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Transmission and electron-yield measurements of the Si L, 3 edge as a function of alloy
composition x in Si,Ge;_, alloys reveal anomalous spectra for x = 0.15, the composition of
the crossover of the conduction-band minima from L in the Brillouin zone (for x < 0.15) to
A (for x > 0.15). We interpret this as evidence for a sudden change of the ground state of
the exciton from an extended effective-mass Wannier-type state for x < 0.1, to a deep local-
ized state near x =0.15, and back to an extended state for x > 0.2.

PACS numbers: 78.70.Dm, 71.55.Fr

In this Letter, we report transmission and
electron-yield measurements of the Si L, ; edge in
a series of crystalline substitutional Si, Ge;_, alloys.
These studies were undertaken to test a recent
theoretical prediction! that the ground state of the
Si 2p core exciton should change in character from
an extended effective-mass state, for compositions
x < 0.1 and x > 0.2, to a deep state near x =0.15,
the composition at which the virtual-crystal conduc-
tion-band minima switch from being near the
(a;/2)(1,1,1) L point in the Brillouin zone (for
Ge-rich compositions) to being on the (1,0,0) A
line (for Si-rich alloys).?

Our samples were evaporated films of = 500-
and = 2000-A thickness for transmission and elec-
tron-yield measurements, respectively. Substrate
temperatures during the evaporations ranged from
600 to 900°C, with the higher temperatures for
larger x. Crystallite sizes as determined by x-ray
diffraction were greater than 300 A. The alloy com-
position of the thin films was determined by (i) an
electron microprobe, (ii) x-ray diffraction deter-
mination of the lattice constant and the use of
Vegard’s law, and (iii) in the case of the transmis-
sion measurements, comparison of the increase in
x-ray absorption at the Si L, ; edge and the sample
thickness, as determined with a surface profiler.

The measurements utilized synchrotron radiation
from the Tantalus electron storage ring at Stough-
ton, Wisconsin. The electron-yield measurements
were made with use of a toroidal-grating monochro-
mator’ with = 0.4-eV energy resolution at the Si
L, ; edge. Both Auger electrons and low-energy
(less than about 10 eV) secondary electrons were
detected, giving, except for the noise level, the
same spectra— an indication that surface effects are
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insignificant. The transmission spectra were mea-
sured by means of a ‘‘grasshopper’> monochroma-
tor* with = 0.08-eV energy resolution at the Si L,,;
edge. Figure 1 shows the absorption and electron-
yield edge spectra’; both the L; and the L, edges,
which are spin-orbit split by about 0.6 eV, contrib-
ute to the edge structure.

The most significant feature of the spectra is the
emergence of a resolvable spin-orbit splitting for al-
loy compositions near x = 0.15. This feature is not
present in the alloy data for x < 0.1 or x > 0.2, but
it does appear for x = 0.15 in the high-resolution
absorption spectra and the lower-resolution elec-
tron-yield spectra (even though different samples
were used for absorption and yield measurements,
and different spots on the samples gave similar
spectra®). The emergence of the discernible spin-
orbit splitting is highlighted by differentiation of the
spectra with respect to photon energy, du/dE, as
shown in Fig. 2. By normalizing the maximum
derivative to the ‘‘edge step’’—the absorption (or
yield) increase at the L, ; edge—samples of dif-
ferent composition or thickness may be directly
compared. In Fig. 3 we plot (Aw) ™ (dw/dE) pax,
where (du/dE) .y is the maximum value of du/
dE and Au is the edge step. Clearly, an anomaly is
observed at the L, ;3 edge in Si,Ge, _, for x =0.15.

The absorption coefficient w(E) is proportional
to the square of a dipole matrix element and a den-
sity of states, and is subject to alloy broadening.
Therefore, there are only three likely candidates for
the dramatic sharpening of the Si L,; edge at
x=0.15: (i) The wave function of the exciton
(and hence the dipole matrix element) changes
suddenly at x =0.15; (ii) the density of states
changes dramatically at x = 0.15; or (iii) the alloy
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FIG. 1. Absorption coefficient u as a function of x-ray
energy for several of the Si,Ge;—, alloys as determined
in (a) transmission, and (b) electron yield. Data smooth-
ing is described in Ref. 5. The spin-orbit splitting of the
L, 3 edge is indicated as AE,. Note the prominent
shoulder evident for x =0.15 but not for other values of
x. The different spectra have been plotted with different
vertical scales.

broadening is suddenly reduced at x = 0.15.

The least plausible of these explanations is (iii), a
sudden reduction in alloy broadening. In the ab-
sence of an ordering transition, alloy or disorder
broadening is typically a relatively smooth function
of composition, e.g., x (1—x).” X-ray diffraction
and preliminary extended x-ray-absorption fine
structure (EXAFS) measurements show no evi-
dence of ordering in samples near x = 0.15. In the
absence of a more exotic mechanism for alloy
broadening, this explanation does not seem viable.

It is more difficult to rule out the possibility that
changes of the density of final states as a function
of composition are responsible for the observed
anomaly. Although both experimental and theoret-
ical studies indicate that the virtual-crystal approxi-
mation, which predicts that the density of states
changes smoothly with x, should be reasonable for
Si,Ge;_,,>® there is no conclusive proof that the
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FIG. 2. The derivative of the normalized absorption
coefficient du/dE as a function of x-ray energy for (a)
Sip7Geo.3 and (b) Sig15Geggs, determined in transmission.
The spin-orbit splitting of the L, ; edge is indicated as
AE;,. The different spectra have been plotted with dif-
ferent vertical scales.

density of states must be free from singularities as a
function of x near x =0.15. However, we cannot
imagine any mechanism for producing such a singu-
larity, other than intervalley mixing of the nearly
degenerate conduction-band minima at the L-A
crossing. To the best of our knowledge, no calcula-
tions have been made of the effects of intervalley
interactions on the density of states for the case of
inequivalent conduction-band minima, and no one
has demonstrated that the intervalley coupling can
produce the drastic change in the density of states
for x = 0.15 needed to explain our data. We cannot
totally rule out this explanation, but in the absence
of more theoretical work, we give this mechanism
no further consideration.

The potential explanation of the data, (i), is quite
plausible: The excitonic final state is qualitatively
different for x = 0.15, because near this alloy com-
position the ground state of the exciton is a
‘“‘deep,”’ localized state, while for other composi-
tions the ground state is a ‘‘shallow’’ effective-mass
state. Such a shallow-deep transition has been dis-
cussed by theorists for some time.” Our data can be
explained if the ground state of the exciton is local-
ized for x = 0.15 (leading to a resolvable spin-orbit
splitting) but not for the other alloy compositions
that we have measured.

One theoretical approach to the shallow-deep
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FIG. 3. Maximum normalized slope of the edge
(Aw) ~'(d u/dE) max—the maximum energy derivative of
the absorption at the L3 edge, divided by the absorption
increase at the edge—as a function of alloy composition
x, for (a) the transmission measurements, and (b) the
electron-yield measurements. Note that different sam-
ples were used for the two types of measurements. The
dashed line is a guide to the eye.

transition has shown that the core-exciton binding
energies can be increased!? by intervalley mixing of
states associated with the various different conduc-
tion-band relative minima in an indirect-gap semi-
conductor. To our knowledge, no calculations for
Si,Ge,_, alloys have been reported,'! but it is con-
ceivable that the intervalley mixing effect could be
especially important for alloy compositions such
that the L and A minima are nearly degenerate.
Another theoretical approach!? argues that in
general two qualitatively different types of core ex-
citons normally coexist in semiconductors: ‘‘shal-
low,”” delocalized effective-mass, Wannier-Mott ex-
citons, and ‘‘deep,”” quasilocalized, Hjalmarson-
Frenkel excitons. The shallow states are produced
by the long-ranged screened Coulomb tail of the
electron-hole interaction. The deep states are asso-
ciated with the central-cell potential of the core hole
and may lie above the conduction-band edge as
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FIG. 4. A schematic diagram of the energies relative
to the valence-band maximum of, curve a, the conduc-
tion-band edge (from Ref. 2), solid line; curve b, shallow
Wannier-Mott excitons which are associated with the
band edge, short-dashed line; curve ¢, Hjalmarson-
Frenkel core excitons (from Ref. 1), long dashed line;
and curve d, our conjecture for the actual energy of the
core exciton, dash-dotted line; all as a function of com-
position x. The ground state of the exciton is the lower
of b and d. When the Hjalmarson-Frenkel core exciton
(c) lies above the conduction-band edge (a), it is
resonant (having a significant width proportional to the
conduction-band density of states) and may not be exper-
imentally resolvable.

broad resonances. In this picture, the shallow-deep
transition occurs when the energies of the shallow
and deep states cross: The ground state of the core
exciton changes from the extended Wannier-Mott
state to the localized Hjalmarson-Frenkel state. A
recent calculation has predicted that this should oc-
cur near the L-A crossing at x = 0.15 in Si, Ge;_,
alloys. (An electron in the ‘‘shallow’ state has an
energy that is ‘‘attached’ to the conduction-band
edge, and moves up with that edge as a function of
alloy composition, until for x = 0.15 it passes above
the ‘“‘deep’’ state— which is a resonance in the con-
duction band for x =0 or x =1.) The theoretical
predictions' based on this model are given as curve
cin Fig. 4.

With a slight modification (a composition-inde-
pendent shift of the theoretically predicted exciton
energy by =0.13 eV), this prediction agrees with
our results. It should be noted that a shift of this
size is not unexpected! and that the calculation was
made for Si,Ge;_, alloys at 4 K, while our data
were all obtained at 300 K. The calculational
results from Ref. 1 and our speculation about the
exciton levels and the conduction-band minima re-
lative to the valence-band maximum are shown in
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Fig. 4. We place the exciton energies higher than in
Ref. 1 to explain the sensitivity of the effect to alloy
composition.

We again stress that the interpretation of Fig. 4,
curve d, is based on the assumption of coexisting
extended and localized exciton states. Presumably,
there may exist other models of the core exciton
that are not ruled out by our data. In this regard,
effective-mass calculations for the Si,Ge, _, system
that explicitly include intervalley mixing are need-
ed.

We also note that these results are consistent
with measurements'> that showed the binding ener-
gy of the Si 2p core exciton to be surface depen-
dent, with a large binding energy when near the
surface. Recent theoretical work'* predicts that the
Si 2p deep bulk state (uncovered in Si, Ge; _, alloys
at x =0.15) descends into the gap at the surface
and has an energy that depends on its proximity to
the surface.

In summary, we find an anomaly in the x-ray ab-
sorption spectra at the L, 3 edge in Si,Ge;_, alloys
for x near 0.15, the composition where the con-
duction-band minima cross from near L in the Bril-
louin zone to the A line. This anomaly is evidence
for a transformation of the core-exciton ground
state from a shallow, delocalized state to a deep, lo-
calized state near the crossing. Our results are in
agreement with a recent calculation of Hjalmarson-
Frenkel core excitons in Si, Ge; _, alloys.
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