples.

RESULTS AND DISCUSSION
Modulated reflectivity

Figure 1 shows PR spectra of the two Ge/Ge,Sii_,
superlattices (SLA and SLB) and of bulk Ge in the pho-
ton energy region where F;, F; + A; transitions occur

GelGe, ;Sig 5

AR/R
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FIG. 1. Photoreflectance (samples SLA and SLB) and elec-
troreflectance (Ge bulk) spectra in the range of the F, F;
+ A; transitions. Open circles are experimental data. The
arrows are the transition energies obtained by the fitting pro-
cedure (continuous lines).
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in the latter. All spectra show only two peaks in this
region, the transition energies of which are obtained by
fitting the experimental spectra (open circles) with the
line shapes of Eq. (1) (solid lines). These transition en-
ergies are listed in Table II. The only difference between
the spectral lines of the superlattices and that of bulk
Ge, in this photon energy region, is that the lines in the
former are slightly shifted toward higher energies. These
shifts (72 meV for SLA and 52 meV for SLB) decrease
as the thickness of the Ge layer increases. These facts
lead to the identification of the spectral lines in Fig. 1 as
originating in E;-transitions confined in the Ge layers of
the Ge/Ge,Si;_, superlattice. The actual confinement
of the electronic states is verified by the resonant Raman
results, which we shall discuss in the next subsection.
A gross estimate of the confinement energy, obtained by
calculating the ground state of a particle of mass p (re-
duced interband mass from Ref. 25) in an infinite square
well of appropriate thickness, predicts a 53 meV shift for
SLA and a 45 meV shift for SLB. Given the naivety of
the model, the good agreement of these numbers with
our experimental results is probably fortuitous.

Let us turn to the thin layer heterostructures. In the
inset of Fig. 2 we display the ER spectra of the 6QW,
together with that of bulk Si. The spectra of the Ge
quantum wells can be divided in three regions. In the
spectral range fw < 2.4 eV there is an oscillatory pat-
tern produced by interferences due to the multiple re-
flections in the heterostructure/substrate interface. This
pattern is also reported in ER (Ref. 13) and ellipsometric
measurements'? on strain-symmetrized Ge/Si superlat-
tices. In contrast to a real modulated reflectance signal,

TABLE II. Transition energies (E;), broadening parame-
ter (I';), and assignment for the E;-like transitions observed
in the modulated reflectivity (MR) spectra of the Ge/Si het-
erostructures. The column “Confinement” lists the localiza-
tion of the electronic wave functions corresponding to the
E;-like transitions, obtained by resonant Raman scattering
(RRS).

Sample MR (77 K) Assignment Confinement
E;(T;) RRS (300 K)
(in eV)
2.30 (0.07) A E; (Ge)
SLA 2.48 (0.09) B E; + A, (Ge) Ge
2.28 (0.04) A E; (Ge)
SLB 2.490 (0.06) B E; + A, (Ge) Ge
Ge-bulk 2.228 (0.08) E,
(unstrained) 2.420 (0.07) E; + Ay
Geop.7Si0.3-bulk® 2.524 E,
(strained) 2.728 E; + A
1QW 2.83 (0.11) A E; Ge
2QW 2.72 (0.17) A E{ Mostly Ge -
2.98 (0.18) B E; Mostly Si
2.43(0.12) A Ep Mostly Ge
6QW 2.59 (0.10) B E? Mostly Ge
2.74 (0.15) C ES Mostly Si
2.97 (0.12) D E¢ Mostly Si

#Calculated using the bulk unstrained alloy values and defor-
mation potential theory (see Ref. 26).
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the oscillations appearing in the spectra as a result of in-
terference have an exponentially decaying amplitude for
photon frequencies above the absorption edge of the su-
perlattice. This damping, shown by dotted lines in the
inset of Fig. 2, can be used to separate the modulation
signal from interference artifacts as well as for estimat-
ing the absorption edge of the superlattice.!?3 For Aw ~
3.2-3.4 eV the spectra show an intense structure, easily
identified with the F;-E{ complex of bulk Si.1® Finally, in
the region Aw ~ 2.4-3.1 eV the spectra contain peaks re-
lated to the Ge/Si heterostructures. We shall concentrate
our discussion in this spectral region, for which Fig. 2

“shows the best fit (continuous lines) to the experimental

data (open circles) for all three samples. The individ-
ual line shapes composing the fit are shown below each
spectra. The arrows, labeled by capital letters, indicate
the transition energies obtained by the fitting procedure.
The results from this fit and the assignment given to
peaks A-D in Fig. 2 are listed in Table II.

The spectrum of the single quantum well (1QW) shows
only one structure located at 2.83 eV (peak A in Fig.
2). Again, our resonant Raman scattering measurements
(next subsection) show that this transition originates in
electronic states confined within the 5 ML Ge quantum

ER
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FIG. 2. Fittings (continuous lines) of the electroreflectance
spectra for the samples 1QW, 2QW, and 6QW. The arrows
indicate the transition energies obtained by the fitting pro-
cedure. The dotted lines are the functions fitted to the low
energy side of the E:1-E; bulk-Si complex. The inset shows
the electroreflectance spectra of the sample 6QW and bulk
Si. The dotted lines are meant as a guide to the interference
pattern.
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well. Given the thickness of the quantum well, this tran-
sition could either be Ejy-like or E;-like. However, the ER
spectra of the Ge/Si superlattices show that the E;-like
transitions are much stronger than the Eg ones.'® Hence,
we identify peak A with the E;-like transition of the Ge
layer. This assignment is in consonance with the ellip-
sometric and resonant Raman scattering results of Ref.
11. Peak A in the spectrum of the 1QW is shifted to
higher energies (490 meV) in comparison with the corre-
sponding transition in the strained?® bulk Ge. Although
this shift can be attributed to quantum confinement, an
infinite quantum well calculation of the confinement en-
ergy greatly overestimates this shift. The spectrum of
the 2QW shows two structures (labeled A and B in Fig.
2) with almost the same intensities. Based on similar
arguments as those for the sample 1QW, we assign the
peaks A and B to E;-like transitions of the 2QW. The
most striking change in the ER spectra when we go from
the 1QW to the 2QW is the splitting of the F;-like tran-
sitions. This splitting suggests that the two peaks in the
2QW spectrum may be associated with transitions be-
tween symmetric and antisymmetric states in a double
quantum well. Finally, the spectrum of the 6QW (lower
curve in Fig. 2) is qualitatively different from those dis-
cussed above. The appearance of four structures suggests
that the spectrum of the sextuple quantum well is similar
to that of an infinite GesSis superlattice. The calculated
band structure for an infinite strain-symmetrized GesSis
superlattice? predicts the existence of four F;-like critical
points. The ER spectra for a GesSis sample with ~ 150
repetitions are compatible with this prediction.!® Differ-
ences in the strain profile are expected to change slightly
the transition energy of each critical point, but not the
number and character of the critical points. Therefore,
we assign the structures A, B, C, and D present in the
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FIG. 3. Dependence of the E;-like transition energies with
the number of the Ge quantum wells (N). The data for
N = 145 were taken from Ref. 13. Notice the break in
the horizontal scale. The arrows at the right side indicate
the position of the relevant electronic transitions in bulk-Ge
(compressed) and bulk-Si (not strained).
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spectrum of sample 6QW to the E¢, Eb Ef, and E¢
transitions predicted by the theoretical calculation for
an infinite superlattice* and reported in the ER spectra
of Ref. 13.

The evolution of the F;-like region of the spectrum
from one peak in a single quantum well to a multiplet in a
Ge,Si,, superlattice is illustrated in Fig. 3. Here we show
the experimental energy of the E;-like transitions for the
samples 1QW, 2QW, and 6QW as a function of the num-
ber of Ge layers (V). This figure also shows the cor-
responding transition energies for a strain-symmetrized
Ge;Sis superlattice, taken from Ref. 13. The arrows on
the right side indicate the position of the relevant elec-
tronic transitions in bulk Ge (compressed) and bulk Si
(not strained). Notice the reasonable agreement between
the transition energies for the E;-like structures in the
sample 6QW and a GesSis superlattice with 150 periods.
This agreement is particularly good if we consider that
the two samples have different strain profiles.

Raman scattering

Raman scattering can be used as a tool for structural
characterization, giving information about strain, layer
thickness, and periodicity.22:2772° The Raman spectra of
Ge,,Si,, superlattices exhibit three main peaks originat-
ing in optical vibrations. These are known as the Ge-Ge
(~ 310 cm™!), the Ge-Si (~ 415 cm™!), and the Si-Si
(~ 510 cm™!) peaks.?%:28730 The Ge-Ge and Si-Si vi-
brations are confined in the Ge and Si layers, respec-
tively. For the Ge-Ge mode this would seem surprising,
since their frequency overlaps with the upper part of the
Si acoustical branch and, therefore, this vibration could
also propagate in the Si layer. However, such tunneling is
known to be small and the vibrations remain practically
confined within the Ge layers even in extreme cases such
asn~m=~4and n ~ 5 m — oco. Their frequency can
be obtained from the bulk modes, once strain and confin-
ing effects are taken into account. The Ge-Si modes are
produced by vibrations at the interface, and have maxi-
mum amplitude there.?2:28730 These superlattice modes
are not to be confused with the three modes (Ge-Ge,
Ge-Si, and Si-Si) appearing in the spectra of Ge,Si;_,
alloys in similar frequency ranges.3! In fact, comparison
between the true superlattice modes and those of the
bulk alloys gives useful information about the abrupt-
ness of the interfaces in the former.?? In a Ge/Ge,Si;_,
superlattice there are two types of Ge-Ge modes: bulk
Ge-like modes, localized in the Ge layers, and Ge-Ge al-
loy modes confined in the alloy layers. The remaining
two alloylike modes (Ge-Si and Si-Si) also appear in the
spectrum and they are expected to be localized in the
alloy layers.

Figure 4 shows the Raman spectra of our samples and
that of a thick (unstrained) Geg 5Sio.5 alloy deposited
on a Si(001) substrate. A sharp peak at 520 cm™! ap-
pears in all our samples grown on Si substrates and corre-
sponds to the bulk Si Raman line originating in the sub-
strate, buffer layer, and spacer layers (in the nQW’s sam-
ples). The spectra chosen for display in this figure were
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FIG. 4. Room temperature Raman spectra of our samples.
The laser excitation energy (fwr) used to produce each spec-
trum is shown.

those taken with a laser excitation line which enhanced
the weakest features in each spectrum, so that all spec-
tral features from each sample are shown. Vertical lines
through the alloy peaks are meant to facilitate the dis-
tinction between features arising from alloying and those
produced by the quantum well structures. The clear dif-
ferentiation between these features shows the good qual-
ity of the interfaces in our samples. We call attention to
two particular spectral features. In the 2QW and 6QW
samples a peak appears just below the bulk-Si peak. The
facts that (i) this peak occurs at a higher frequency than
that of the Si-Si peak of the alloy, and (ii) it is absent in
the 1QW sample, allow us to identify this peak unam-
biguously as the Si-Si vibration of the 5-ML Si barrier,
downshifted in energy from its bulk counterpart by con-
finement. The other feature is the pair of Ge-Ge peaks
exhibited by the Ge/Geg 7Sio.5 superlattice (SLB). The
one at lower frequency (w, ~ 292 cm™1!) is clearly an al-
loy mode while the higher frequency member of this pair
(wsL, ~ 300 cm™?) is the Ge-Ge mode of the Ge layers of
sample SLB. This identification is even clearer when the
exciting laser frequency is changed. As we shall see next,
when fuwyp ~ 2.2 eV (in approximate resonance with the
Ge FE,-transition) this is the only line observable in the
spectrum of the SLB sample (inset of Fig. 5).

Next we discuss the relative intensities of these Ra-
man lines as a function of the exciting laser frequency
(fwr). Resonant Raman scattering has been widely
used, not only to determine electronic transition energies
in quantum wells and superlattices, but also to obtain
information about wave function confinement in these
systems.®11:18,19,24 Thjs js accomplished by noticing that
the Raman cross section of a given vibration will only be
enhanced when Awj (or fws) is close to an electronic
transition localized in the same layer as the vibration.
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FIG. 5. Raman spectra of the sextuple quantum well
(6QW) sample for different laser excitation energies (Awy,).
The intensity has been normalized to that of bulk Si (see text).
The inset shows similar results for one of the Ge/Geo.7Sio.3
superlattices.

Thus, in order to determine whether a given electronic
transition appearing in the modulated reflectivity (MR)
spectrum is localized, we studied the Raman spectrum of
the sample with Awy, in and off resonance with this transi-
tion. Representative results of this procedure are shown
in Fig. 5, where the normalized Raman spectra of the
6QW sample is shown for various laser frequencies (the
same is done for the SLB sample in the inset). In the SLB
sample (inset of Fig. 5) the Ge peak shows a strong reso-
nance at fwy, ~ 2.18 €V, which is very close to the room
temperature value of the FE;-like transition observed in
the ER spectrum.32 At this exciting frequency the spec-
tral features from the alloy layers are not visible. They
become apparent only when the laser frequency is in res-
onance with the E; transition of the strained Geg 7Sig 3
layer (Aiwy = 2.54 eV, as seen in the inset of Fig. 5).
This shows conclusively that the E;-like transition in the
superlattice observed in the MR spectrum (Table II) is
confined in the Ge layers.

Figure 5 shows that in the 6QW sample, the Ge peak
has maximum intensity at fAiwy = 2.41 eV, which coin-
cides with the room temperature doublet E¢ and E?.32
For laser frequencies below this, the Si confined vibra-
tions do not appear in the spectra of this sample. This
peak increases in relative (and absolute) intensity as the
laser frequency increases, reaching its highest value at
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hwp = 2.71 €V (room temperature value of the Ef and
E¢ doublet; see Ref. 32). This indicates that the first
(second) doublet originates in states mainly localized in
the Ge (Si) layers. This localization is, however, not com-
plete, since the Si peak is weakly enhanced when Awy, is
in resonance with the first doublet. An entirely analogous
situation arises in the 2QW sample (not shown in Fig.
5) where the E; (E;) structure is shown to be mainly
localized in the Ge (Si) layers. As for the 1QW (also
not shown) resonant Raman scattering shows that the
E; feature in the spectrum is localized in the Ge layers.
This observation is in complete agreement with those of
Refs. 11 and 19. The last column in Table II summarizes
the conclusions about electronic wave-function localiza-
tion obtained from our Raman measurements.

CONCLUSIONS

The results of the preceding section lead to the follow-
ing picture in relation to the F4 -like transitions of Ge/Si
quantum wells and superlattices. In single Ge quantum
wells confinement of the A-line electronic states occurs,
as shown by the Raman results, leading to an increase
in the transition energy. The evolution from a single
to a double Ge layer still obeys the intuitive thinking
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generated by the quantum well picture. In a Ge,Si,,
structure, with as few as six periods, the spectrum shows
the full complexity of an infinite superlattice.!?:13 In this
case, zone-folding can be invoked and transitions sep-
arate clearly into pairs which have Ge-like and Si-like
behavior. As the thickness of the superlattice increases,
this separation is emphasized and the E¢ and E? can be
thought of as the confined F; and F; + A; transitions of
bulk Ge. This suggests that, even in this complex case of
electronic states spanning a considerable fraction of the
A-line of the Brillouin zone and having a large energy
spread, concepts such as zone-folding and confinement,
derived from simple Krénig-Penney type models, apply.
The generation of the appropriate periodic potential for
quantitative predictions, however, is far from obvious to
us at this point.
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