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Spectroscopy of band-to-band optical transitions in Si-Ge alloys and superlattices

T. P. Pearsall,* L. Colace,† and Adam DiVergilio
Department of Electrical Engineering, University of Washington, Seattle, Washington 98195

W. Jäger‡
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We report the results of an extensive study of band-to-band optical transitions in Si-Ge (n:m) superlattices
and alloys wheren'm. Our samples were grown by molecular-beam epitaxy on~001! silicon using symmetri-
cally strained layers and characterized by high-resolution x-ray diffraction and transmission electron micros-
copy. This growth procedure permits the synthesis of continuous Si-Ge superlattices with a thickness of several
thousand Å. Optical absorption was studied by photocurrent spectroscopy at 300, 77, and 4.2 K. These results
were analyzed to determine the dependence of the photocurrent on the photon energy. The energy dependence
of absorption was also measured by optical transmission spectroscopy. Analysis of these experiments gives
approximate agreement with photoconductivity experiments on the value of the energy gap, but also shows that
the energy dependence of the absorption coefficient varies linearly with the photon energy, while photocon-
ductivity experiments show that the photocurrent increases with the fourth power of the energy. The absorption
coefficient, and its dependence on the photon energy, are calculated directly from the joint density of states
which is extracted from the electronic band structure. Our calculations show that the dependence of optical
absorption on photon energy is linear for perfect superlattices:a(\v)5A0(\v2Eg)x, wherex51, with the
exponent increasing above 1 in the presence of disorder such as from atomic steps, interface roughness, and
similar defects.@S0163-1829~98!06715-0#
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I. INTRODUCTION

Si-Ge semiconductors are being used to create h
performance bipolar transistors and integrated circuits1,2

highly integrated focal-plane array infrared detectors,3 and
infrared light-emitting diodes.4 This progress demonstrate
considerable promise for Si-based high-speed, low-po
electronic, and optoelectronic devices.5,6 The development of
efficient, high-speed electroluminescent diodes is based
the discovery that short-period~L,20 interatomic distances!
Si-Ge superlattices have a quasidirect band gap formed
folding the band structure by the superlattice period pot
tial. Numerous theoretical band-structure calculations
these Si-Ge superlattice structures have established that
band-edge states are formed atk50, and that the optica
matrix element between the top of the valence band
these new states is enhanced by several orders of magn
570163-1829/98/57~15!/9128~13!/$15.00
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over that of the optical matrix element for the lowest indire
transition. These calculations also show that the optical m
trix element atk50 remains at least one order of magnitu
less than that observed in a direct-gap semiconductor suc
GaAs.7

In principle, the direct or indirect character of the fund
mental band gap can be determined from the measureme
the optical-absorption coefficient versus photon energy. T
dependence is expressed

a~\v!5
4p2\c

V E W~E!N~E!dE, ~1!

where W(E) is the transition probability andN(E) is the
joint density of states.8 In a direct-gap material, each state
the valence band is connected with one state in the con
tion band becausek f2k i50, leading to simple integration o
Eq. ~1!. In the case of an indirect gap material,k f is con-
9128 © 1998 The American Physical Society
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TABLE I. A summary of sample structures used in this work. All samples have been prepared to ha
same average composition: 50% Si and 50% Ge. In most cases the buffer thickness is less than 10
superlattice thickness.

Sample Type Superlattice Buffer Cap Substra

comp thick.~nm! comp. thick.~nm! comp. thick.~nm! doping
B1585 Alloy Si0.5Ge0.5 200 Si0.25 20 Si 10 p1 1019

B1590 2:2 202 Si0.25 20 Si 10 p1 1019

B1589 4:4 200 Si0.25 20 Si 10 p1 1019

B1587 8:8 202 Si0.25 20 Si 10 p1 1019

Bulk Si — — — — — — —
B2208 4:4 196 Si0.25 20 Si 1 p2,1014

B2209 5:5 207 Si0.25 20 Si 1 p2,1014

B2210 6:6 244 Si0.25 20 Si 1 p2,1014

B2211 Alloy Si0.5Ge0.5 193 Si0.25 20 Si 1 p2,1014

B2212 4:4 212 Si0.25 50 Si0.5 100 p1 1019

B2213 5:5 254 Si0.25 50 Si0.5 100 p1 1019

B2214 5:5 254 Si0.25 1000 Si0.5 100 p1 1019

B2215 6:6 287 Si0.25 50 Si0.5 100 p1 1019
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nected by the phonon momentumkp to a multiplicity of ini-
tial states leading to a different dependence of the opt
absorption coefficient on energy when Eq.~1! is integrated.

Most semiconductors have a near-gap band structure
can be approximated by a simple parabolicE2k relation-
ship. For the purposes of optical absorption, this approxim
tion can be used also to describe valence band becaus
heavy-hole band has a much larger density of states than
light-hole band, and so it dominates the absorption proc
In this case, Eq.~1! can be evaluated explicitly for bot
direct transition absorption and indirect transition absorpti

Direct band gap: a~\v!5A~\v2Eg!1/2, ~2!

Indirect band gap: a~\v!5B~\v2Eg!2. ~3!

Equation~2! can be applied to the study of GaAs or In
while Eq.~3! applies to Si and Si-Ge random alloy materia
However, neither equation can be applied to Si-Ge sh
period superlattices. The near-edge band structure of the
duction band does not satisfy the basic simplifying assum
tions leading to Eq.~2! and ~3! because there are sever
nearly degenerate and nonparabolic branches of the con
tion band near the band edge.9,10

The near-edge valence-band structure of a Si-Ge sh
period superlattice still resembles that of Si or GaAs. T
similarity persists because there are no additional zone-e
states with energy near the top of the valence band. W
the superlattice potential will cause a zone folding of t
band structure to occur, the new states lie at energie
several hundred meV below the top of the valence ba
Hence they do not play a role in our experiments. Howev
the same situation does not hold for the conduction ba
Here the effect of zone folding is to produce several nea
degenerate states at the band edge. TheE2k relationship for
these states is not parabolic over an energy range compa
to a phonon energy, and hence there is no longer a sim
expression for the dependence of the density of states
energy. However, Eq.~1! is still valid. That is, the optical-
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absorption coefficient can be derived from the density
states. As a result, the functional form of the absorption
efficient can be expressed

a~\v!5C~\v2Eg!x, ~4!

wherex is to be determined. In our study we have chara
terized optical absorption in Si-Ge alloys and superlatti
by both photocurrent spectroscopy and by optical transm
sion spectroscopy. These results are compared to the the
ical determination of the density of states and the optic
absorption coefficient and their dependence on pho
energy. Here we present the results of these measurem
and calculations.

II. SAMPLE PREPARATION AND ANALYSIS

A. Sample structure and composition

All samples used in this work were grown by solid-sour
molecular-beam epitaxy~MBE! on Si~001! substrates. A
critical feature of the sample structure is the incorporation
a partially strain-relaxed S0.25Ge0.75 alloy buffer layer. The
thickness of the Ge-rich buffer is designed so that the re
of the strain imposed by the Si substrate leads to a parti
strained, and thus partially relaxed layer with an effect
lattice parameter equal to that of an unstrained Si0.5Ge0.5 al-
loy. This buffer is used as a ‘‘virtual substrate’’ for th
nucleation and epitaxy of Si-Ge (n:n) superlattices. In these
superlattices, the Si layers are strained in extension in
plane of the superlattice, while the Ge layers are straine
compression.~see Table I!. This alternation of compressio
and strain leads to a symmetrically strained superlattic11

The critical layer thickness for this superlattice structu
is much larger than the superlattice thicknesses~2000 Å,
t,15 000 Å! grown for these experiments. We are using th
technique of epitaxy that produces a superlattice with sy
metric strain to produce continuous strained-layer super
tices with an extended well-defined layering of Si and
layers only a few atoms in thickness. The total superlatt
thickness is large enough to enable measurements of ele
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cal and optical properties characteristic of synthetic crys
based on the unit cell symmetry that is imposed during cr
tal growth. For the seriesB1585–B1590, the growth tem-
perature of the silicon substrate was maintained at 450
during the growth of the buffer and the superlattice. A
surfactant was employed in order to suppress Ge segreg
which tends to perturb the superlattice periodicity. Duri
growth of theB2212– 2214 series, the temperature of t
silicon substrate during growth was fixed at 450 °C for t
buffer layers and at 320 °C for the superlattice. The sup
lattice in these samples is dopedp-type using B coevapora
tion. The Sb surfactant in these films is employed only d
ing the final 10% of the superlattice layer thickness. T
lower growth temperature would preserve the superlat
periodicity at the cost of a possibly elevated level of vac
cies or interstitial defects in these samples.

The sample structure for theB1585-B1590 series of su-
perlattices used for photoconductivity experiments is sho
in Fig. 1. Note that the total thickness of the alloy buff
layer is much less than that of the superlattice. This relati
ship assures that the superlattice dominates the optica
sorption. An exception isB2214, where the buffer thicknes
is much larger than the superlattice thickness.

B. Structural analysis by transmission electron microscopy
and x-ray diffraction

Analytical and high-resolution transmission electron m
croscopy~TEM! of @110# cross-section samples were us
for a comprehensive structural characterization of sh
period Si-Ge (m:n) superlattices grown by low-temperatu
MBE on different Si-Ge alloy buffers deposited on Si~001!
substrates. Detailed information about superlattice perio
ity, interface sharpness, strain distribution, and average c
position were obtained. Local average compositions of
superlattices were determined by energy-dispersive x
spectroscopy. The microstructural investigations were p
formed at an electron energy of 400 keV~JEOL
4000EX/FX!. Electron transparent samples were prepared
mechanical polishing and subsequent Ar-ion milling on
liquid-nitrogen-cooled-stage.

The results of this examination were used to measure
periodicity and thickness, and to evaluate the interfac
roughness of the superlattices used in the optical stu
High-resolution lattice images of these structures reveal
the interfaces between the individual Si and Ge layers
coherent, indicating pseudomorphic growth.12 Figure 2
shows superlattice reflections visible up to the second o
in a @110# diffraction pattern taken from the sampleB2215.

FIG. 1. Schematic structure of the buffer and epitaxial layers
our samples. Layer thicknesses and dopings vary from one sa
to another, but the thickness of the Si-Ge alloy buffer layer is
ways much less than that of the superlattice layer.
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This diffraction from the superlattice is direct proof that ele
tron behavior is affected by the superlattice periodicity.
areas of high threading dislocation density, the perio
stacking of Si and Ge is locally perturbed, as revealed by
lateral layer undulations. We found that the amplitude
such undulations generally decreases toward the cap la
Our earlier high-resolution TEM investigations showed th
layer undulations are connected with changes in the latt
site occupation from Si to Ge along individual$100% planes.
These changes can be attributed to steps at the Si-Ge i
faces with step heights of one or a few atomic layers.12,13

Quantitative analyses of the strain, composition, a
structure were made using selected area diffraction. The
erage lattice parameters both in plane (ai) and in the direc-
tion of the superlattice (a') the lattice strain~«! and the
composition of the buffer and superlattice have been qua
fied. Moreover, the superlattice period and number of mo
layers per Si or Ge atom for the superlattice were de
mined. In Table II we show a series of results for samp
B2212–B2215. It can be seen that the superlattice structu
are somewhat richer in Ge by comparison with the nomi
structure. Thus, the sampleB2212 was found to have a struc
ture that is closer to Si-Ge~4:5! than the Si-Ge~4:4! nominal
structure. This tendency is uniformly seen in all samples,
we will refer to samples by their nominal structure for cla
ity.

Examination of the data in Table II shows that the p
tially relaxed buffer layer is a template which has the latt
parameter of an unstrained Si0.5Ge0.5 alloy. SamplesB1585
and B2211, which are Si0.5Ge0.5 alloys, are grown nearly
strain free on this substrate. We can therefore directly co
pare the optical-absorption properties of these samples to

n
ple
l-

FIG. 2. A selected-area diffraction pattern taken from sam
B2215 in a@110# zone axis. Several order of superlattice reflectio
are easily seen. This is direct proof of that folding of the Brillou
zone has occurred.
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TABLE II. ai
b anda'

b are the lattice parameters parallel and perpendicular to the plane of epitaxy. Note that the lattice paramet
plane of the substrate is close to that of an unstrained Si0.5Ge0.5 alloy (a050.555 nm). The measured lattice parameter of the superlat
perpendicular to the substrate is also quite close to 0.554 nm, demonstrating that the average strain over one superlattice period is
Strain« i(%)5100(a12a0)/a0 ~a0 is the bulk lattice parameter!. LSL is the superlattice period.y is the average atomic concentration of G
yEDS

SL is the Ge concentration measured by electron microprobe energy dispersive spectroscopy.

Si12yGey buffer Superlattice: Si-Ge (m:n)

Sample
ai

b

nm
a'

b

nm
« i

b

% ycalc
b

LSL

nm
a'

SL

nm
« i

SL

~%! m1n m n ycalc
SL yEDS

SL

B2212 0.558 0.561 20.26 0.71 1.24 0.553 0.52 9.0 4.3 4.7 0.52 0.53
B2213 0.556 0.561 20.36 0.66 1.51 0.553 0.30 10.9 5.4 5.5 0.50 0.51
B2214 0.555 0.556 0.0 0.52 1.50 0.554 0.10 10.8 5.1 5.7 0.53 0.5
B2215 0.557 0.561 20.45 0.70 1.81 0.554 0.28 13.1 6.3 6.8 0.52 0.50
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results of Ref. 14 on unstrained, bulk Si-Ge alloys. The
perlattice samplesB2212–B2215 are grown on this substra
with an average strain that is quite modest (e,0.6%) com-
pared to the strain between adjacent Si and Ge layerse
.4%). This reduced level of strain permits the growth
layers up to several microns in thickness before the crit
thickness limit is reached. The strain between adjacen
and Ge layers is maintained at close to 4% regardless o
superlattice structure.

C. Structural analysis by transmission electron microscopy—
specific samples

Samples with thin buffers (B2212 and B2213)

The interfaces between the SiGe alloy buffer and Si s
strate are found to be of good planarity, while interfac
between the buffer and superlattice are undulated. Only c
to the buffer are such undulations correlated with the rou
ness of the buffer-superlattice interface. Values for the av
age lattice parameters, the lattice strain, and the ave
composition of the buffer were determined from selec
area electron diffraction and are summarized in Table II
can be concluded from these data that partial strain re
ation of the buffer layers has occurred for all samples. TE
contrast analyses show that the strain relaxation of the S
buffer layers occurs by formation of a network of misfit di
locations, by planar defects, frequently in the form of mic
twins, and by threading dislocations emerging from t
substrate-buffer interface. The planar defects were identi
by high-resolution lattice imaging as isolated stacking fau
or as groups of stacking faults on$111% lattice planes.

The Si-Ge (5:5) superlattice on a thick buffer (B2214)

For growth on a 1000-nm-thick buffer~sampleB2214!,
considerable differences compared to growth on thin buf
~for example, sampleB2213! are observed concerning defe
densities and morphology of the superlattices. The thic
buffer layer reduces the average values for threading di
cation densities in the superlattice region by about one o
of magnitude, and the density of planar defects by more t
four orders of magnitude. We found the buffer of this stru
ture to be strain relaxed, that is,ai5a' . A feature only ob-
served in this sample is a high density of small inclusio
within the superlattice region that lead to localized latt
distortion. We have not yet been able to identify the nat
of these inclusions.
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D. Sample preparation for photoconductivity
measurements

All samples were cleaned using trichloroethane, aceto
and methanol. The native surface oxide was removed usi
mild buffered oxide etch (6<1HF<NH3F). Samples were
then loaded into an evaporation chamber where four 1-m2

aluminum pads 5000 Å in thickness were deposited by th
mal evaporation through a shadow mask. After annealing
contacts at 425 °C, we observed that Al forms a shallow
junction in moderately dopedn-type samples. All samples
were characterized for both Ohmic behavior and series re
tance by means of four-point current-voltage measurem
at room temperature and at 4.2 K. We found that we co
obtain repeatable Ohmic contacts only if Al contacts we
not annealed after the evaporation. The Ohmic nature of
contacts is due mainly to the highly doped Si cap-layer.

Samples used for optical absorption or transmission s
ies were not contacted. Instead, a section of the sample
removed by wet chemical etching using 6% HF-HNO3, by
volume at room temperature. The etch depth was meas
using a stylus profilometer. This preparation made it poss
to measure the transmission through the Si substrate,
subsequently the transmission through the same subs
and the epitaxial superlattice layer combination in order
extract the absorption coefficient.

III. OPTICAL SPECTROSCOPY

A. General considerations for absorption
and photocurrent measurements

In these experiments we sought to compare the opti
absorption response of a series of superlattices all having
same average composition of 50% Si and 50% Ge by ato
percent. In addition, we have also examined the behavio
some Si0.5Ge0.5 alloys grown under similar conditions t
those used to produce the superlattices. We measured
optical response of these samples using both photocur
spectroscopy and optical transmission spectroscopy.

Photocurrent spectroscopy has the principal advant
that the photocurrent which results from absorption of ph
tons is resolved against a rather small background. Furt
more, the signal increases as the strength of the absorp
increases. However, this method cannot be used to deter
the absolute value of the absorption coefficient unless
absolute quantum efficiency, taking into account reflectio
can be determined. In optical transmission measureme
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the signal is extracted from a larger background of un
sorbed light. In the region of high absorption, it is difficult
measure either transmission or reflection accurately. W
the range of the absorption measurement is more narrow
for the photocurrent measurement, it is possible to determ
an absolute magnitude for the absorption coefficient.

B. Photocurrent spectroscopy

Photocurrent spectra were recorded using phase-sens
detection and a low-noise preamplifier in close proximity
the cryostat. Particular attention as paid to improving
signal-to-noise ratio by minimizing the length of the wirin
and by careful electrical shielding. Si and GaAs filters we
used to eliminate second-order transmission. The abso
optical throughput of the system was calibrated using
ILX-6810B photometer. Photocurrent spectra were taken
300, 77, and 4 K with the sample mounted on a copper co
finger.

We had the option to measure the photocurrent perp
dicular to the superlattice growth plane or the photocurr
parallel to the superlattice layers. We chose this latter c
figuration in order to reduce the effect of unwanted sign
from the substrate. The photocurrent signal increases
three orders of magnitude between the band-gap energy
the onset of absorption by the Si substrate. The thresh
energy is determined during the fitting of Eq.~4! to the mea-
surement. Data for the 1500 series are shown in Fig. 3. H
it is easily seen that sample 1587, composed of 8 ML of
and 8 ML of Ge, has the lowest apparent band gap. Sam
1589, with a Si-Ge~4:4! structure has the next lowest ban
gap, while sampleB1590, the~2:2! superlattice, and,B1585,
the Si0.5Ge0.5 alloy, appear to be indistinguishable. Th
these photoconductivity spectra can be used to disting
superlattices from the each other, even though the ave
composition is the same. Closer examination of the curve
Fig. 3 reveals a two-threshold behavior to the photocurr
that is most easily seen for sampleB1585, the Si-Ge alloy.
The stronger of the two components has a threshold of 0
eV. This corresponds to the band-gap energy of the

FIG. 3. Photocurrent spectra taken at 4 K for the B15xx series
of samples. In this figure it can be seen that theB1587 sample@a
Si-Ge ~8:8! superlattice# has the longest wavelength photocurre
threshold, while the Si0.5Ge0.5 alloy (B1585) has the shortest wave
length threshold. Note that the photocurrent spectrum for the a
has a distinct two-component nature that is easily resolved in th
data.
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strained alloy. The lower-energy term at 0.8 eV is theref
absorption either from an impurity or a defect level in t
alloy material. Similar two-component behavior is not
clearly resolved in the photocurrent spectra of the 4:4 a
8:8 superlattices.

The temperature dependence of the photocurrent spe
of superlattices is much weaker than that measured in bul
as shown in Fig. 4. Here we measure a significant differe
between the behavior of Si, where the absorption edge s
by 100 meV between 300 and 77 K, while, for the superl
tices, this shift is much smaller, on the order of 20 meV.

In Fig. 5 we show the results measured at 77 K for tw
superlattices 2213 and 2214, each composed of 5 ML o
and 5 ML of Ge. The superlattice thickness of 254 nm is
same for each. The samples differ in the thickness of
buffer regions: 2213 has a buffer thickness of 50 nm, wh
2214 has a thickness of 1000 nm. The two measured abs
tion curves are quite similar. The spectrum of the 22
sample, with a structure of 4 ML of Si and 4 ML of Ge,
easily distinguished from these two: notably the absorpt
threshold energy is higher. There are two important res
that can be drawn from these experiments:~1! two different
superlattices, having the same 5:5 nanostructure, but gr
under different conditions, are seen to have similar photoc
rent spectra; and~2! two superlattices differing by only two
atomic monolayers per period~5:5! versus~4:4! are easily
distinguished by the photoconductive spectrum near the b
edge. The photoconductivity measurements demonst
three important features of optical absorption by these Si
structures.

~1! The onset of photoconductivity has an energy dep
dence that is related to the period of the superlattice. As
period of the superlattice increases, the energy of the o
decreases. These measurements can be used to distin

t

y
se

FIG. 4. The temperature dependence of the photocurrent sp
is weak when compared to that of bulk Si. The photocurrent spe
of the B1587 sample@a Si-Ge~8:8! superlattice# is compared to Si
at 300, 77, and 4.2 K. The measured shift of the threshold betw
300 and 4 K is 70 meV for Si, butonly 10 meV for the superlattice
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two superlattice structures having the same average com
sition, but having a period length that is different by on
two atomic monolayers.

~2! The temperature dependence of the onset of photo
ductivity in superlattices is much weaker than that of silico

~3! The spectra of the Si-Ge alloy and the Si-Ge~2:2!
superlattices are indistinguishable. This suggests that inte
cial disorder is at least61 atomic monolayers, but less tha
62 atomic monolayers, since the Si-Ge~4:4! superlattice is
easily distinguished from the Si-Ge~5:5! superlattice.

C. Absorption measurements by optical-transmission
spectroscopy

Optical absorption spectra were taken at room temp
ture over the wavelength range 0.5 eV,\v,1.0 eV on
seven samples including both Si-Ge alloys and superlatti
All measurements reported here were taken at 300
Samples were prepared so that differential transmission m
surements could be used to extract the superlattice abs
tion. The sample was chemically etched to expose the s
strate. Measurements of transmission were made first on
superlattice plus substrate combination, and then on
transmission through the substrate alone, immediately a
cent to the first measurement. The method described in
15 was used to minimize the effects of surface roughnes
the determination of the absorption coefficient. Our measu
ments of samplesB2208– 2211 have been described in
earlier publication.16,17 SamplesB1587–B1590 were mea-
sured both in optical transmission and optical absorpt
spectroscopy. The differential transmission between the s
strate alone and the substrate plus superlattice is nonzer

FIG. 5. Two Si-Ge ~5:5! superlattice samples~B2213 and
B2214! are compared with one Si-Ge~4:4! structure (B2212). The
spectra of the~5:5!-ML superlattices converge on one absorpti
threshold energy~0.75 eV!, while the ~4:4! superlattice has a dis
tinctly larger threshold energy of 0.86 eV. This result confirms t
the main characteristics of our photocurrent spectra are reprodu
to the point that we can distinguish superlattice structures that d
by only two atomic monolayers per period.
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the wavelength range 0.7 eV,\v,1.0 eV. For a sample
with an absorption threshold near 0.8 eV, we could anal
data up to about 1.0 eV in photon energy. For energ
higher than this, the onset of absorption from the Si subst
quickly reduces the signal to below the noise level. T
maximum differential transmission of the substrate alo
was measured to be about 2% greater than the superla
plus substrate combination for most samples. Under th
conditions, we were able to measure the differential tra
mission spectrum over about one order of magnitude
transmitted intensity. This is two orders of magnitude le
range than the photocurrent measurements described in
previous section. The experimental data were analyzed u
Beer’s law to determine the absorption coefficient.

Our experimental results are shown in Figs. 6–9, wh
the log of the absorption coefficient is plotted versus the
of ~photon energy minus the band-gap energy!. These data
were taken over a range of photon energy from the infra
(\v50.5 eV) to the onset of absorption by the Si substr
(\v51.0 eV). The band gap was determined from the d
as the lowest energy at which there was no longer a mea
able difference~i.e., ,1 part in 1000! between the optica
transmission through the substrate and the optical trans
sion through the combination of the substrate and supe
tice.

t
le

er

FIG. 6. Log absorption coefficient as a function of log phot
energy for sampleB1587, a Si-Ge~8:8! superlattice sample. Data
were taken at 300 K. Absorption data can be resolved up to 1.0

FIG. 7. Log absorption coefficient as a function of log phot
energy for sampleB1589, a Si-Ge~4:4! superlattice sample. Data
were taken at 300 K. Absorption data can be resolved up to 1.0
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The data of theB1587–B1590 series show a progressio
from shorter wavelength threshold to longer wavelen
threshold as the superlattice period increases. The absor
coefficient at 100 meV above the band gap is generally ab
1000 cm21. The absorption coefficient for Si is abou
50 cm21, while that of GaAs is about 12 000 cm21 under the
same conditions.18,19These optical transmission data confir
that there is measurable optical absorption in the Si-Ge
perlattices and alloys. The value of the exponentx in Eq. ~4!
is equal to the slope of the absorption coefficient plot
versus photon energy on a log-log scale. In these results
dependence of the absorption coefficient on energy can
described by a linear relationship becausex'1.

In Fig. 9, we show the absorption coefficient for samp
B2208 which has a nominal~4:4! composition. In a previous
publication we reported a band gap of 0.71 eV and an
sorption coefficient of 7,000 cm21 at 100 meV above the
band gap.17 The results presented in Fig. 9 for the sam

FIG. 8. Log absorption coefficient as a function of log phot
energy for sampleB1590, a Si-Ge~2:2! superlattice sample. This
sample appears to be quite similar to a Si0.5Ge0.5 alloy. Data were
taken at 300 K. Absorption data can be resolved up to 1.0 eV.
threshold resolved here corresponds to the deep level resolve
the photocurrent spectrum shown in Fig. 14.

FIG. 9. Absorption coefficient vs photon energy for samp
B2208, a Si-Ge~4:4! superlattice structure grown on a thin buff
layer. Data were taken at 300 K. Absorption data can be resolve
to 1.0 eV. The band gap of the sample is 0.8 eV.
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sample were taken from independent measurements in a
ferent laboratory, with particular attention paid to the optic
quality of the sample surfaces. The substrate surface
B2208 was thinned and optically polished in order to redu
diffuse scattering of light incident on the sample. The ana
sis of the absorption experiment gives a larger band gap~0.8
eV! and a smaller absorption coefficient (1000 cm21) than
our previously reported values for the same sample. Th
results illustrate that the quality of the sample surfaces
important even when differential spectroscopy is used
minimize the contribution of the substrate, including its su
face quality, to the absorption spectrum.

Optical-transmission experiments permit the analysis
the behavior of the absorption coefficient between 0.6 a
1.0 eV. Compared to the results obtained in photoconduc
ity, there are four important findings in these experime
~See Table III!.

~1! The determination of the band-gap energy by optic
absorption spectroscopy is only in approximate agreem
with that determined in photoconductivity measuremen
The largest difference is about 20%.

~2! The trend that the band gap decreases with increa
superlattice period is found in both photoconductivity a
absorption measurements.

~3! The absorption coefficient inferred from these me
surements increases linearly with photon energy, in dist
contrast with the behavior of photoconductivity.

~4! The reproducability of these absorption measureme
is not sufficiently good enough to discriminate one super
tice structure from another, unlike our photocurrent measu
ments.

IV. THEORETICAL DETERMINATION
OF THE ABSORPTION COEFFICIENT

The theoretical determination of the absorption coeffici
was achieved using an empirical tight-binding method t
has been adjusted to give excellent agreement for the op
properties of bulk Si and Ge.9,20,21 The basis set usessp3

orbitals, in the three-center representation, with spin-o
coupling included. The method has been tested success
by calculation of the deformation potentials and optical pro
erties of Si-Ge superlattices.9 The absorption coefficient de
pends mainly on the joint density of states which is dedu
directly from the band structure. We have considered o
direct interband transitions to determine the absorption co
ficient. This procedure tends to underestimate the abso
magnitude of the absorption coefficient by ignoring the co
tribution from indirect transitions, which may be substant
in short-period superlattice materials like these. The m
important aspect of the calculation is that the optical prop
ties are integrals over the Brillouin zone, and the integrat
method used in the present calculations is the very succe
linear analytic tetrahedron method.

The calculation of the bandstructure can be used to de
mine the band gap of a series of Si-Ge (n:n) superlattices as
a function of the number of monolayers per period. The
sults of these calculations are shown in Fig. 10 along w
the experimental data taken by photocurrent spectrosc
Both theory and experiment show the same trend, nam
that the band gap of the superlattices decreases as the le

e
in

up
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TABLE III. Results of optical transmission measurements of Si-Ge superlattices and alloys.

Sample
Nominal

composition
Eg @ 300-K

band gap~eV!

a absorption
coefficient @ 100 meV

aboveEg

Dependence of
a on

photon energy

B1587 8:8 0.78 1000 cm21 linear
B1589 4:4 0.80 2500 cm21 (\v)0.7

B2208 4:4 0.80 1000 cm21 linear
B1590 2:2~alloy! 0.82 1200 cm21 linear
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of the supercell period increases. This finding confirms e
lier observations of Menczigaret al.22 and Olajoset al.23 In
Fig. 10, the calculated band gaps correspond to the fi
diamonds. The calculated points are joined by a broken
to guide the eye, and distinguish them from measurem
that are shown as open squares and circles. Theory and
periment are in agreement on the trend of the band gap,
do not agree on the amount of the change. The depend
of the calculated band gap on superlattice period show
40% decrease between the value for the Si-Ge alloy and
Si-Ge ~8:8! superlattice. The measured change in photoc
ductive measurements~open squares! is only about half this
amount. The absorption measurements~open circles! indi-
cate a 5% percent decrease.

Our calculations show that the optical absorption coe
cient for superlattice structures is enhanced over that of
alloy of the same average composition. This result can
understood from the following schematic analysis. The
of the valence band in Si-Ge alloys hasp-type symmetry.
The conduction-band minima along the^100& directions also
havep-type symmetry. Direct optical transitions between t
valence and conduction bands at the band edge are forbi
by symmetry. Superlattice structures of Si and Ge that ha
period of about 1 nm experience a folding that brings
minimum of the conduction band to center, i.e., tok50, of
the Brillouin zone. The folded states are derived from
indirect bandgap states that lie along the axis of the su

FIG. 10. Theoretical determination of the band gap of Si
(n:n) superlattices for different superlattice half-periods (n). The
calculated values are designated by the closed diamonds. The d
line is intended to guide the eye. These calculations are compar
experimental results derived from the photoconductive thresh
Experimental results are indicated by the open squares for ph
conductivity measurements, while the open circles show the res
of absorption measurements. Note the much weaker dependen
absorption measurements on superlattice period compared to e
photoconductivity measurements or theory, which shows the st
gest dependence.
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lattice, and maintain much of their originalp-type character.
In addition they will interact and mix with the direct-band
gap states that lie about 2.5 eV above the valence-band e
The latter states have ans-type character, and wave-functio
mixing will introduce s-type character into the zone-folde
superlattice states, leading to allowed direct optical tran
tions in Si-Ge superlattice structures. The perturbation t
mediates the mixing of the folded states with thes-type con-
duction states comes from the difference in atomic potent
between Si and Ge, and from the fraction of the unit c
occupied by Si and Ge. An additional perturbation is gen
ated by interfacial disorder. Strozieret al. showed that intro-
duction of interfacial disorder into a short-period superlatt
results in an increase in the optical transition rate across
band gap.24 Thus folding of the Brillouin zone introduces
new density of states atk50, while the differences in the
atomic potential caused by chemistry~Ge versus Si! specify
the magnitude of the optical matrix element.

The calculations presented here take into account only
absorption due to direct transitions across the gap. Meas
ments, on the other hand, include contributions from dir
transitions, and also from indirect transitions between n
folded states. It is therefore expected that experimental m
surements of absorption coefficient will exceed the theor
cal calculated values. The imaginary part of the dielec
function is calculated by the relation

«2~v!5
4p2e2

m2v2 (
c,v

E 2

~2p!3 z^k,cuP–auk1v& z2

3d@Ecv~k!2\v#d3k, ~5!

where uk,c& and uk,v& stand for the wave functions of th
conduction and the valence bands, respectively, andEcv(k)
for the energy difference between the conduction (c) and
valence (v) bands.P is the momentum operator anda the
polarization unit vector. The absorption coefficienta~v! is
then obtained by the relation

a~v!5
«2~v!v

cn~v!
, ~6!

with n(v) the refraction index andc the speed of light. In
addition to ideal superlattices, calculations were also d
for superlattices with an intermixing of the atoms at the
terface. In the present calculation, the interface intermix
was modeled with the first atomic layer at each site of
interface containing 50% Ge atoms and 50% Si atoms, w
the second containing 75% atoms of the host material
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25% atoms of the second material. The atoms at the inter
were randomly placed, and the calculations were done wi
supercell.21

In Fig. 11 we show two aspects of the dependence of
absorption coefficient on superlattice structure. In Fig. 11~a!
we compare the calculated absorption coefficient for id
Si-Ge ~5:5! and Si-Ge~6:6! superlattice structures. The fig
ure shows, in a log-log plot, the absorption coefficient ver
the photon energy above the band gapEg . The two curves
are similar, showing a near-linear dependence of the abs
tion coefficient on the photon energy. The strength of
absorption coefficient for the Si-Ge~5:5! structure exceeds
that of the~6:6! structure by a factor of 2 over the range
the calculation. This difference is a result of the differe
zone folding produced by the superlattice symmetry. T
~5:5! superlattice results in the maximum density of states
the zone center due to the fact that the minimum in the c
duction band of the unfolded Si-Ge alloy occurs atk
50.8kzb , wherekzb defines the Brillouin-zone boundary. A
five-times folding of the Brillouin zone brings this minimum
to k50. Note that the absorption coefficient reaches a le
of about 100 cm21 at 100 meV above the band gap. Wh
compared with the experimental values, the strength of

FIG. 11. Theoretical determination of the absorption coeffici
on energy for several Si-Ge (n:n) superlattice structures.~a! The
absorption coefficient of a Si-Ge~5:5! superlattice~solid line! is
two times larger than that for a~6:6! superlattice. This difference
can be related to the density of states at the center of the Brillo
zone.~b! The absorption coefficient for a Si-Ge~5:5! superlattice
with atomically perfect interfaces is compared to that for the sa
structure with atomically rough interfaces. This disorder chan
the functional dependence of the absorption coefficient from a
ear to a quadratic dependence on photon energy.
ce
a

e

l

s

rp-
e

t
e
t
-

el

e

absorption coefficient remains at about one order of mag
tude less than the measured values. The absorption co
cient rises linearly with photon energy as observed in tra
mission measurements, but not as seen in photoconduct
spectra.

Interfacial disorder affects the absorption near the ba
edge. Figure 11~b! shows, for comparison, the absorptio
coefficient of the ideal~5:5! superlattice, as well as that o
superlattice 5:5 with disordered interfaces. The strength
absorption for the disordered superlattice is lower near
band edge and the absorption coefficient departs from
linear behavior calculated for perfect superlattice structu
The absorption coefficient increases with nearly the squar
the photon energy. These modifications are mainly cause
the modification of the density of states, and the net effec
to broaden the energy width of the absorption edge, and
crease the exponentx in Eq. ~4!.

V. ANALYSIS OF PHOTOCURRENT DATA

The photocurrent spectra, in contrast to results obtai
by transmission spectroscopy, show a clear nonlinear de
dence on photon energy. To characterize this dependence
fit an expression of the form of Eq.~4! to the data to deter-
mine both the band gap and the exponent. This proced
was evaluated first by analyzing the photocurrent spectr
These results are shown in Fig. 12 for measurements take
4 K. The inset shows the result of a least-squares fit to all
data above 1.2 eV:Eg51.19 eV andx51.7. The value for
the band-gap energy is in excellent agreement with the
cepted value for Si at 4 K. The exponentx51.7 is deter-
mined from this procedure. In the principal part of Fig. 1
we have included an additional term to fit the tail in th
photocurrent spectrum beyond 1.2 eV. This analysis does
change the values for the band gap, but identifies an a

t

in

e
s
-

FIG. 12. Analysis of the photocurrent spectrum for Si. An e
pression of the form:A(E2Eg)x is fit to the data. A two-term fit
yields both the band gapEg51.19 eV and the optical-phonon en
ergy of 0.58 eV for Si.
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tional transition at 0.058 eV below the band edge. The
ergy is equal to the optical-phonon energy in Si.

We have fit all of the measured spectra to a single cu
of the form of Eq.~4!. To use this approach we are makin
the assumption that the optical absorption can be modele
a transition between a single level in the valence band
single level in the conduction band as is the case in eleme
Si. The result of this fitting gives a band-gap energy and
exponent of the dependence of the photocurrent on ph
energy. These results can be compared to similar anal
published in earlier experimental and theoretical work.

Photocurrent spectra

Raw photocurrent data were first corrected for the mo
chromator throughput and for the noise floor at lower en
gies. The data can then be analyzed over about three dec
of photoresponse. At 4 K, this corresponds to an ene
range of 0.7 eV,E,1.2 eV. Using a single-threshold mod
for absorption based on Eq.~4!, we found that the best agree
ment is obtained when the exponentx'4. At the present
time there is not an explicit theoretical model that justifi

FIG. 13. Single-threshold fit to 1587. The band gap is de
mined to be 0.69 eV with an exponentx54.
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the use ofx54. However, we can demonstrate theoretica
that the presence of defects and disorder, for example,
increase the exponent that characterizes absorption nea
band gap. In Fig. 13, we show the result of such a fitting
sampleB1587, a Si-Ge~8:8! superlattice. Through this fit-
ting procedure, we can extract the threshold energy for
photocurrent of 0.69 eV. A similar analysis has been p
formed for all samples studied in this work.

Our measurements are summarized in Table IV alo
with the results of Olajoset al.,23 who examined some of the
same samples, as well as our theoretical calculations of th
superlattices. It can be seen that the band gap decre
monotonically as the superlattice period increases in b
experiment and theory. The average compositions for all
perlattices and alloys are the same: 50% Si and 50% Ge
the cases, where our measurements can be compared di
to those of Ref. 23, there is agreement within 10 meV for
value of the band gap. In two cases we can also compare
band gaps of samples having the same nominal structure
grown at different times under different conditions. In th
case of samplesB2213 andB2214, the absorption spectra b
photocurrent are nearly indistinguishable, and yield the sa
value for the bandgap within 10 meV. SamplesB2212 and
B1589 have a nominal 4:4 structure. In this case the val
of the band gap differ by about 70 meV, which is well ou
side the margin of error for the measurements. Strain in
superlattice will also change the band gap. The presenc
an increase in the Ge layer thickness from the nominal th
ness of 4 means that the strain will no longer be symme
cally divided between the Si and Ge layers. Zachaiet al.
showed that strain resulting from excess Ge layers in th
short-period Si-Ge superlattices will reduce the band ga25

The difference in the band gap between these two sam
may be due to such an effect.

In the case of sampleB1590, there is an apparent diffe
ence between the band gap measured by optical transmis
and that measured in photoconductivity. The photocond
tivity spectrum for sampleB1590 is shown in Fig. 3, and is
seen to be identical to that for the Si-Ge alloy, sam
B1585. Analysis of this sample shows clearly two comp
nents to the spectrum: one at 0.97 eV that we identify w
the band gap, and a deep level at 0.79 eV, as shown in
14. The optical-transmission spectrum can be taken up o
to 1.0 eV, and therefore does not permit resolution of
higher-energy feature seen in photoconductivity. Analysis

-

lattices
TABLE IV. Summary of single-threshold band-gap calculations and measurements on Si-Ge super
and alloys.

Sample No. Composition

4-K band gap~eV! from
Band gap~eV! from

Ref. 24Theory photocurrent Absorption

B1585 Si0.5Ge0.5 0.93 0.97
B1590 Si-Ge~2:2! 0.90 0.97 0.82
B1589 Si-Ge~4:4! 0.82 0.79 0.80
B2212 Si-Ge~4:4! 0.82 0.86 0.85
B2213 Si-Ge~5:5! 0.78 0.75
B2214 Si-Ge~5:5! 0.78 0.76 0.76
B1587 Si-Ge~8:8! 0.58 0.69 0.78
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the transmission data therefore gives only the characteri
of the deep-level absorption in sampleB1590.

VI. DISCUSSION AND CONCLUSIONS

In this paper we report on a study of the dependence
optical properties of Si-Ge (n:n) superlattices on superlattic
nanostructure. The samples were grown on~001! Si as sym-
metrically strained superlattices on partially strain-reliev
buffer layers. All structures could be synthesized with
thickness of at least 200 nm, so that the measured op
properties are representative of fully three-dimensional m
roscopic Si-Ge synthetic crystals. This study coordinates
terials growth, analysis by TEM and optical spectroscopy
principal objective of this study is the comparison of t
experimental and theoretical determination of the dep
dence of optical absorption on incident photon energy.

Optical absorption was measured by photoconductiv
and by direct optical transmission. The dependence of
photoconductivity signal in the superlattices on photon
ergy can be expressed asI (\v)5I 0(\v2Eg)4 over three
orders of magnitude of photocurrent for 0.6 eV,\v,1.2
eV. The threshold energy for photoconductivity can be u
to distinguish superlattices of the same average compos
by their period. In these experiments we could easily dis
guish the photoconductivity spectrum of a Si-Ge~4:4! super-
lattice from that of a Si-Ge~5:5! structure. These two supe
lattices differ by only two atomic monolayers per perio
This result implies that interfacial roughness is less t
62 ML. The superlattice with the shortest period measu
in these experiments was a Si-Ge~2:2! structure. The optical-
absorption spectrum of this sample was seen to be indis
guishable from that for a Si0.5Ge0.5 alloy, implying that the
level of interfacial roughness and disorder is on the orde
at least61 atomic monolayer.

FIG. 14. Analysis of the photocurrent spectrum of sam
B1590. This sample has a nominal~2:2! structure, but due to inter
facial roughness of61 ML is indistinguishable from a Si-Ge alloy
The data mandate a two-term fit which yields the band gap of 0
eV and a deep level at 0.79 eV.
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Differential optical transmission spectra were taken at 3
K in the energy range between 0.6 and 1.0 eV. The abs
tion coefficient was deduced by comparison of the transm
sion through the combination of the substrate and supe
tice to transmission through the substrate alone. The res
of these measurements give threshold energies for ph
absorption that are in approximate agreement with val
obtained in photoconductivity experiments. However, the
sorption has a linear dependence on photon energy, and
behavior is quite distinct from that measured in photoco
ductivity. These optical transmission data can be used to
duce the optical-absorption coefficient. Our results show t
the optical absorption coefficient is on the order
1,000– 2000 cm21 at 100 meV above the threshold ener
for absorption.

The differential transmission technique should elimina
the influence of the substrate optical properties on
optical-absorption coefficient. We tested this by measu
ments of transmission on different samples of the same w
having a different surface finish on the substrate side. W
these measurements show general agreement, the flu
tions in the energy threshold for absorption are significa
We measured the dependence of the band gap on the s
lattice period length using transmission data. This dep
dence is not as strong as that measured in photoconducti
and the fluctuations make this method less reliable than p
toconductivity for a determination of the band gap.

Direct calculation of the optical-absorption properties ta
ing into account strain and disorder was achieved using
empirical tight-binding calculation of the band structure
the specific superlattices used in our measurements. From
band-structure calculation, we determined the band gap
the superlattice, the dependence of the band gap on ph
energy, the dependence of the absorption coefficient on p
ton energy, and the effect of superlattice disorder on t
variation of absorption coefficient with energy. The value
the band gap calculated by theory is in general agreem
with measurement, but the functional dependence of
band gap on superlattice period determined by our calc
tions is stronger than the dependence observed in the m
surement, assuming that the threshold for photon absorp
is the band-gap energy.

Our calculations for structurally perfect superlattic
show the linear dependence of the absorption coefficien
photon energy, similar to that observed in transmission
periments. However, the effect of an interfacial roughness
2 ML is to reduce the strength of the absorption coefficie
and broaden the dependence on photon energy to a quad
dependence. Although we are confident that the sam
have an interfacial disorder of at least 2-ML thickness,
have not seen in the transmission experiments the de
dence of absorption coefficient on photon energy that is
pected for disordered samples.

In experimental results, we have measured a depend
of band-gap energy on superlattice structure, with the a
structure having the largest band gap, in agreement w
theory. The dependence of the band gap on the superla
structure is a clear indication that the superlattice symme
folds the Brillouin zone, and that this folding is sensed
conduction-band electrons. The dependence of the opt
absorption coefficient on the photon energy is a way to

7
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termine whether the character of the optical transition n
the band gap is direct or indirect. Our experiments show t
the characters of the optical transitions for all superlatt
structures are similar to each other, and similar to that for
Si-Ge alloy. Since we have shown that folding of the Br
louin zone has occurred, there is a direct transition atk50 in
the superlattice structures. However, the energy of this tr
sition must be close to that of the indirect-band-gap ener
Our theoretical calculations show that this energy differen
is less than 100 meV atk50. Therefore, it is likely that the
optical character of the bandgap is determined by both di
and indirect transitions.25,26

The calculation of the absorption coefficient is based o
on the contribution of direct transitions to the absorptio
The measurements, of course, show the effects of absorp
by direct transitions, indirect transitions, impurity levels, a
defects. It is not surprising that the magnitude of experim
tally measured absorption is larger than the calculated re
Our superlattice samples have a concentration of str
related defects on the order of 1010 cm22. These defects will
affect absorption differently from photoconductivity. Exper
mental optical-absorption spectra are a combination of int
sic band-to-band absorption and extrinsic defect-related
fects. Photoconductivity spectroscopy is an indire
measurement because the signal also depends on the s
quent diffusion of electron-hole pairs to the contacts. Th
photoconductivity, unlike absorption, may not be sensitive
photons absorbed by localized states near the band e
Added to this is the presence of an electric field to collect
carriers. This field will enhance the infrared response
field-assisted tunneling~Franz-Keldysh effect!. Photocon-
ductivity gives a direct measure of the carriers created
absorption against a very small background, and the dyna
range is about 3–4 orders of magnitude. However, the p
toconductivity measurement can give only the relative abs
bance at different photon energies. Our work so far dem
strates that optical transmission spectroscopy a
photocurrent spectroscopy measurements are not equiva
Similar differences were noted by Schrottkeet al. in their
study of GaAs/AlxGa12xAs superlattices.27 Finally, these
considerations lead us to conclude that the optical transm
sion data are not sufficiently accurate to be compared qu
titatively with calculated absorption spectra.

The presence of optically active direct-band-gap sta
near the band edge is the result of two causes. One is
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folding of indirect states to the zone center with appro
mately the same energy, and the second is the increase i
optical measurement due to mixing of the folded states w
other states atk50. The essential feature of a zone-folde
state is that its energy is not very different from that of t
unfolded state. Thus this one-dimensional folding techniq
cannot be used to produce a direct-band-gap semicondu
whose direct transition energy is well separated and lowe
energy from competing indirect transitions. A related effe
deals with the superlattice structure itself.

Certain superlattice structures, for example those wh
period consists of ten atomic monolayers, have been sho
to favor a direct-band-gap band structure in theoretical c
culations. In our work we have demonstrated by measu
ment that the superlattice period shows local fluctuations
the order of61 atomic monolayer. We have, in addition
successfully distinguished two superlattices whose peri
differ by only two atomic monolayers. However, we hav
not measured corresponding differences in the strength
behavior of absorption that might distinguish a direct fro
an indirect band-gap material. At this time the fluctuations
structure, while quite small, are still too large to permit th
definition in experiment of the perfect superlattice structu
that would possess the well-defined direct band gap tha
predicted by theory.

The use of superlattice band folding as a technique
elicit direct-band-gap behavior from group-IV semicondu
tors was studied recently by Johnson and Ashcroft.28 They
examined and compared the one-dimensional superlattice
dering that we have studied in Si-Ge to three-dimensio
ordering. They conclude that one-dimensional superlatti
do not provide the means to create direct-band-gap supe
tices whose band-gap energy is sufficiently lower than tha
the indirect states to create a bona fide direct-band-gap
terial. The basis of this argument is quite analogous to t
used by Yablonovitch to create three-dimensional photo
bandgap structures.29 Their conclusion that three-
dimensional ordering of group-IV can create such bona fi
direct-gap materials remains an important challenge to
perimental superlattice physics.
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