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Infrared Optical Properties and Band Structure of a-Sn/Ge Superlattices on Ge Substrates
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Short-period a-Sn/Ge strained-layer superlattices have been prepared on [001] Ge substrates by low-

temperature molecular-beam epitaxy. We have achieved almost-defect-free and thermally stable
single-crystalline structures. Photocurrent measurements in a series of Sn~Ge (m ) 10) superlattices
reveal a shift of the fundamental energy gap to smaller energies with decreasing Ge layer thickness m, in

good agreement with band-structure calculations. A direct fundamental energy gap is predicted for a
slightly increased lateral lattice constant in a-Sn/Ge superlattices.

PACS numbers: 78.65.Gb, 7I.25.Tn, 73.20.Dx

Band-structure engineering is one of the most fascinat-
ing aspects of modern semiconductor physics. The easiest
way to change artificially the electronic structure of semi-
conductors is the formation of semiconductor alloys.
This, however, leads to potential Iluctuations due to the
random occupation of lattice sites by diff'erent atoms. Al-
ternatively, new man-made semiconductors with tailored
band gaps may be achieved with short-period superlat-
tices. So far, this idea has been pursued for various III-V
compound semiconductor systems and also for Si/Ge
which yield a limited range of energy gaps. Especially
short-period strained-layer Si„Ge (n and m denote the
number of Si and Ge atomic planes in the unit cell, re-
spectively) superlattices were studied extensively in the
past few years because theory predicts that Brillouin-zone
folding effects can lead to quasidirect energy gaps [1-5].
An unambiguous experimental identification of this ef-
fect, however, is still lacking. The combination of Si and
Ge allows a band-gap variation between about 1.1 and
0.7 eV [6-81. Within the group-IV semiconductors C, Si,
Ge, and a-Sn, the fundamental energy gap may be tuned,
in principle, from 5.5 eV (diamond) down to 0 eV (a-
Sn). There exist, however, major problems in the experi-
mental realization of various combinations of these ma-
terials which stem from the large lattice mismatch and
the negligible solid solubility, especially for C and Sn.
This applies particularly to random Sn Ge~ — alloys even

though they are expected to possess very interesting opti-
cal and electronic properties [9-12].

In the present communication we demonstrate that
pseudomorphic, lattice-matched short-period strained-
layer Sn/Ge superlattices (SLS's) can be realized experi-
mentally. We have observed, for the first time, a dramat-
ic shift of the fundamental band gap to smaller energies
with increasing overall Sn concentration, in full agree-
ment with our theoretical predictions. Band-structure
calculations show, in addition, that these e-Sn„Ge
SLS's can have intrinsically direct energy gaps at k=0
which are not caused by a folding of electronic states
into the superlattice Brillouin zone, in contrast to Si„Ge
SLS's [2,3].

In this Letter we report on the fabrication of almost-

defect-free and stable a-Sn„Ge superlattices which have
been grown by low-temperature molecular-beam epitaxy
(MBE) on [001] Ge substrates. Photocurrent measure-
ments show a systematic shift of the absorption onset to
lower energies with decreasing Ge content in the SLS's.
The observed shift agrees excellently with the theoretical-
ly predicted narrowing of the fundamental energy gap.
For the Ge-substrate lateral lattice constant, this gap still
remains indirect in k space. Finally, we predict condi-
tions which yield an intrinsic direct energy gap at k =0
with strong optical interband transition matrix elements.
Importantly, we find this direct gap to be unrelated to the
small-gap nature of a-Sn.

Recently, several groups tried to grow a-Sn or a-
Sn„Ge]— alloys by heteroepitaxy on various substrates
[13-18]. The phase transition of Sn from the diamond-
structure a phase to the metallic body-centered-tetrago-
nal P phase at T =13.2'C causes Sn to be a difficult ma-
terial to deal with. In films grown on diamond-structure
substrates it has been shown that this transition tempera-
ture can be raised considerably [9]. No clear experimen-
tal evidence of a shift in the band gap of these Sn/Ge
structures has been reported so far, however. We have
used a new and unconventional technique to grow high-
quality a-Sn/Ge superlattices [19].

The multilayer structures were deposited in a special
MBE system which allows strong temperature variations
during growth. The layers were deposited far away from
thermodynamic equilibrium conditions with a substrate
temperature modulation between about 50 and 300 C
during growth. Details of growth properties and growth
conditions have been published elsewhere [19]. Here we
focus on a series of samples which have been prepared
under optimized conditions. They consist of 20 periods of
SniGe (m =11, 15, and 21) superlattices which have
been grown on [001] Ge and repeated four times with
700-A Ge layers in between. These Ge buffer layers de-
crease the average lattice mismatch between the whole
structure and the Ge substrate. Figure 1 shows a cross-
sectional TEM bright-field image of a section of the nom-
inally Sn]Ge]& superlattice. The initially planar layering
becomes slightly wavy at the end of the twenty periods,
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FICJ. I. Cross-sectional TEM bright-field image [g=(004)]
of the sample containing four 20-period Sn~Gelq SLS's. The
selected-area diffraction pattern of the multilayer structure tak-
en in the [l10] zone axis is shown in the inset.

but becomes smooth again after the intermediate Ge lay-
er. From detailed in situ Auger analysis and post-growth
characterization by Rarnan spectroscopy and high-
resolution TEM, we could extract a concentration profile
of the superlattices. The concentration of Sn in the first
atomic plane turns out to be approximately one-third of a
monolayer, followed by an exponential decay and a negli-
gible Sn content beyond a coverage of ten monolayers of
Ge.

In order to get information on the fundamental band
gap of these (SnGe)/Ge superlattices, we have performed
infrared photocurrent measurements. Ohmic contacts
were obtained by evaporating Ti/Sb/Au on the rectangu-
lar shaped cleaved samples and annealing for 30 s at
T=320 C. Care has been taken to avoid structural
phase transformations of the Sn or the SnGe alloys which
can be easily observed by optical inspection of the sample
surface under a microscope. At the phase transition, the
mirrorlike flat surface changes into a spotty surface [20].
We determined the transition temperatures to be 430,
450, and 465 C for Sn~Gei ~, Sn~Gelq, and Sn~Ge2~, re-
spectively. Photocurrent measurements were performed
in the energy range 0.4 to 1.1 eV using a quartz-halogen
light source together with a single-grating monochroma-
tor and filters. The samples were mounted in a He cryo-
stat. The transmittance of the whole system was calibrat-
ed with a pyroelectric detector such that the measured
photocurrent could be normalized to the incident photon
Aux. The samples were cooled to liquid-He temperatures
in order to freeze out the holes in the epitaxial Ge layers
which turned out to be unintentionally boron doped due
to the boron nitride crucibles used in our low-temperature
MBE system. In addition to the superlattice samples, we
also measured the photocurrent of a Ge reference sample
which was grown under the same conditions.

Energy {eV}
FIG. 2. Photocurrent vs photon energy for the Ge reference

sample and the various SnlGe, strained-layer superlattices.

Figure 2 shows the raw photocurrent spectra of the
four samples in the energy range of 0.5 to 0.8 eV. In the
Ge reference sample, we have observed a strong signal
above 0.75 eV due to interband electron-hole excitations.
Also, the onset of phonon-assisted transitions has been
observed. The photocurrent spectra of the superlattices
exhibit, in addition, a strong signal below the Ge band

gap whose onset is clearly shifted to smaller energies with
decreasing Ge concentration. For a given photon Aux, the
photocurrent is proportional to the absorption coefticient
a, provided the absorbing layer is much thinner than
a . This condition is expected to be fulfilled in our
samples for photon energies below the Ge band gap.
Therefore we have converted the photocurrent below 0.75
eV into the absorption coefticient. Figure 3 shows the rel-
ative change of a versus energy as obtained from such a
normalization procedure for the three superlattice sam-
ples. The absorption edge is rather smooth and shifts
roughly from 0.66 eV for Sn|Ge2~ to 0.56 eV for Sn~Ge~ ~.

The arrows underneath each of the experimental curves
in Fig. 3 mark the theoretically predicted energy gaps, as
obtained from superlat tice band-structure calculations
which are discussed below. In particular, the black ar-
rows correspond to the calculated fundamental energy
gap for perfectly sharp SLS's. It is indirect in k space.
The gray arrows mark the predicted energy gaps of
smeared concentration profiles. As mentioned before, the
actual samples have a compositional profile somewhere in

between these two extreme cases. The positions of the
absorption edges and their shift with the Ge content are
in very good agreement with the calculated energy gaps.
The smooth onset and the relative increase of the absorp-
tion coefficient is also consistent with the indirect nature
of the fundamental energy gap as predicted by the
present theory. We note, however, that overall confine-
rnent eAects due to the relatively small number of repeat-
ed superlattice cells within the 700-A Ge buffer layers
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FIG. 3. Absorption coefficient below 0.75 eV as extracted
from the normalized photocurrent data. The black and gray ar-
rows mark the theoretically predicted indirect energy gap of the
strained-layer superlattices with sharp interfaces and random

alloys, respectively.
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will also somewhat inAuence the exact position of the ab-
sorption edge.

The present calculations indicate that the electronic
structure of a-S„Ge„,SLS's is controlled by a unique in-

terplay between very large strain eAects, spin-orbit in-
teraction eAects, and quantum confinement of electronic
states. Since the a-Sn„Ge„,SLS's. are grown pseu-
domorphically on [001] Ge, the Sn layers have a lateral
lattice constant a~~ =ao, =5.65 A. This compression cor-
responds to a lateral strain of approximately 13% in the
Sn layers. For tetragonally distorted pure a-Sn layers,
we obtain a lattice constant normal to the planes of
a& =7.204 A from simple elasticity theory. We have
used this value for the strained Sn-Sn bonds and an arith-
metic average of the strained Sn-Sn and Ge-Ge bond
lengths for the Sn-Ge bonds in the SLS's, respectively.
We have calculated the electronic structure of a-Sn/Ge
superlattices employing the empirical, nonlocal relativis-
tic pseudopotential method of Chelikowski and Cohen
[21] and generalizing it to superlattices. This generaliza-
tion amounts to a smooth interpolation and volume renor-
malization of the bulk pseudopotential form factors for
the simple tetragonal supercell and introduces no addi-
tional parameters. We have extensively tested our calcu-
lations by applying it to Ge„Si SLS's. Our results com-
pare very well with the gap-adjusted local-density-
functional calculations of Refs. [2,3].

Unstrained bulk diamond-type a-Sn (a =6.498 A) is
known to have a zero gap at k =0 [9]. The present pseu-
dopotential calculations predict that laterally compressed
(i.e., tetragonal) a-Sn with a~~ =ao, has a metallic ground
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FIG. 4. Calculated band structure of (a) a a-Sn~Ge~
~

super-
lattice with a lateral lattice constant a~~ =5.65 A and (b) a a-
SnqGe~o superlattice with aii =5.80 A. The superlattice Bril-
louin zone is shown schematically in the inset of (a).

state. Whereas the [001] strain opens a gap at k =I, the
conduction bands at the R point [for an unstrained
twelve-layer superlattice, this corresponds to the I point
in the fcc structure] are shifted downwards to an energy
of —0.4 eV below the Fermi energy. This implies that a
single heterostructure consisting of a half-infinite Ge
crystal and a laterally-lattice-matched half-infinite a-Sn
crystal is metallic and has no energy gap.

In a short-period superlattice, however, the quantum-
mechanical confinement of the electronic states in the few
Sn layers of the superlattice causes the Sn-related con-
duction bands at R and I to rise above the Ge-related
conduction-band-edge states. Consequently, we find that
there is a positive gap in the series of short-period SLS's
a-Sn„Ge„,with n (m/2.

An analysis of the electronic charge density reveals
that the conduction-band states at R and I are purely
Ge-like antibonding states which are strongly confined to
the Ge layers. These states continuously evolve from the
folded Ge band-edge states (i.e., from Ge in the Brillouin
zone of a-SnnGe„+„,) without any band crossings. The
valence-band states at I, on the other hand, are p-type
bonding states built from the atomic Ge and Sn states in

proportion to the relative concentration of Ge and Sn.
To compare with our experimental data, we have per-

formed detailed calculations of a-Sn]Ge, superlattices
with n =3,7, 11,15, 19. In these cases, we find the top of
the valence band at I, and the bottom of the conduction
band at R. This indirect band gap increases with increas-
ing n but approaches the value of bulk Ge very slowly.
The calculations indicate that the conduction-band-edge
state at the I point lies energetically above the state at R
by 0.16 eV, nearly independent of the value of n. Figure
4(a) shows the calculated band structure of a a-Sn~Ge~

~

SLS. The superlattice Brillouin zone is also shown. To
account for the interface mixing, we have also calculated
the electronic structure of smeared Sn profiles, employing
the virtual crystal approximation. The calculations pre-
dict a small increase of the energy gap with intermixing,
as indicated in Fig. 3 with the black and gray arrows.
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According to the present theory, it is, however, also
possible to produce a direct energy gap in a-Sn„/Ge
SLS s with strong interband optical transition matrix ele-
ments just by slightly increasing the lateral lattice con-
stant. A lateral lattice constant larger than ag, leads to a
biaxial expansion —and consequently also to a hydrostatic
expansion —of the Ge layers. Analogously to most semi-
conductors, a hydrostatic expansion yields a decrease of
all conduction bands, with a decrease at k=I being 3
times larger than at k=R (this k point corresponds to
k=L in cubic fcc structures). Since we find superlattice
conduction- and valence-band-edge states to be predom-
inantly Ge-like, as discussed above, we find that already a
slight increase of a~~ produces an intrinsically direct ener-

gy gap at k =0 for a wide range of a-Sn„Ge„,SLS's with
n & m/2 and at & ao, . The a-SnzGe~o superlattice, for
example, is direct for 5.7 A & at & 6.0 A. This is shown
in Fig. 4(b) for ai =5.80 A. This figure effectively shows
the conversion of Ge, embedded in a SLS with very few
Sn layers, into a crystal with an InSb-like band structure.
We emphasize that this direct gap is primarily caused by
the lateral strain of Ge and not by the small Sn band gap.
On other hand, our calculations also predict that pure Ge
always remains indirect for any strain so that Sn plays a
secondary but subtle role in creating this new direct-gap
group-IV semiconductor. We are currently trying to op-
timize MBE growth conditions with materials such as
InP as the substrate in order to verify these predictions.
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