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Spectroscopy of band-to-band optical transitions in Si-Ge alloys and superlattices
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We report the results of an extensive study of band-to-band optical transitions in Si-@p guperlattices
and alloys wher@~m. Our samples were grown by molecular-beam epitaxy0y) 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 A. 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 superlattie¢sw) =Aq(f o — Eg)*, wherex=1, with the
exponent increasing above 1 in the presence of disorder such as from atomic steps, interface roughness, and
similar defects[S0163-182808)06715-(

I. INTRODUCTION over that of the optical matrix element for the lowest indirect
transition. These calculations also show that the optical ma-
Si-Ge semiconductors are being used to create highrix element ak=0 remains at least one order of magnitude
performance bipolar transistors and integrated circtfits, less than that observed in a direct-gap semiconductor such as
highly integrated focal-plane array infrared detecfomsyd ~ GaAs!
infrared light-emitting diode$.This progress demonstrates  In principle, the direct or indirect character of the funda-
considerable promise for Si-based high-speed, low-powelental band gap can be determined from the measurement of
electronic, and optoelectronic devicesThe development of the optlcal-ab_sorptlon coefficient versus photon energy. This
efficient, high-speed electroluminescent diodes is based diePendence is expressed
the discovery that short-peridqd <20 interatomic distances 4m2he
Si-Ge superlattices have a quasidirect band gap formed by a(hw)= v
folding the band structure by the superlattice period poten-
tial. Numerous theoretical band-structure calculations ofvhere W(E) is the transition probability andV/{E) is the
these Si-Ge superlattice structures have established that ngmint density of state8.n a direct-gap material, each state in
band-edge states are formedkat 0, and that the optical the valence band is connected with one state in the conduc-
matrix element between the top of the valence band antion band becaude; —k; =0, leading to simple integration of
these new states is enhanced by several orders of magnitulig. (1). In the case of an indirect gap materikt, is con-
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TABLE I. A summary of sample structures used in this work. All samples have been prepared to have the
same average composition: 50% Si and 50% Ge. In most cases the buffer thickness is less than 10% of the
superlattice thickness.

Sample Type Superlattice Buffer Cap Substrate
comp thick.(nm) comp. thick.(nm) comp. thick.(nm) doping
B1585 Alloy SpGes 200 Sh.os 20 Si 10 pt 104
B1590 2:2 202 Sizs 20 Si 10 pt 10t
B1589 4:4 200 Sizs 20 Si 10 pt 10t
B1587 8:8 202 Sizs 20 Si 10 pt 10t
Bulk Si — — — — — — —
B2208 4:4 196 Sios 20 Si 1 p-<10*
B2209 5:5 207 Sizs 20 Si 1 p-<10*
B2210 6:6 244 Sizs 20 Si 1 p-<10*
B2211 Alloy SpGes 193 Sh.os 20 Si 1 p- <10
B2212 4:4 212 Sios 50 Shs 100 p* 10
B2213 5:5 254 Sios 50 Shs 100 p* 10'°
B2214 5:5 254 Sios 1000 Sh s 100 p* 10'°
B2215 6:6 287 Sios 50 Shs 100 p* 10'°
nected by the phonon momentukp to a multiplicity of ini- absorption coefficient can be derived from the density of

tial states leading to a different dependence of the optica$tates. As a result, the functional form of the absorption co-
absorption coefficient on energy when E) is integrated.  efficient can be expressed
Most semiconductors have a near-gap band structure that «

can be approximated by a simple parabdfie k relation- a(fiw)=C(ho—Ey)", )

ship. For the purposes of optical absorption, this approximawherex is to be determined. In our study we have charac-

tion can be used also to describe valence band because thgized optical absorption in Si-Ge alloys and superlattices

heavy-hole band has a much larger density of states than thfy both photocurrent spectroscopy and by optical transmis-

light-hole band, and so it dominates the absorption processjon spectroscopy. These results are compared to the theoret-

In this case, Eq(1) can be evaluated explicitly for both jcal determination of the density of states and the optical-

direct transition absorption and indirect transition absorptionabsorption coefficient and their dependence on photon
energy. Here we present the results of these measurements

Direct band gap: a(ﬁw)=A(ﬁw—Eg)1’2, (2)  and calculations.

Indirect band gap: a(fiw)=B(hiw—Eg?%  (3) Il. SAMPLE PREPARATION AND ANALYSIS
Equation(2) can be applied to the study of GaAs or InP, A. Sample structure and composition
while Eq.(3) applies to Si and Si-Ge random alloy materials.  All samples used in this work were grown by solid-source
However, neither equation can be applied to Si-Ge shortmolecular-beam epitaxyMBE) on Si{001) substrates. A
period superlattices. The near-edge band structure of the conritical feature of the sample structure is the incorporation of
duction band does not satisfy the basic simplifying assumpa partially strain-relaxed (3G, ;5 alloy buffer layer. The
tions leading to Eq(2) and (3) because there are several thickness of the Ge-rich buffer is designed so that the relief
nearly degenerate and nonparabolic branches of the conduef the strain imposed by the Si substrate leads to a partially
tion band near the band edy& strained, and thus partially relaxed layer with an effective
The near-edge valence-band structure of a Si-Ge shortattice parameter equal to that of an unstrainegGe, 5 al-
period superlattice still resembles that of Si or GaAs. Thidoy. This buffer is used as a “virtual substrate” for the
similarity persists because there are no additional zone-edgricleation and epitaxy of Si-Gea(n) superlattices. In these
states with energy near the top of the valence band. Whilsuperlattices, the Si layers are strained in extension in the
the superlattice potential will cause a zone folding of theplane of the superlattice, while the Ge layers are strained in
band structure to occur, the new states lie at energies afompression(see Table)l This alternation of compression
several hundred meV below the top of the valence bandand strain leads to a symmetrically strained superlatfice.
Hence they do not play a role in our experiments. HoweverThe critical layer thickness for this superlattice structure
the same situation does not hold for the conduction bands much larger than the superlattice thicknes&g800 A<
Here the effect of zone folding is to produce several nearlyt<<15 000 A grown for these experiments. We are using this
degenerate states at the band edge.Bhé relationship for  technigue of epitaxy that produces a superlattice with sym-
these states is not parabolic over an energy range comparabteetric strain to produce continuous strained-layer superlat-
to a phonon energy, and hence there is no longer a simplices with an extended well-defined layering of Si and Ge
expression for the dependence of the density of states dayers only a few atoms in thickness. The total superlattice
energy. However, EqJ) is still valid. That is, the optical- thickness is large enough to enable measurements of electri-
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Substrate | Buffer Buffer | Superlattice| Cap Cap
Si Si SiosGeoss|  SiGe, Si Si
p+:10"° [undoped| n-: n-107 |n:10"7|n+:10%

20nm | 20nm 200 nm 1nm | 9nm

FIG. 1. Schematic structure of the buffer and epitaxial layers in
our samples. Layer thicknesses and dopings vary from one samp
to another, but the thickness of the Si-Ge alloy buffer layer is al-
ways much less than that of the superlattice layer.

cal and optical properties characteristic of synthetic crystals
based on the unit cell symmetry that is imposed during crys
tal growth. For the serieB1585-B1590, the growth tem-
perature of the silicon substrate was maintained at 450 °(
during the growth of the buffer and the superlattice. A Sb
surfactant was employed in order to suppress Ge segregatic
which tends to perturb the superlattice periodicity. During
growth of theB2212-2214 series, the temperature of the
silicon substrate during growth was fixed at 450 °C for the
buffer layers and at 320 °C for the superlattice. The super
lattice in these samples is doppetype using B coevapora-
tion. The Sb surfactant in these films is employed only dur-
ing the final 10% of the superlattice layer thickness. This FIG. 2. A selected-area diffraction pattern taken from sample
lower growth temperature would preserve the superlattic®2215 in a[110] zone axis. Several order of superlattice reflections
periodicity at the cost of a possibly elevated level of vacan-are easily seen. This is direct proof of that folding of the Brillouin
cies or interstitial defects in these samples. zone has occurred.
The sample structure for tH81585-B1590 series of su-
perlattices used for photoconductivity experiments is showT his diffraction from the superlattice is direct proof that elec-
in Fig. 1. Note that the total thickness of the alloy buffer tron behavior is affected by the superlattice periodicity. In
layer is much less than that of the superlattice. This relationareas of high threading dislocation density, the periodic
ship assures that the superlattice dominates the optical abtacking of Si and Ge is locally perturbed, as revealed by the
sorption. An exception i82214, where the buffer thickness lateral layer undulations. We found that the amplitude of
is much larger than the superlattice thickness. such undulations generally decreases toward the cap layer.
Our earlier high-resolution TEM investigations showed that
] o ) layer undulations are connected with changes in the lattice-
B. Structural analysis by trans.mlsspn electron microscopy site occupation from Si to Ge along individudiog planes.
and x-ray diffraction These changes can be attributed to steps at the Si-Ge inter-
Analytical and high-resolution transmission electron mi-faces with step heights of one or a few atomic layérs,
croscopy(TEM) of [110] cross-section samples were used Quantitative analyses of the strain, composition, and
for a comprehensive structural characterization of shortstructure were made using selected area diffraction. The av-
period Si-Ge (n:n) superlattices grown by low-temperature erage lattice parameters both in plarg) (and in the direc-
MBE on different Si-Ge alloy buffers deposited on@l1)  tion of the superlattice g ) the lattice strain(e) and the
substrates. Detailed information about superlattice periodiccomposition of the buffer and superlattice have been quanti-
ity, interface sharpness, strain distribution, and average confied. Moreover, the superlattice period and number of mono-
position were obtained. Local average compositions of thdéayers per Si or Ge atom for the superlattice were deter-
superlattices were determined by energy-dispersive x-ragnined. In Table Il we show a series of results for samples
spectroscopy. The microstructural investigations were perB2212-B2215. It can be seen that the superlattice structures
formed at an electron energy of 400 keWJEOL are somewhat richer in Ge by comparison with the nominal
4000EX/FX. Electron transparent samples were prepared bgtructure. Thus, the sampB2212 was found to have a struc-
mechanical polishing and subsequent Ar-ion milling on ature that is closer to Si-G@:5) than the Si-G&4:4) nominal
liquid-nitrogen-cooled-stage. structure. This tendency is uniformly seen in all samples, so
The results of this examination were used to measure thee will refer to samples by their nominal structure for clar-
periodicity and thickness, and to evaluate the interfacialty.
roughness of the superlattices used in the optical study. Examination of the data in Table Il shows that the par-
High-resolution lattice images of these structures reveal thdtally relaxed buffer layer is a template which has the lattice
the interfaces between the individual Si and Ge layers arparameter of an unstrained,g&e, 5 alloy. SampleB1585
coherent, indicating pseudomorphic growthFigure 2 and B2211, which are $isGe,s alloys, are grown nearly
shows superlattice reflections visible up to the second ordestrain free on this substrate. We can therefore directly com-
in a[110] diffraction pattern taken from the sam@®2215. pare the optical-absorption properties of these samples to the

Zﬁ@@i
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TABLE II. ah’ andaf are the lattice parameters parallel and perpendicular to the plane of epitaxy. Note that the lattice parameter in the
plane of the substrate is close to that of an unstrainggS$} s alloy (ag=0.555 nm). The measured lattice parameter of the superlattices
perpendicular to the substrate is also quite close to 0.554 nm, demonstrating that the average strain over one superlattice period is quite small.
Straing (%)= 100(a,— ag)/aq (ag is the bulk lattice parameterA St is the superlattice periog.is the average atomic concentration of Ge.

y%,s is the Ge concentration measured by electron microprobe energy dispersive spectroscopy.

Siy—,Geg, buffer Superlattice: Si-Geng:n)

a a® &f ASt att e
Sample nm nm % Yoae nm nm (%) m+n m n e YEbs
B2212 0.558 0.561 —0.26 0.71 1.24 0.553 0.52 9.0 4.3 4.7 0.52 0.53
B2213 0.556 0.561 —0.36 0.66 151 0.553 0.30 10.9 5.4 55 0.50 0.51
B2214 0.555 0.556 0.0 0.52 1.50 0.554 0.10 10.8 51 5.7 0.53 0.52
B2215 0.557 0.561 —0.45 0.70 1.81 0.554 0.28 13.1 6.3 6.8 0.52 0.50
results of Ref. 14 on unstrained, bulk Si-Ge alloys. The su- D. Sample preparation for photoconductivity
perlattice sampleB2212-B2215 are grown on this substrate measurements

with an average strain that is quite modest(0.6%) com- All samples were cleaned using trichloroethane, acetone,
pared to the strain between adjacent Si and Ge layers (3ng methanol. The native surface oxide was removed using a
>4%). This reduced level of_ strain permits the grovvth_ _of mild buffered oxide etch (81HF::NHsF). Samples were
layers up to several microns in thickness before the criticalep |0aded into an evaporation chamber where four Zmm
thickness Iimit_is rez_achgd. The strain between adjacent Si|;minum pads 5000 A in thickness were deposited by ther-
and Ge layers is maintained at close to 4% regardless of the, evaporation through a shadow mask. After annealing the
superlattice structure. contacts at 425 °C, we observed that Al forms a shallow pn
junction in moderately doped-type samples. All samples

C. Structural analysis by transmission electron microscopy—  \ere characterized for both Ohmic behavior and series resis-
specific samples tance by means of four-point current-voltage measurements
Samples with thin buffers (B2212 and B2213) at room temperature and at 4.2 K. We found that we could

obtain repeatable Ohmic contacts only if Al contacts were

The interfaces between the SiGe alloy buffer and Si subpo annealed after the evaporation. The Ohmic nature of the

strate are found to be of good_ planarity, while interfaces,gntacts is due mainly to the highly doped Si cap-layer.
between the buffer and superlattice are undulated. Only close Samples used for optical absorption or transmission stud-

to the buffer are such undulations correlated with the roughjag were not contacted. Instead, a section of the sample was

ness of the buffer-superlattice interface. Values for the aver:ooved by wet chemical etching using 6% HF-HN®y

age lattice parameters, the lattice strain, and the averaggy me at room temperature. The etch depth was measured
composition of the buffer were determined from selected,ging 5 stylus profilometer. This preparation made it possible

area electron diffraction and are summarized in Table II. Ity oasure the transmission through the Si substrate, and
can be concluded from these data that partial strain relaxs,psequently the transmission through the same substrate

ation of the buffer layers has occurrgd for all ;amples. TEMand the epitaxial superlattice layer combination in order to
contrast analyses show that the strain relaxation of the Si-Ggytract the absorption coefficient.

buffer layers occurs by formation of a network of misfit dis-

Ioc_ations, by planar de_fects,_frequgntly in the f(_)rm of micro- lIl. OPTICAL SPECTROSCOPY

twins, and by threading dislocations emerging from the _ _ _
substrate-buffer interface. The planar defects were identified A. General considerations for absorption

by high-resolution lattice imaging as isolated stacking faults and photocurrent measurements

or as groups of stacking faults 411 lattice planes. In these experiments we sought to compare the optical-

absorption response of a series of superlattices all having the
same average composition of 50% Si and 50% Ge by atomic
For growth on a 1000-nm-thick buffdsampleB2214), percent. In addition, we have also examined the behavior of
considerable differences compared to growth on thin buffersome Sj:Ge,s alloys grown under similar conditions to
(for example, samplB2213 are observed concerning defect those used to produce the superlattices. We measured the
densities and morphology of the superlattices. The thickeoptical response of these samples using both photocurrent
buffer layer reduces the average values for threading dislospectroscopy and optical transmission spectroscopy.
cation densities in the superlattice region by about one order Photocurrent spectroscopy has the principal advantage
of magnitude, and the density of planar defects by more thathat the photocurrent which results from absorption of pho-
four orders of magnitude. We found the buffer of this struc-tons is resolved against a rather small background. Further-
ture to be strain relaxed, that i5,=a, . A feature only ob- more, the signal increases as the strength of the absorption
served in this sample is a high density of small inclusionsncreases. However, this method cannot be used to determine
within the superlattice region that lead to localized latticethe absolute value of the absorption coefficient unless the
distortion. We have not yet been able to identify the natureabsolute quantum efficiency, taking into account reflections,
of these inclusions. can be determined. In optical transmission measurements,

The Si-Ge (5:5) superlattice on a thick buffer (B2214)
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FIG. 3. Photocurrent spectra takendaK for the B15xx series
of samples. In this figure it can be seen that B587 samplda
Si-Ge (8:8) superlatticé has the longest wavelength photocurrent

threshold, while the GiGe, 5 alloy (B1585) has the shortest wave- ‘

length threshold. Note that the photocurrent spectrum for the alloy 102 N PR S SR N BT

has a distinct two-component nature that is easily resolved in these 080 090 1.00 1.10 ~ 1.20
P y PHOTON ENERGY (eV)

data.

FIG. 4. The temperature dependence of the photocurrent spectra
the signal is extracted from a larger background of unabis weak when compared to that of bulk Si. The photocurrent spectra
sorbed light. In the region of high absorption, it is difficult to of the B1587 samplda Si-Ge(8:8) superlatticg is compared to Si
measure either transmission or reflection accurately. Whilat 300, 77, and 4.2 K. The measured shift of the threshold between
the range of the absorption measurement is more narrow tha&890 and 4 K is 70 meV for Si, buinly 10 meV for the superlattice.
for the photocurrent measurement, it is possible to determine

an absolute magnitude for the absorption coefficient. strained alloy. The lower-energy term at 0.8 eV is therefore

absorption either from an impurity or a defect level in the
B. Photocurrent spectroscopy alloy material. Similar two-component behavior is not so
Photocurrent spectra were recorded using phase-sensitiegearly resolved in the photocurrent spectra of the 4:4 and
detection and a low-noise preamplifier in close proximity t08:8 superlattices.
the cryostat. Particular attention as paid to improving the The temperature dependence of the photocurrent spectra
signal-to-noise ratio by minimizing the length of the wiring of superlattices is much weaker than that measured in bulk Si
and by careful electrical shielding. Si and GaAs filters wereas shown in Fig. 4. Here we measure a significant difference
used to eliminate second-order transmission. The absoluteetween the behavior of Si, where the absorption edge shifts
optical throughput of the system was calibrated using arby 100 meV between 300 and 77 K, while, for the superlat-
ILX-6810B photometer. Photocurrent spectra were taken afices, this shift is much smaller, on the order of 20 meV.
300, 77, ad 4 K with the sample mounted on a copper cold In Fig. 5 we show the results measured at 77 K for two
finger. superlattices 2213 and 2214, each composed of 5 ML of Si
We had the option to measure the photocurrent perperand 5 ML of Ge. The superlattice thickness of 254 nm is the
dicular to the superlattice growth plane or the photocurrensame for each. The samples differ in the thickness of the
parallel to the superlattice layers. We chose this latter conbuffer regions: 2213 has a buffer thickness of 50 nm, while
figuration in order to reduce the effect of unwanted signal2214 has a thickness of 1000 nm. The two measured absorp-
from the substrate. The photocurrent signal increases byon curves are quite similar. The spectrum of the 2212
three orders of magnitude between the band-gap energy asdmple, with a structure of 4 ML of Si and 4 ML of Ge, is
the onset of absorption by the Si substrate. The thresholdasily distinguished from these two: notably the absorption
energy is determined during the fitting of Hd) to the mea- threshold energy is higher. There are two important results
surement. Data for the 1500 series are shown in Fig. 3. Herghat can be drawn from these experimerifs:two different
it is easily seen that sample 1587, composed of 8 ML of Skuperlattices, having the same 5:5 nanostructure, but grown
and 8 ML of Ge, has the lowest apparent band gap. Samplender different conditions, are seen to have similar photocur-
1589, with a Si-Gg4:4) structure has the next lowest band rent spectra; an?) two superlattices differing by only two
gap, while sampl®1590, the(2:2) superlattice, and31585, atomic monolayers per perioh:5) versus(4:4) are easily
the SpsGe s alloy, appear to be indistinguishable. Thus distinguished by the photoconductive spectrum near the band
these photoconductivity spectra can be used to distinguisadge. The photoconductivity measurements demonstrate
superlattices from the each other, even though the averadbree important features of optical absorption by these Si-Ge
composition is the same. Closer examination of the curves istructures.
Fig. 3 reveals a two-threshold behavior to the photocurrent (1) The onset of photoconductivity has an energy depen-
that is most easily seen for sam@d 585, the Si-Ge alloy. dence that is related to the period of the superlattice. As the
The stronger of the two components has a threshold of 0.98eriod of the superlattice increases, the energy of the onset
eV. This corresponds to the band-gap energy of the undecreases. These measurements can be used to distinguish
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PHOTON ENERGY (eV) with an absorption threshold near 0.8 eV, we could analyze
data up to about 1.0 eV in photon energy. For energies
FIG. 5. Two Si-Ge(5:5 superlattice sample$B2213 and  higher than this, the onset of absorption from the Si substrate
B2214 are compared with one Si-Gé:4) structure B2212). The  quickly reduces the signal to below the noise level. The
spectra of the(5:5-ML superlattices converge on one absorption maximum differential transmission of the substrate alone
threshold energy0.75 eV}, while the (4:4) superlattice has a dis- \ya5 measured to be about 2% greater than the superlattice
tinctly larger threshold energy of 0.86 eV. This result confirms thaty| s substrate combination for most samples. Under these
the main characteristics of our photocurrent spectra are reproducib nditions, we were able to measure the differential trans-
to the pointthatwe can distinguish supgrlattice structures thatdiﬁefﬂission spectrum over about one order of magnitude of
by only two atomic monolayers per period. transmitted intensity. This is two orders of magnitude less
range than the photocurrent measurements described in the
B'revious section. The experimental data were analyzed using
Beer's law to determine the absorption coefficient.
Our experimental results are shown in Figs. 6—9, where
e log of the absorption coefficient is plotted versus the log
of (photon energy minus the band-gap engrgihese data
were taken over a range of photon energy from the infrared
"i"hw:O.S eV) to the onset of absorption by the Si substrate
(hw=1.0eV). The band gap was determined from the data
as the lowest energy at which there was no longer a measur-
able difference(i.e., <1 part in 1000 between the optical
transmission through the substrate and the optical transmis-
C. Absorption measurements by optical-transmission sion through the combination of the substrate and superlat-
spectroscopy tice.

sition, but having a period length that is different by only
two atomic monolayers.

(2) The temperature dependence of the onset of photocoqh
ductivity in superlattices is much weaker than that of silicon.
(3) The spectra of the Si-Ge alloy and the Si-@&2)
superlattices are indistinguishable. This suggests that interf
cial disorder is at least 1 atomic monolayers, but less than
+2 atomic monolayers, since the Si-Gk4) superlattice is

easily distinguished from the Si-G&:5) superlattice.

Optical absorption spectra were taken at room tempera-
ture over the wavelength range 0.5€¥w<<1.0eV on
seven samples including both Si-Ge alloys and superlattices.
All measurements reported here were taken at 300 K.
Samples were prepared so that differential transmission mea-
surements could be used to extract the superlattice absorp-
tion. The sample was chemically etched to expose the sub-
strate. Measurements of transmission were made first on the
superlattice plus substrate combination, and then on the
transmission through the substrate alone, immediately adja-
cent to the first measurement. The method described in Ref.
15 was used to minimize the effects of surface roughness on I .
the determination of the absorption coefficient. Our measure- 108 01 — 6 , ‘ y
ments of sample®2208—-2211 have been described in an PHOTON ENERGY (Few-0.806V)
earlier publicationt®!’ SamplesB1587-B1590 were mea-
sured both in optical transmission and optical absorption FIG. 7. Log absorption coefficient as a function of log photon
spectroscopy. The differential transmission between the sulenergy for sampl®1589, a Si-Gg4:4) superlattice sample. Data
strate alone and the substrate plus superlattice is nonzero faere taken at 300 K. Absorption data can be resolved up to 1.0 eV.

10 000

%o,

1000

ABSORPTION COEFFICIENT o (em’)
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10 000 ——— ; ; sample were taken from independent measurements in a dif-
= ferent laboratory, with particular attention paid to the optical
L quality of the sample surfaces. The substrate surface of
H ' B2208 was thinned and optically polished in order to reduce
SRR diffuse scattering of light incident on the sample. The analy-
sis of the absorption experiment gives a larger band(§ap

oo ! H;ﬁ > | eV) and a smaller absorption coefficient (1000 ¢nthan
1000 ST S I our previously reported values for the same sample. These
‘ o‘?“g i results illustrate that the quality of the sample surfaces is

important even when differential spectroscopy is used to
— : minimize the contribution of the substrate, including its sur-
O SRR R face quality, to the absorption spectrum.
ol Lt 1 Optical-transmission experiments permit the analysis of
‘ the behavior of the absorption coefficient between 0.6 and
100 H 1.0 eV. Compared to the results obtained in photoconductiv-
0.01 0.1 1 ity, there are four important findings in these experiments
PHOTON ENERGY (f®w-0.82eV) (See Table ).
(1) The determination of the band-gap energy by optical-
absorption spectroscopy is only in approximate agreement
sample appears to be quite similar to g i, < alloy. Data were with that determined in photoconductivity measurements.

taken at 300 K. Absorption data can be resolved up to 1.0 eV. Th(z.l—he largest difference is about 20%. . .
threshold resolved here corresponds to the deep level resolved in (2) The trend that the band gap decreases with increasing

the photocurrent spectrum shown in Fig. 14. superlattice period is found in both photoconductivity and
absorption measurements.

The data of théB1587-B1590 series show a progression  (3) The absorption coefficient inferred from these mea-
from shorter wavelength threshold to longer wavelengthSurements increases linearly with photon energy, in distinct
threshold as the superlattice period increases. The absorpti@ntrast with the behavior of photoconductivity.
coefficient at 100 meV above the band gap is generally about (4) The reproducability of these absorption measurements
1000 cnit. The absorption coefficient for Si is about is not sufficiently good enough to discriminate one superlat-
50 cmi L, while that of GaAs is about 12 000 crhunder the  tice structure from another, unlike our photocurrent measure-
same condition$®° These optical transmission data confirm Ments.
that there is measurable optical absorption in the Si-Ge su-
perlattices and alloys. The value of the exponeit Eq. (4)
is equal to the slope of the absorption coefficient plotted
versus photon energy on a log-log scale. In these results the
dependence of the absorption coefficient on energy can be The theoretical determination of the absorption coefficient
described by a linear relationship becawsel. was achieved using an empirical tight-binding method that

In Fig. 9, we show the absorption coefficient for samplehas been adjusted to give excellent agreement for the optical
B2208 which has a nomin#&:4) composition. In a previous properties of bulk Si and G&%?! The basis set usesp®
publication we reported a band gap of 0.71 eV and an aberbitals, in the three-center representation, with spin-orbit
sorption coefficient of 7,000 cit at 100 meV above the coupling included. The method has been tested successfully
band gap.’ The results presented in Fig. 9 for the sameby calculation of the deformation potentials and optical prop-
erties of Si-Ge superlattic@sThe absorption coefficient de-
pends mainly on the joint density of states which is deduced
directly from the band structure. We have considered only
direct interband transitions to determine the absorption coef-
ficient. This procedure tends to underestimate the absolute
. magnitude of the absorption coefficient by ignoring the con-
tribution from indirect transitions, which may be substantial
in short-period superlattice materials like these. The most
important aspect of the calculation is that the optical proper-
ties are integrals over the Brillouin zone, and the integration
method used in the present calculations is the very successful
linear analytic tetrahedron method.

10% o " 1 The calculation of the bandstructure can be used to deter-

' : mine the band gap of a series of Si-Gerf) superlattices as

PHOTON ENERGY (fie-0.806V) a function of th% r?umber of monolayerg)perpperiod. The re-

FIG. 9. Absorption coefficient vs photon energy for Samp|eSU|tS of these calculations are shown in Flg 10 along with
B2208, a Si-Gg4:4) superlattice structure grown on a thin buffer the experimental data taken by photocurrent spectroscopy.
layer. Data were taken at 300 K. Absorption data can be resolved uBoth theory and experiment show the same trend, namely,
to 1.0 eV. The band gap of the sample is 0.8 eV. that the band gap of the superlattices decreases as the length

ToRoRR
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FIG. 8. Log absorption coefficient as a function of log photon
energy for sampld1590, a Si-Gg2:2) superlattice sample. This
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TABLE lll. Results of optical transmission measurements of Si-Ge superlattices and alloys.

« absorption Dependence of
Nominal Ey @ 300-K coefficient @ 100 meV a on
Sample composition band gapeV) aboveE, photon energy
B1587 8:8 0.78 1000 cmt linear
B1589 4:4 0.80 2500 cnt (hw)%”
B2208 4:4 0.80 1000 cmt linear
B1590 2:2alloy) 0.82 1200 crmt linear

of the supercell period increases. This finding confirms earlattice, and maintain much of their originpttype character.
lier observations of Menczigaet al?? and Olajoset al>® In  In addition they will interact and mix with the direct-band-
Fig. 10, the calculated band gaps correspond to the fillegap states that lie about 2.5 eV above the valence-band edge.
diamonds. The calculated points are joined by a broken lind he latter states have artype character, and wave-function
to guide the eye, and distinguish them from measurementsixing will introduce s-type character into the zone-folded
that are shown as open squares and circles. Theory and esuperlattice states, leading to allowed direct optical transi-
periment are in agreement on the trend of the band gap, btibns in Si-Ge superlattice structures. The perturbation that
do not agree on the amount of the change. The dependenagediates the mixing of the folded states with thiype con-
of the calculated band gap on superlattice period shows duction states comes from the difference in atomic potentials
40% decrease between the value for the Si-Ge alloy and theetween Si and Ge, and from the fraction of the unit cell
Si-Ge (8:8) superlattice. The measured change in photoconeccupied by Si and Ge. An additional perturbation is gener-
ductive measurementspen squargss only about half this  ated by interfacial disorder. Stroziet al. showed that intro-
amount. The absorption measuremefdpen circley indi-  duction of interfacial disorder into a short-period superlattice
cate a 5% percent decrease. results in an increase in the optical transition rate across the
Our calculations show that the optical absorption coeffi-band gag* Thus folding of the Brillouin zone introduces a
cient for superlattice structures is enhanced over that of theew density of states &=0, while the differences in the
alloy of the same average composition. This result can batomic potential caused by chemisti@e versus Sispecify
understood from the following schematic analysis. The topthe magnitude of the optical matrix element.
of the valence band in Si-Ge alloys hpgype symmetry. The calculations presented here take into account only the
The conduction-band minima along tEO0 directions also  absorption due to direct transitions across the gap. Measure-
havep-type symmetry. Direct optical transitions between thements, on the other hand, include contributions from direct
valence and conduction bands at the band edge are forbiddémansitions, and also from indirect transitions between non-
by symmetry. Superlattice structures of Si and Ge that have folded states. It is therefore expected that experimental mea-
period of about 1 nm experience a folding that brings thesurements of absorption coefficient will exceed the theoreti-
minimum of the conduction band to center, i.e.kte 0, of  cal calculated values. The imaginary part of the dielectric
the Brillouin zone. The folded states are derived from thefunction is calculated by the relation
indirect bandgap states that lie along the axis of the super-

4m%e? 2
€ =— —— |(k,c|P-alkqv)[?
2 T e
% 091 * el @ X S[Egf(k)—fiw]d3k, (5)
o (o) ~
W 0g8r B~ ,
] - B . where|k,c) and|k,v) stand for the wave functions of the
T 07T NN conduction and the valence bands, respectively, Bgk)
8 061 AN for the energy difference between the conductiah &nd
Z s valence () bands.P is the momentum operator aradthe
A0S 3 2 5 & 7 s polarization unit vector. The absorption coefficiar(tw) is
SUPERLATTICE HALF PERIOD, n then obtained by the relation
FIG. 10. Theoretical determination of the band gap of SiGe eo(w)w
(n:n) superlattices for different superlattice half-perioag.(The a(w)= ()’ (6)
w

calculated values are designated by the closed diamonds. The dotted

line is intended to guide the eye. These calculations are compared to, L. .
experimental results derived from the photoconductive thresholdVith N(w) the refraction index and the speed of light. In
Experimental results are indicated by the open squares for photgddition to ideal superlattices, calculations were also done
conductivity measurements, while the open circles show the resuldr superlattices with an intermixing of the atoms at the in-
of absorption measurements. Note the much weaker dependencetéfface. In the present calculation, the interface intermixing
absorption measurements on superlattice period compared to eithéas modeled with the first atomic layer at each site of the
photoconductivity measurements or theory, which shows the strorinterface containing 50% Ge atoms and 50% Si atoms, while
gest dependence. the second containing 75% atoms of the host material and



9136 T. P. PEARSALLet al. 57

= 10° ;
E 107
< !
(E-1.186) 3
E 100 - 107 4
E -
O
= o
[T = 10 ] s
8 5 P S E1198' "
O o 101 10° kst /
= 10k o : 1.1 1.2
& E SR
'_
2 5 -
o @) r 7 R
8 A B &
< g : AR W
0.01 0.1 E
(@) PHOTON ENERGY (fio-E,) <10°:
e
- Disorder ,
"
10 710 120 130

PHOTON ENERGY (eV}

FIG. 12. Analysis of the photocurrent spectrum for Si. An ex-
pression of the formA(E—Eg)* is fit to the data. A two-term fit
yields both the band gaR,=1.19 eV and the optical-phonon en-
ergy of 0.58 eV for Si.

ABSORPTION COEFFICIENT o (cm’)

A
PHOTON ENERG\? (fr-Ey) absorption coefficient remains at about one order of magni-
tude less than the measured values. The absorption coeffi-
FIG. 11. Theoretical determination of the absorption coefficientcjent rises linearly with photon energy as observed in trans-
on energy for several Si-Gen(n) superlattice structuresa) The  yjssion measurements, but not as seen in photoconductivity
absorption coefficient of a Si-Gé:5) superlattice(solid line) is spectra.
two times larger than that for €:6) superlattice. This difference | arfacial disorder affects the absorption near the band
can be related to the _den5|ty o_f_states at thg ce.nter of the B_rlllowrédge Figure 1(b) shows, for comparison, the absorption
zc_me.(b) T.he absorptlo_n coeffncne_nt for a Si-G&:5 superlattice coefficient of the ideal5:5) superlattice, as well as that of
with atomically perfect interfaces is compared to that for the same . . . ) .
structure with atomically rough interfaces. This disorder changessuperla’Ftlce 25 W'th. disordered Interfa_ces._ The strength of
the functional dependence of the absorption coefficient from a “n_absorptlon for the dlsordereq superlqtt_lce is lower near the
ear to a quadratic dependence on photon energy. pand edge gnd the absorption coefficient departs from the
linear behavior calculated for perfect superlattice structures.
25% atoms of the second material. The atoms at the interfacBhe absorption coefficient increases with nearly the square of
were randomly placed, and the calculations were done with &e photon energy. These modifications are mainly caused by
supercelf! the modification of the density of states, and the net effect is
In Fig. 11 we show two aspects of the dependence of th&o broaden the energy width of the absorption edge, and in-
absorption coefficient on superlattice structure. In Figalll crease the exponertin Eq. (4).
we compare the calculated absorption coefficient for ideal
Si-Ge (5:5) and Si-Ge(6:6) superlattice structures. The fig-
ure shows, in a log-log plot, the absorption coefficient versus
the photon energy above the band dgap The two curves The photocurrent spectra, in contrast to results obtained
are similar, showing a near-linear dependence of the absorjy transmission spectroscopy, show a clear nonlinear depen-
tion coefficient on the photon energy. The strength of thedence on photon energy. To characterize this dependence, we
absorption coefficient for the Si-G&:5) structure exceeds fit an expression of the form of E@4) to the data to deter-
that of the(6:6) structure by a factor of 2 over the range of mine both the band gap and the exponent. This procedure
the calculation. This difference is a result of the differentwas evaluated first by analyzing the photocurrent spectrum.
zone folding produced by the superlattice symmetry. TheThese results are shown in Fig. 12 for measurements taken at
(5:5) superlattice results in the maximum density of states att K. The inset shows the result of a least-squares fit to all the
the zone center due to the fact that the minimum in the conelata above 1.2 eVEg=1.19 eV andx=1.7. The value for
duction band of the unfolded Si-Ge alloy occurs lat the band-gap energy is in excellent agreement with the ac-
=0.8,,, wherek,, defines the Brillouin-zone boundary. A cepted value for Si at 4 K. The exponext 1.7 is deter-
five-times folding of the Brillouin zone brings this minimum mined from this procedure. In the principal part of Fig. 12,
to k=0. Note that the absorption coefficient reaches a levelve have included an additional term to fit the tail in the
of about 100 cm* at 100 meV above the band gap. When photocurrent spectrum beyond 1.2 eV. This analysis does not
compared with the experimental values, the strength of thehange the values for the band gap, but identifies an addi-

>

V. ANALYSIS OF PHOTOCURRENT DATA
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10— —— the use ofx=4. However, we can demonstrate theoretically

[ 1507 56e B@aR], that the presence of defects and disorder, for example, will
B R S increase the exponent that characterizes absorption near the

band gap. In Fig. 13, we show the result of such a fitting for

sampleB1587, a Si-G&8:8) superlattice. Through this fit-

ting procedure, we can extract the threshold energy for the

photocurrent of 0.69 eV. A similar analysis has been per-

formed for all samples studied in this work.

Our measurements are summarized in Table IV along
with the results of Olajost al.?® who examined some of the
same samples, as well as our theoretical calculations of these
superlattices. It can be seen that the band gap decreases
monotonically as the superlattice period increases in both
experiment and theory. The average compositions for all su-
perlattices and alloys are the same: 50% Si and 50% Ge. In
the cases, where our measurements can be compared directly
to those of Ref. 23, there is agreement within 10 meV for the
e value of the band gap. In two cases we can also compare the

: PHOTON ENERGY (V) band gaps pf samplgs having the same nomlngl' structure, but
grown at different times under different conditions. In the

FIG. 13. Single-threshold fit to 1587. The band gap is deter-CaSe Of sampleB2213 andB2214, the absorption spectra by
mined to be 0.69 eV with an exponext4. photocurrent are nearly indistinguishable, and yield the same

value for the bandgap within 10 meV. SampR2212 and
tional transition at 0.058 eV below the band edge_ The enB1589 have a nominal 4:4 structure. In this case the values
ergy is equal to the optical-phonon energy in Si. of the band gap differ by about 70 meV, which is well out-

We have fit all of the measured spectra to a single curveide the margin of error for the measurements. Strain in the
of the form of Eq.(4). To use this approach we are making superlattice will also change the band gap. The presence of
the assumption that the optical absorption can be modeled & increase in the Ge layer thickness from the nominal thick-
a transition between a single level in the valence band to &ess of 4 means that the strain will no longer be symmetri-
single level in the conduction band as is the case in elementgglly divided between the Si and Ge layers. Zactgal.

Si. The result of this fitting gives a band-gap energy and th&howed that strain resulting from excess Ge layers in these
exponent of the dependence of the photocurrent on photoshort-period Si-Ge superlattices will reduce the band<gap.
energy. These results can be compared to similar analysddie difference in the band gap between these two samples
published in earlier experimental and theoretical work. may be due to such an effect.

In the case of samplB1590, there is an apparent differ-
ence between the band gap measured by optical transmission
and that measured in photoconductivity. The photoconduc-

Raw photocurrent data were first corrected for the monotivity spectrum for sampl&1590 is shown in Fig. 3, and is
chromator throughput and for the noise floor at lower enerseen to be identical to that for the Si-Ge alloy, sample
gies. The data can then be analyzed over about three decad®$585. Analysis of this sample shows clearly two compo-
of photoresponse. At 4 K, this corresponds to an energyents to the spectrum: one at 0.97 eV that we identify with
range of 0.7 e E<1.2 eV. Using a single-threshold model the band gap, and a deep level at 0.79 eV, as shown in Fig.
for absorption based on E@), we found that the best agree- 14. The optical-transmission spectrum can be taken up only
ment is obtained when the exponent4. At the present to 1.0 eV, and therefore does not permit resolution of the
time there is not an explicit theoretical model that justifieshigher-energy feature seen in photoconductivity. Analysis of

_‘
c

RELATIVE PHOTOCURRENT

10°

Photocurrent spectra

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

and alloys.

4-K band gapeV) from

Band gap(eV) from

Sample No. Composition  Theory photocurrent Absorption Ref. 24
B1585 SpsGey 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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[« s gmeak] -~ o Differential optical transmission spectra were taken at 300
- K in the energy range between 0.6 and 1.0 eV. The absorp-
o tion coefficient was deduced by comparison of the transmis-
/ Eoon? sion through the combination of the substrate and superlat-
’ tice to transmission through the substrate alone. The results
S of these measurements give threshold energies for photon
it e o7 absorption that are in approximate agreement with values
' ' obtained in photoconductivity experiments. However, the ab-
sorption has a linear dependence on photon energy, and this
behavior is quite distinct from that measured in photocon-
ductivity. These optical transmission data can be used to de-
duce the optical-absorption coefficient. Our results show that
the optical absorption coefficient is on the order of
1,000—2000 cm! at 100 meV above the threshold energy
for absorption.
The differential transmission technique should eliminate
the influence of the substrate optical properties on the
A A S B B optical-absorption coefficient. We tested this by measure-
0.80 P%%(%ONERICI)ERG:(.EOV) 1.20 ments of transmission on different samples of the same wafer
© having a different surface finish on the substrate side. While
FIG. 14. Analysis of the photocurrent spectrum of samplethese measurements show general agreement, the fluctua-
B1590. This sample has a nomir(@t2) structure, but due to inter- tions in the energy threshold for absorption are significant.
facial roughness of- 1 ML is indistinguishable from a Si-Ge alloy. We measured the dependence of the band gap on the super-
The data mandate a two-term fit which yields the band gap of 0.97attice period length using transmission data. This depen-
eV and a deep level at 0.79 eV. dence is not as strong as that measured in photoconductivity,
and the fluctuations make this method less reliable than pho-
the transmission data therefore gives only the characteristiagsconductivity for a determination of the band gap.

RELATIVE PHOTOCURRENT
o

10

of the deep-level absorption in samB&590. Direct calculation of the optical-absorption properties tak-
ing into account strain and disorder was achieved using an
V1. DISCUSSION AND CONCLUSIONS empirical tight-binding calculation of the band structure of

the specific superlattices used in our measurements. From the

In this paper we report on a study of the dependence dband-structure calculation, we determined the band gap of
optical properties of Si-Gen(n) superlattices on superlattice the superlattice, the dependence of the band gap on photon
nanostructure. The samples were grown(@dl) Si as sym- energy, the dependence of the absorption coefficient on pho-
metrically strained superlattices on partially strain-relievedton energy, and the effect of superlattice disorder on this
buffer layers. All structures could be synthesized with avariation of absorption coefficient with energy. The value of
thickness of at least 200 nm, so that the measured opticéihe band gap calculated by theory is in general agreement
properties are representative of fully three-dimensional macwith measurement, but the functional dependence of the
roscopic Si-Ge synthetic crystals. This study coordinates maband gap on superlattice period determined by our calcula-
terials growth, analysis by TEM and optical spectroscopy. Ations is stronger than the dependence observed in the mea-
principal objective of this study is the comparison of thesurement, assuming that the threshold for photon absorption
experimental and theoretical determination of the depenis the band-gap energy.
dence of optical absorption on incident photon energy. Our calculations for structurally perfect superlattices

Optical absorption was measured by photoconductivityshow the linear dependence of the absorption coefficient on
and by direct optical transmission. The dependence of thphoton energy, similar to that observed in transmission ex-
photoconductivity signal in the superlattices on photon enperiments. However, the effect of an interfacial roughness of
ergy can be expressed iat(sl’m)zIo(ﬁw—Eg)4 over three 2 ML is to reduce the strength of the absorption coefficient
orders of magnitude of photocurrent for 0.6 €¥w<1.2  and broaden the dependence on photon energy to a quadratic
eV. The threshold energy for photoconductivity can be usedlependence. Although we are confident that the samples
to distinguish superlattices of the same average compositiomave an interfacial disorder of at least 2-ML thickness, we
by their period. In these experiments we could easily distinhave not seen in the transmission experiments the depen-
guish the photoconductivity spectrum of a Si-@e4) super-  dence of absorption coefficient on photon energy that is ex-
lattice from that of a Si-G€5:5) structure. These two super- pected for disordered samples.
lattices differ by only two atomic monolayers per period. In experimental results, we have measured a dependence
This result implies that interfacial roughness is less thabf band-gap energy on superlattice structure, with the alloy
+2 ML. The superlattice with the shortest period measuredtructure having the largest band gap, in agreement with
in these experiments was a Si-@&2) structure. The optical- theory. The dependence of the band gap on the superlattice
absorption spectrum of this sample was seen to be indistirstructure is a clear indication that the superlattice symmetry
guishable from that for a $iGe, s alloy, implying that the folds the Brillouin zone, and that this folding is sensed by
level of interfacial roughness and disorder is on the order o€onduction-band electrons. The dependence of the optical-
at least+1 atomic monolayer. absorption coefficient on the photon energy is a way to de-



57 SPECTROSCOPY OF BAND-TO-BAND OPTIQA. .. 9139

termine whether the character of the optical transition neafolding of indirect states to the zone center with approxi-
the band gap is direct or indirect. Our experiments show thamayely the same energy, and thg second is the increase in_ the
the characters of the optical transitions for all superlatticeoptical measurement due to mixing of the folded states with
structures are similar to each other, and similar to that for th@ther states ak=0. The essential feature of a zone-folded
Si-Ge alloy. Since we have shown that folding of the Bril- State is that its energy is not very different from that of the
louin zone has OCCUTTEd, there is a direct transitiokh=a0 in unfolded state. Thus this one-dimensional fO|d|ng tEChnique
the superlattice structures. However, the energy of this trart@nnot be used to produce a direct-band-gap semiconductor
sition must be close to that of the indirect-band-gap energyVhose direct transition energy is well separated and lower in
Our theoretical calculations show that this energy di1°ferencédanelrgy ftrr?Th compet:n?t_ |nd|rtect ttranstltlolr]cls. A related effect
is less than 100 meV &=0. Therefore, it is likely that the eacl:s ‘;\". € Stfpﬁ_r a 'ie struc ur$ Itsett. le th h
optical character of the bandgap is determined by both direct * ertain superiattice structures, for exampie those wnose
and indirect transition&28 period cons!sts of ten atomic monolayers, lhave beep shown
The calculation of the absorption coefficient is based onl)}o Ifat\_/or a ldlrect-bancli(-gap rt])and gtructur(ta '? Ejh%oretmal cal-
on the contribution of direct transitions to the ab:sorption.Cua lons. In our work we have demonstrated by measure-
The measurements, of course, show the effects of absorpti ent that the superla’gtlce period shows local flyctuatlp_ns of
by direct transitions, indirect transitions, impurity levels, andne order Ofi.l atomic monolayer. We have, In addmon,
defects. It is not surprising that the magnitude of experimen-SFJCCeSSfUIIy dlstmgwshgd two superlattices whose periods
tally measured absorption is larger than the calculated resulij.Iffer by only two atomic monqlayers. Hoyvever, we have
Our superlattice samples have a concentration of strai ot m_easured corre_spondlng _d|ffer¢nges n the _strength or
related defects on the order of #&m 2. These defects will ehavior of absorption that might distinguish a direct from

affect absorption differently from photoconductivity. Experi- a:] m?wect bﬁrd—ga}tp mate|r||al. At tthlllsttlmtla the fluctuatlc.)tnfhm
mental optical-absorption spectra are a combination of intrinStrUcture, while quite smatl, aré stili 1o farge to permit the

sic band-to-band absorption and extrinsic defect-related oflefinition in experiment of the perfect superlattice structure

fects. Photoconductivity spectroscopy is an indirectthat _vvould possess the well-defined direct band gap that is
@dlcted by theory.

measurement because the signal also depends on the sub? . . .
9 p The use of superlattice band folding as a technique to

quent diffusion of electron-hole pairs to the contacts. Thus licit di band behavior f v icond
photoconductivity, unlike absorption, may not be sensitive to® Icit direct-band-gap behavior from group-IV: semiconduc-
rs was studied recently by Johnson and Ashcfofthey

photons absorbed by localized states near the band engQ. ined and dth di ional latt
Added to this is the presence of an electric field to collect th xamined and compared the one-dimensional superiattice or-

exa he one-C : .
carriers. This field will enhance the infrared response b>per|ng that we have studied in S|-Qe to _three-d|men5|o_nal
field-assisted tunnelingFranz-Keldysh effe¢t Photocon- ordering. They conclude that one-dlmensmnal superlattices
ductivity gives a direct measure of the carriers created by'° not provide the means to create direct-band-gap superlat-
absorption against a very small background, and the dynami ces whose band-gap energy is sufficiently lower than that of

y {

range is about 3—4 orders of magnitude. However, the phol e indirect states to create a bona fide direct-band-gap ma-

toconductivity measurement can give only the relative absorte”al' The basis OT this argument is quite ana_logous to th_at
used by Yablonovitch to create three-dimensional photonic

bance at different photon energies. Our work so far demon ; :

strates that optical transmission spectroscopy an&)fandga_p structu_réé’. Their — conclusion that three-_

photocurrent spectroscopy measurements are not equivale mensional orde_rmg of group-1V can create such bona fide

Similar differences were noted by Schrottkeal. in their wept—gap materlals. remains an important challenge to ex-

study of GaAs/AlGa _,As superlatticed’ Finally, these perimental superlattice physics.

considerations lead us to conclude that the optical transmis-

sion data are not sufficiently accurate to be compared quan-

titatively with calculated absorption spectra. We wish to express our thanks for the support of this
The presence of optically active direct-band-gap statesesearch by the National Science Foundation Solid-State and

near the band edge is the result of two causes. One is thdicrostructures Program under Grant No. ECS-9210535.
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