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Interband Transitions in Sn,Ge—, Alloys
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Optical absorption measurements for diamond cubigG®n_, alloy films indicate strong interband
transitions with a change in direct energy gast < E, < 0.80 eV for 0.15 > x > 0. The optical
energy gap undergoes an indirect to direct transition in this composition range and decreases much
faster with Sn content than predicted by tight binding and pseudopotential calculations in the virtual
crystal approximation. [S0031-9007(97)04003-9]

PACS numbers: 78.66.Li, 61.10.Kw, 78.20.Ci

Investigations of column IV semiconductor heterostruc-by low energy ion-assisted molecular beam epitaxy [8].
tures have widened beyond,Sie —, alloys in order to However, no measurements of the optical constants and
broadly explore the possibilities for electronic structureoptical absorption have been made for,Gg,—, alloys,
manipulation in compounds which are isoelectronic withand thus little is known about the change in electronic
Si, such as SC,—, [1,2] alloys and SpiGe superlattices structure with alloy composition.

[3,4]. The SRGe _, alloy system is one whose electronic  To obtain information about the bulk solid structure
structure has been a subject of interest and speculation fand optical properties of cubic S8e —, alloys using
over a decade because of the tantalizing possibility of crethin film samples, strain-relieved compositionally homo-
ating a column IV semiconductor with a tunable direct en-geneous random alloys were investigated for films suffi-
ergy gap from constituent materials neither of which is aciently thick so as to exclude the possibility of quantum
direct gap semiconductor. In this Letter, we demonstratearrier confinement-induced changes in optical absorp-
that an alloy of the semimetal cubie-Sn and the indi- tion. Specifically, SpGe —, alloys 50—300 nm in thick-
rect band gap semiconductor Ge produces a tunable diregess were grown by molecular beam epitaxy at 30
energy gap semiconductor. Thus, this new semicondu@n 10 nm thick relaxed Ge buffer layers (001)-oriented
tor material is the only known example of a direct energySi substrates. Ge epitaxial films were grown under the
gap semiconductor among the compounds which can bgame conditions, except that the growth temperature was
formed from the column IV A elements (C, Si, Ge, Sn,450°C. For each composition investigated, six samples
and Pb). Itis thus a new IV-IV semiconductor compoundof approximately 50, 100, 150, 200, 250, and 300 nm
whose optical properties may broadly resemble those dhickness were grown, with thickness and composition
I1I-V and [I-VI compounds such as, e.g., H@d,—, Te and measured by Rutherford backscattering spectrometry and
GaIn;-,As,Sb; . cross-sectional transmission electron microscopy.

While Ge is characterized by ah point indirect Four SnGe -, film structures were studied with =
fundamental energy gap, a direct energy gap lies 0.13 eV, 0.06, 0.11, and 0.15. Surface morphology was ob-
higher in energy owing to the conduction band mini-served byin situ reflection high energy electron diffrac-
mum at thel" point (k = 0). Tight-binding [5] and tion measurements, which indicated that the Gg-,
pseudopotential [6] electronic structure calculations irfilms were epitaxial, and were rough on the mono-
the virtual crystal approximation suggested that bandayer scale, corroborated by postgrowth atomic force mi-
mixing of the conduction band minima for Sn and croscopy ovef00 nm X 500 nm areas of the surface that
Ge would lead to the onset of a direct fundamen-indicated a root-mean-square roughness of 0.6 nm with
tal energy gap in SiGe—, alloys of approximately maximum feature heights of 4nm. The lateral composi-
055> E,>0eV for 02<x<0.6, but these tional uniformity was found to be within:5% relative
electronic structure predictions have not been experieomposition over d cm X 1 cm region on each sample,
mentally verified. Synthesis of $8¢ -, alloys is com- and each sample was compositionally uniform in depth,
plicated by compositional metastability for > 0.005, indicating negligible Sn segregation during growth. Cu-
and thus nonequilibrium growth methods, such as molecubic lattice parameters for the strain-relieved.Gg, -, al-
lar beam epitaxy, are required. Sn has a lower surfackys were inferred from the angular displacement of the
energy than Ge, and even molecular beam epitaxy is prol§400) and (440) CK, x-ray reflectivity of the film rela-
lematic owing to Sn surface segregation during growthtive to the reflectivity of the Si substrate. The in-plane
Nonetheless, growth of compositionally homogeneousnd out-of-plane lattice parameter measurements, shown
semiconductor alloys is possible with Sn compositionson the left ordinate in Fig. 1, indicated that the films are
in the range of0 < x < 0.2 [7], and growth of homo- fully relaxed (strain relieved) within experimental resolu-
geneous alloy films up tor = 0.34 can be achieved tion, except for the SncGeygs alloy which indicates a
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FIG. 1. Left ordinate: SyGe —, alloy lattice parameters (mea-

sured by x-ray diffraction) as a function of Sn concentra-
tion x (measured by Rutherford backscattering): in-plane (open

Wavenumber (cm )

upright triangles) and perpendicular (open inverted triangles); Energy (eV)

calculated for fully strain-relieved films (open circles) from , 03 04 05 06 07 08 09
measured in-plane and perpendicular lattice parameters; cal T T T T T 10
culation for virtual crystals (solid line). Right ordinate: the

bond length as a function of Sn concentration calculated for (b)

the entire supercell (solid squares), for the average among Ge '
Sn bonds (solid circles), for the average among Ge-Ge bonds
(solid upright triangles), and for the Sn-Sn bonds (solid inverted
triangles).

small but measurable residual strain. Moreover, we have
also performed complementary local structural measure-
ments using''’Sn Mossbauer spectrometry and Raman
spectroscopy, both of which indicate Sn incorporation into
a substitutional diamond cubic alloy.

The dielectric function for SiGe -, was obtained
from thickness-dependent optical transmittance data [9].
The refractive index and the absorption coefficient for : AT PHO

alloy films. In (a), refractive index; circle symbols refer

Sn,((_Bel,x and Qe films are shown in Figs. 2(a) and 2(b)'to the tabulated Ge index (Ref.[11]). In (b), absorption
Optical transmittance measurements were performed @befficient for SpGe,_, alloy films; data points refer to Ge
300 K for SnGe —, films for the range of thicknesses absorption (circles; Ref. [11]), InAs (triangles; Ref. [12]), and
and compositions indicated above with a Fourier transinSb (squares; Ref. [13]).

form spectrometer. An optical multilayer calculation was

used to calculate the six transmittance spectra for each

Sn composition by fitting to the real and imaginary parts2000 points overl000-9000 cm™!, yielding a spectral

of the dielectric function. The values faw) andk(w)  resolution for the dielectric function of.71 cm™!. The
were derived from an optical multilayer model that di- refractive index and extinction coefficient were varied in-
vides the sample into coherent substructures separateeépendently at each wavelength so as to minimize the
by incoherent layers. First an initial layer structure wasy? error over each set of six transmittance spectra. The
assumed, and values fa(w) and k(w) were assumed quality of the fit is illustrated by the very close agree-
for each layer. Then polarization density transfer ma-ment between measured values idiw) and k(w) for
trices are calculated separately for each of these cdse and accepted previously reported values [10].
herent substructures and incoherent layers, and are theefractive index at3000 cm™! varies fromn = 4.0 to
combined to form the overall polarization transfer ma-n = 4.3 for Sn15Geygs, and the standard deviation in
trices from which optical transmission and reflectionrefractive index over the six measurementsrigw) <

are calculated. The optical constants for the&g—_,  0.05 except for the SisGeygs where o,(w) = 0.1
layers were determined by iteratively fitting the ex-between3000-4500 cm™' and from 5800-6600 cm™!.
perimentally measured thickness-dependent transmissidvioisy data in the refractive index and absorption spec-
spectra to the calculated optical transmission function atra below 2500 cm~! and above7500 cm™!, due to

Absorption Coefficient, o (cm

200025003000350040004600500056006000650070007500

Wavenumber (cm )

IG. 2. Dielectric function and absorption data for, G _,
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multiphonon absorption in the silicon substrates and defitted to the measured energy gap data. It is forced to an
creased instrumental efficiency, respectively, are not disesnergy gap of—0.4 eV for Sn, and yields a bowing pa-
played in Figs. 2(a) and 2(b). The error analysis thugameter of 2.8 eV. This bowing parameter is rather large
indicates that the resolution in refractive index is suffi-compared to, e.g., the bowing parameter forG#j —, of
cient to indicate an increase as noted above, but that i8.206 eV [13]. Also shown as a dashed line in Fig. 3 is
the case of the $15Ga g5 the relative maxima at 3800 the direct energy gap variation predicted by tight-binding
and 6100 cm™~! may be measurement artifacts. The ab-calculations [4]. Tight binding also predicts that the
sorption data of Fig. 2(b) indicate a very rapid drop in thepoint indirect energy gap ranges from 0.67 to 0.55 eV
onset energy for absorption with increasing Sn contentpver the composition range < x < 0.2. The open tri-
with an absorption coefficient for all $6e,_, composi- angle datum is an estimate of the energy gap of zinc
tions that is similar in magnitude to that seen for the on-blende SpsGeys from a density functional theory cal-
set of direct interband absorption in Ge at 0.8 eV. Theculation using the linear muffin tin orbital method [14].
absorption coefficients for SGe —, films are seen to Clearly there is a large discrepancy between the experi-
be high and indeed comparable to the absorption coefnentally measured energy gap and any of the theoretical
ficients across the direct energy gaps for InAs [11] andestimates which cannot be accounted for by sample strain
InSb [12] which are also plotted for reference in Fig. 2(b).or compositional inhomogeneities or measurement errors.
Absorption data were analyzed using a model that inThe deviation between measurement and tight binding [5]
cludes contributions to absorption from the direct gapor pseudopotential [6] calculations can be plausibly at-
the indirect gap, and a source of localized states chatributed to the large deviations in local structure from the
acterized by an Urbach tail parameter. The values ofirtual crystal approximation as discussed above. Itis un-
these parameters are listed in Table I. Thus these datdear why there is a large deviation of the measurements
suggest that the = 0.15 sample has a direct fundamen- from the Sp;Ge) 5 (triangle) datum calculated by density
tal energy gap, and for the = 0.06 and 0.11 samples, functional theory, but there could be considerable error in
the difference in the direct and indirect energy gaps ishe measurement-based estimate of thg;Gm, s energy
smaller than the experimental error. The error is pri-gap due to extrapolation from measurements at lower Sn
marily in the measurement of the indirect energy gapgconcentrations. Also, the calculation in Ref. [14] for zinc
as absorption in submicron-thickness films constrains thblende Sps;Ge)s employed added external potential cor-
minimum measurable extinction coefficient to approxi-rections in the density functional theory calculations to
mately 0.01 and absorption coefficient to approximatelyreproduce the energy gaps of elemental Sn and Ge, and it
500 cm~!'. The presence of an Urbach tail may be at-is possible that these corrections may not be fully trans-
tributable to the disorder arising from the approximatelyferable to the zinc blende alloy.

107 /cn? dislocations present in the strain-relieved alloy In this work, cubic lattice parameter and local bond
layers. lengths and bond angles were calculated forGan-_,

The strong absorption features in &®_, seen in alloy structures in the range of the experimental com-
Fig. 2(b) correspond to absorption across the direct enpositions using density functional theory calculations in
ergy gap of the alloy, and they establish an upper bounthe local density approximation [15]. Norm-conserving
on the fundamental energy gap, given by the squaregseudopotentials were used for Sn and Ge atoms, which
in Fig. 3. The errors in energy gap estimation resultingwere arranged in 8-atom supercells with periodic bound-
from compositional and strain inhomogeneities are giveraries, with initial positions at lattice points of the cubic
by the vertical error bars, and the compositional vari-unit cell of the diamond lattice, and the minimum to-
ation for each measurement is equal to the width of théal energy unit cell volume was found. Wave functions
square. A solid curve with linear and parabolic terms iswere calculated self-consistently by conjugate gradient

TABLE |. Direct energy gap, indirect energy gap, and Urbach tail energy fo&&n, films
derived from fit to absorption data in Fig. 2(b).

Absorption feature Sn.Ge_, composition(x) Energy (eV)
Direct gap 0.06 0.614 = 0.004
Indirect gap 0.06 0.599 = 0.019
Urbach tail 0.06 0.531 = 0.004
Direct gap 0.11 0.445 = 0.003
Indirect gap 0.11 0.428 = 0.019
Urbach tail 0.11 0.383 = 0.003
Direct gap 0.15 0.346 = 0.003
Indirect gap 0.15 0.441 = 0.004
Urbach tail 0.15 0.277 = 0.007
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abscissa of Fig. 1. The bond length deviations from the
virtual crystal approximation are of the order of 5% of the
bond length itself, and 40% of the bond length difference

10

08| B Measured

—— Parabolic Fit .
06 o Tight-Bilndir:g ] between Ge and Sn. Average Ge-Ge-Ge bond angles in
o A DFT Zinc-Blende SnGe; and SpGe; structures were, respectively, 110.7
04 and 116.5.

These first experimental results on the optical proper-
ties of SpGe -, alloy films are surprising, and are also
very interesting from the perspective of fabrication of
silicon-based optoelectronic devices with tunable absorp-
tion features or GESn,Ge, —, heterojunctions because the
Sn concentrations required to realize large changes in al-

] loy energy gaps are much smaller than anticipated. Im-
00 01 02 03 04 05 06 07 08 09 10 portant questions also remain about the role of coherency
Sn Congentration, Xen strains of pseudomorphic epitaxial fims in determining
FIG. 3. Direct energy gap variation with Sn concentration:the optical properties of dislocation-free single crystals,
present measurements (squares), linear-parabolic fit to measukghich will be the subject of a subsequent report.
ments (solid line), tight-binding calculation (dashed line), den-  This work was supported by the National Science
sity functional theory calculation for zinc blende SnGe. Foundation under Award No. DMR 95-03210.
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