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We report thermoreflectance and temperature-dependent reflectance data for the 100-eV L» soft-x-ray
threshold of Si. The thermoreflectance data show that the threshold energy shift with temperature accounts
for nearly all features of the observed line shape. Only minor contributions arise from changes in broadening
parameters. The reflectance data show that the total shift of the j = 3/2 threshold to lower energy as the
temperature is increased from 150 to 600 K is surprisingly large, 250+50 meV. The major contribution to
this shift appears to be the change of the electrostatic potential at the 2p core sites resulting from the
reduction of bond charge with increasing temperature. This large temperature dependence is incompatible
with the lattice-mode model, which could explain the data only if a single core hole could destory. 2e of bond
charge.

I. INTRODUCTION

The temperature dependences of critical-point
energies in the joint densities of states of sP va-
lence-conduction-band transitions of tetrahedrally
bonded semiconductors are now fairly well under-
stood. These have been interpreted either as a
perturbation of one-electron energy levels by the
temperature-dependent population of phonons, ' '
or as a softening of lattice modes caused by the
reduction of bond charge resulting from the crea-
tion of a single electron-hole pair. "' The differ-
ent approaches give the same results for valence-
conduction-band absorption threshold, where the
relative temperature shifts arise from electron-
phonon interactions alone. '

By contrast, the temperature dependences of
transitions from core levels to the sP' conduction
bands are more complicated. Measurements of
transitions from the 19-eV deep Ga-Sd core levels
to the X, conduction-band minima in GaP show
clearly that volume effects play a significant role. '
By calculating the magnitude of the volume and
phonon effects on the one-electron energy levels,
it was shown that the GaP results could be ex-
plained entirely on the basis of temperature-in-
duced shifts of the one-electron energy levels of
the conduction band. No temperature shift of the
core levels appeared to occur. This result sug-
gests that the temperature-induced energy shifts
of core levels in general may be small relative to
those of the more extended outer bonding-antibond-
ing electron levels.

To investigate the generality, of this conclusion,
the effectiveness of modulation techniques in the
soft-x-ray region, and the applicability of the one-

electron and lattice-mode theories of the tempera-
ture dependence of absorption edges for core-level
transitions, we have obtained new high-precision
reflectance and ihermoreflectance (TR} spectra on
the deeper more-localized Si 2p, /, and 2py/2 core
levels responsible for the 100-eV I» soft-x-ray
threshold of Si, and have measured their tempera-
ture shifts from 150 to 600 K. These transitions
give rise to sharp edge structure in optical spectra
which has been studied by reflectance"" and
transmittance" in crystalline material, and by
transmittance in polycrystalline and amorphous
films. ""By contrast to the GaP results, the en-
ergies of the Si-2p core levels appear to be strong-
ly affected by temperature. This strong tempera-
ture dependence cannot be explained within the lat-
tice-mode theory.

II. EXPERIMENTAL

All measurements were performed on the 4'
beam line at the Stanford Synchrotron Radiation
Project, using synchrotron radiation from the
electron storage ring of SPEAR. The effective
resolution for these measurements in the 100-eV
spectral region was 0.15 eV. Samples consisted
of 0.6-Q cm single-crystal n-type Si ribbons, hav-
ing approximate dimensions of 0.25 ' 5 x 25 mm .
The Syton-polished reflecting surfaces were (111}
planes.

All optical measurements were made at an angle
of incidence of 85.0'+0.3', as determined from
the detector positions in normal and straight-
through operation. This value is near the angle
(80'} that maximizes the signal-to-noise ratio, as
calculated' using the measured" optical constants
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of Si near 100 eV. A two-stage chevron-channel-
plate-detector system was used in the single-beam
mode to measure the intensity of the reflected
light. Approximate absolute reflectance calibra-
tion (+20Vo} was obtained by measuring the intensity
in straight-through operation, and by scaling all
data points inversely with respect to the storage
ring current.

The signal-to-noise ratio wa, s further improved
by using a boxcar-gated averager before the phase-
sensitive detector. By this means, only. the in-
formation-conta, ining detector output, centered
about the 0.3-nsec photon pulse, was transmitted
to the rest of the data-acquisition system. " This
novel method of matching the time-averaging char-
acteristic of the phase-sensitive detector to the
output of a synchrotron radiation source is dis-
cussed in detail elsewhere. " Signal-to-noise lim-
its obtained by this technique were about 10 ' and
10 at 0.5 Hz and 100 Hz, . respectively, for aver-
aging times of 30 sec.

Low-temperature and room-temperature reflec-
tance measurements were made with the samples
nominally attached to a liquid-nitrogen cold finger,
which was covered by a thin mica sheet to provide
electrical isolation. High-temperature reflectance
and thermoreflectance spectra were obtained by
passing current directly through the samples by
means of Ohmic contacts at the ends. For the
latter measurements, a 0.5-Hz 12-W square-wave
heating cycle was used. This resulted in a sample
temperature variation of about VO'C centered about
a mean value of 330 C, as inferred from on-line
resistance measurements compared to later direct
calibration of the resistance versus temperature
behavior of this material. The relatively large-
amplitude thermal cycling invariably caused the
Si ribbons to separate from the cold-finger mount-
ing. Thus, the high-temperature data (and some
of the room-temperature and low-temperature data
as well} were for free-standing Si ribbons sup-
ported and cooled through the end contacts. Be-
cause sample temperatures were not measured
directly, and because data from both cold-finger
and free-standing configurations were used in
analysis, we estimate the uncertainty in all tem-
peratures as +50'C. This is not overly serious,
because thermal effects saturate at low tempera-
ture and the total range measured was about 450 C.
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FIG. 1. Normalized reflectance spectra of crystalline
Si at the L2 &

soft-x-ray threshold. The spectra have
been offset as indicated for clarity.
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normalized to a peak value of unity, and the 600-
and 150-K curves have been offset by 0.05 as in-
dicated for clarity. The numerically calculated
first derivatives of these normalized spectra are
shown in Fig. 2. In Fig. 3, the top curve is the
temperature-induced change 4R of the unnor-
malized reflectance spectrum that was obtained
using the modulation conditions described in Sec.
II. The numerically calculated first energy de-
rivative of the unnormalized reflectance, mea-
sured concurrently with bR, is shown in the middle
of Fig. 3. The bottom spectrum of Fig. 3 shows
the properly normalized measured thermoreflec-
tance spectrum, aRl&.

The spectra of Figs. 1-3 show clearly the re-
flectance structures due to the onset of transi-
tions between the j=2 and j=a 2p core levels and
the bottom of the sp' conduction band. Using the
dielectric function" of Si in this spectral region,

III. RESULTS

The experimental results are summarized in
Figs. 1-3. Figure 1 shows representative reflec-
tance data from a free-standing Si ribbon for three
different temperatures. No smoothing was re-
quired for these spectra. These data have been
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FIG. 2. First-derivative spectra of Si at the L2 3 soft-
x-ray threshold calculated numerically from the normal-
ized spectra of Fig. 1.
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TABLE I. Summary of temperature-shift data and cal-
culated contributions for the L2, 3 soft-x-ray threshold of
Si, expressed as a difference of threshold energies at
150 and 600 K.
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we calculate that structure in R arises from cor-
responding structure in (c, —1) and e, in approxi-
mately a 2: 3 ratio. Thus although the absorption
line shape dominates in determining the reflec-
tance line shape there is nevertheless a substantial
admixture of its Kramers-Kronig transform. For
this reason, we believe that the threshold and
spin-orbit splitting energies'"" of 99.84+0.06 and
0.61+0.02 eV, respectively, determined from the
point of maximum slope of the optical density
spectrum for thin polycrystalline films, are more
reliable than values that could be inferred from
the corresponding line shapes of Fig. 2.

We can, however, obtain accurate temperature-
shift data from the spectra of Fig. 2. Because
the Varshni P parameter is so large (636+ 50 K)"
for Si, and because its thermal expansion prop-
erties" are so nonlinear, it is more useful to dis-
cuss the temperature dependence as a difference
between the 150- and 600-K values. We find that
the apparent shift of the threshold of the Si 2p3/

4, transition between 150 and 600 K is -350+ 50
meV, as indicated in Table I. The same value is
obtained from all spectral features associated
with the j= & threshold. This is expected since the
line shape is determined by shift and not broaden-
ing effects (see below). By comparison, the shift
in the fundamental indirect gap over the same tem-

FIG. 3. Top: unnormalized temperature-induced
change QR in the unnormalized reflectance obtained under
modulation conditions described in the text. Middle: nu-
merically calculated first energy derivative of the unnor-
malized reflectance data obtained concurrently with AR.
Bottom: standard properly normalized thermoreflectance
spectrum.

perature range is about half as large, -124
meV 17e 19e20

The unnormalized bR spectrum at the top of Fig.
3 shows immediately by its similarity to the un-
normalized dR/d& spectrum in the middle tha. t
temperature-modulation results almost entirely
from the shift of the thresholds to lower energy
with increasing temperature, rather than an in-
crease in the broadening parameter. The thermo-
reflectance spectrum nevertheless shows some
surprising features that are not immediately ob-
vious from the derivative data of Fig. 2. Both the
j= & core-level structure at 100.5 eV and the fea-
ture near 101.1 eV are significantly larger in the
TR data than are their counterparts in the deriva-
tive spectrum, indicating that these thresholds
vary more rapidly with temperature than the j= &

thresholds. The more rapid temperature shift of
the j=& core level Is surprising, and we have no
explanation for it at present. Similar behavior has
been noted in thermoreflectance measurements at
the spin-orbit-split E, + 6, transition in a number
of zinc -blende semiconductors. "

The rapid temperature dependence of the small
structure near 101.1 eV in Fig. 3 can be explained
qualitatively by assigning the initial state to j= &

and the final state to the more strongly tempera-
ture-dependent second conduction-band minimum
at L, ." The initial-state assignment is further
supported by the appearance of a j= & component
in the 150-K spectrum of Fig. 2, where the more
rapid final-state temperature dependence enables
it to move out from behind the larger 2p3/2 X1
structure. We note, however, that assignments of
final-state wave functions to localized regions of
the Brillouin zone are not consistent with the ob-
served binding energy of hundreds of meV"'" of
the core-level exciton at the j= ~ —b, threshold.
This interaction must clearly mix conduction-band
wave functions over a relatively large region of
the Brillouin zone (although different final states
will contain different proportions of band-struc-
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ture states). For this reason, the apparent 0.9-
eV separation of the 4, and L, features is probably
not representative of the actual I-, —4, separation
in this material. This value agrees closely with
the predictions of nonlocal pseudopotential calcu-
lations. " However, since experiments" indicate a
somewhat smaller value the issue has not been
completely resolved.

IV. MODEL CALCULATION

Despite the complications of making symmetry
assignments, it is useful to estimate the various
contributions to the total temperature shift from
band theory. The final-state electron-hole exci-
tation should show at least some correlation to the
unperturbed levels, for which a calculation is pos-
sible. We shall work in the framework wherein
electrons are perturbed by phonons and the sp'
conduction-band shifts are calculated with respect
to the V«, pseudopotential reference. We shall
comment about the alternate approach below.

For X, , Camassel and Auvergne' calculated a
Debye-Wailer contribution of -1.0'? x 10 ' eV K '
from 200 to 300 K using the nonlocal pseudopoten-
tial coefficients of Chelikowsky and Cohen"; extra-
polation to the 150-600-K range yields a total shift
of -48 meV for X,-. The self-energy terms"' are
generally taken to be small, and indeed this ap-
pears to be the case in III-V compounds where TQ-
phonon scattering predominates. The result iA

less obvious for Si, where the effect of an indirect-
gap I', —4, electron-hole excitation on the TA lat-
tice modes has been shown to account well for the
observed temperature dependence of the indirect
gap over a wide range of temperature. ' Never-
theless, the total Debye-Wailer contribution of the
indirect gap was observed to agree with experiment
over the 200-300-K range, where TA anharmon-
icity effects are not yet significant. Thus, it ap-
pears that self-energy terms are small as well in
Si.

The hydrostatic term describing the effect of lat-
tice expansion of the Fermi level of the valence-
charge distribution is calculated by the method of
Cardona" from pseudopotential form factors. "
Since the total linear expansion ha, /a, (a,
= 10.263as, where a, is the lattice constant) is
about 1.25 x 10 ' from 150 to 600 K,"the hydro-
static term contributes a total shift of -30 meV.
Calculating this term in a simple Fermi gas model
yields -31 meV. The V„,pseudopotential term'
-2e, '~'a, (d&~/da, ) has a value of +9 meV and thus
partially cancels the hydrostatic contribution.

Summing the above contributions yields a net
theoretical sp' conduction-band shift of -69 meV,
much less than the observed shift of -250+50 meV

V= -20.6e/eoao, (1a)

V(0) = -4.7 eV, (1b)

where the prefactor includes the Madelung sum
term for this configuration, "and V(0) is the un-
perturbed value. The temperature effect is there-
fore given approximately by

aV=— a, ' + c, — ' aT 2a

=—+6 meV+ 170 meV, (2b)

using the appropriate parameters (eo'dao/dT =—8
&&10 ' K ' for Si)." Thus, the change in potential
due to the change in effective charge at the bonding
and atomic sites can provide a sufficiently large
contribution of the correct sign at the Si core to
explain the observed temperature shift. We sum-
marize all values in Table I. Although the sum of
all one-electron contributions, -245 meV, agrees
well with the experimental value, this quantitative
agreement should not be taken seriously, because
the model presumes an extremely simple spatial
charge distribution and does not include the varia-
tion of screening with distance. "

over the 150-600-K temperature interval. Thus
either the "binding energy" of the electron-L2 3-
core-hole pair must have an intrinsically large
temperature dependence, or else the energy of the
core electrons must be shifting relative to the va-
lence-band edge in response to the temperature-
induced redistribution of valence charge. We con-
sider the latter possibility explicitly, because the
former. is not expected to be strongly temperature
dependent.

The temperature dependence of the electrostatic
potential of the valence charge at the Ga nucleus
in GaP was estimated theoretically in model cal-
culations and was found to be large in principle.
However, calculated values were found to be quite
sensitive to assumptions about the detailed spatial
variation of the unperturbed valence and core
charge and the temperature-induced redistribution
of this charge. ' Therefore, the intuitively rea-
sonable experimental result of little or no apparent
electrostatic shift of the Ga-3d core levels in GaP
was accepted without further attempted interpre-
tation.

In view of the new data for Si, however, it is
worthwhile to estimate for this material the tem-
perature-induced electrostatic shift at the core
sites. This can be approximated in the Phillips
bond-charge model" as arising from charges
-2e/e, and +4e/e, at the bond sites and atomic
core locations, respectively, where E, is the stat-
ic dielectric constant (e, =11.7 for Si). We find"
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V. DISCUSSION

For GaP, ' data show that the Ga-3d core level
contribution to the total temperature dependence
of the Ga-3d core-conduction-band threshold was
negligibly small. For Si, the corresponding data
can be explained only on the basis of a relatively
large shift of the Si-2p core level with tempera-
ture. We believe that the different behavior results
from the different sizes of the core states, the
Si-2p electrons being significantly more localized
than the Ga-3d electrons. The radii of these states
can be estimated from their binding energies of
-20 eV and -100 eV and the approximate +5e core
charge seen by a single core electron, using the
screened hydrogenic expressions Ea= 5 && 13.6 eV/

and r= a~a. Eliminating the dielectric function
between the two expressions leads to r» ——0.8 a~
and rM =—1.8a~ for Si 2p and Ga 3d, respectively.
For comparison, the midpoint of the bond (in eith-
er material) is located a,t approximately 4.5aa.
Thus the assumption of a well-localized core-
charge distribution, necessary for the validity
of the bond-charge calculation, is more realistic
for Si 2P than for Ga 3d. We mention that the
larger size of the Ga-3d charge distribution in-
fluences a number of other phenomena as well,
such as the evaluation of effective numbers of
electrons n,«by the plasma sum rule. Below the
core-level threshold n,«reaches a limiting value
of about 4 at the plasma frequency for Si, but con-
tinues to rise smoothly with increasing energy
through the plasma frequency for GaP. " The par-
tial hybridization of the Ga-3d levels into the va-
lence band that gives rise to the anomalously large
number of effective electrons in GaP may also be
partly responsible for the different temperature
response of the Ga-3d core energies.

We comment finally on the implications of these
core-level data on the one-electron' ' and lattice-
mode"' models of the temperature dependences of
absorption thresholds. For fundamental absorp-
tion thresholds between bonding-valence and anti-
bonding conduction-band states, which involve a
difference between the temperature dependences
of the individual states, the models give essential-
ly identical results. But the models predict quite
different temperature behavior for the individual
band edges, although this appears not to have been
appreciated. Because core-level spectroscopy
can measure in principle the temperature depen-
dence of the conduction-band edge independently
from that of the bonding valence-band edge, it
provides a possible experimental means of dis-
tinguishing between the two models.

Specifically, the ope-electron approach, wherein

the one-electron states are perturbed by phonons,
predicts that approximately 3 of the temperature
dependence of fundamental absorption edges is due
to the decrease of the conduction-band energy and

3 to the increase of the valence-band energy with

increasing temperature. "' In the lattice-mode
model, the individual contributions can also be
calculated. For Si, a hole created at the top of
the valence band destroys about 0.9e of bond

cha.rge (six bonds) while the electron in the con-
duction-band minimum replaces about 0.05e of

this. "" The softening of lattice modes by the net
0.85e reduction of the total bond charge produces
a decrease of the absorption threshold with in-
creasing temperature. Because the addition of
a conduction electron slightly stiffens the lattice,
the electronic part alone must cause the conduc-
tion-band edge to move to slightly higher energy
with increasing temperature. The observed net

decrease in the forbidden gap with increasing tem-
perature results from a significantly faster in-
crease of energy of the upper valence levels with

increasing temperature. The behavior of the con-
duction-band edge is thus qualitatively different
in the one-electron and lattice-mode models. Un-

fortunately, it is not yet possible to characterize
sufficiently accurately the temperature behavior
of core levels to differentiate between the two mod-

els on the basis of temperature shifts of the con-
duction-band edge alone.

Nevertheless, it is possible to show that the lat-
tice-mode model fails quite badly in explainin' the

Si-2P core data obtained here. U one supposes
that the contribution of the conduction electron
toward the stiffening of the lattice is about the

same regardless of whether a core level or an up-

per valence-band level is the initial state, the» the

anomalously strong temperature dependence of

the core threshold must come froni a substantial

softening of the lattice (reduction in bond clnr 'e)
that follows the creation of a core hole. This
postulated lattice softenin should not result froni

a gross local distortion of the lattice, because
this would imply strong phonon coupling whereas
in fact the threshold shows remarkably little
broadening. The remaining possibility is the re-
duction in bond charge resultin„' froni screening
the core hole. This can be estimated immediately
to be of the order of 2e (12 bonds) because the core
threshold is observed to vary twice as fast with

temperature as the indirect threshold. But this is
not possible, because even if the core hole were
screened entirely by bond charge, it would not re-
quire more charge for screening than that of the
hole itself. We conclude that the lattice-mode
model fails to describe the temperature dependence
of the Si-2p conduction-band edge in Si.
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VI. CONCLUSION

Our high-resolution reflectance data taken at
several different temperatures show that the tem-
perature shifts of the threshold energies of the
Si L» transitions are surprisingly large, about
twice that of the fundamental indirect threshold
and in fact exceeding the temperature coefficients'
of the direct gaps in most III-V semiconductors.
The large values cannot be explained on the basis
of conduction-band states alone. A contribution
from the core-level states is required as well,
which presumably arises from the change in elec-
trostatic potential at the 2p core as a result of a
temperature -induced redistribution of valenc e
charge. A simple model calculation suggests this,
although these calculations have only qualitative
validity because the detailed nature of the large
final-state excitation" is not clear. The apparent
absence of core-level effects in the Ga-3d core
transition of GaP appears to be due to the much
larger volume occupied by the Ga-Sd core hole,
which provides greater spatial averaging of the po-
tential change resulting from charge redistribu-
tion.

The thermoreflectance data show in addition that
the threshold shift accounts for nearly all of the
effect of temperature on these transitions: therm-
al broadening effects are essentially nonexistent.
The TR results also show that the temperature
shift of the 2P, &, component exceeds that of the
2P,~, component. Similar behavior has been ob-
served in sp' valence-conduction-band transitions
in several zinc-blende-structure semiconductors. "
The TR signals were large, but owing to the ne-

cessity of modulating at very low frequencies (0.5

Hz), we were unable to take full advantage of the
technique. With the current state of the art, we
found that numerically differentiated high-resolu-
tion reflectance data, which were less affected by
low-frequency noise, were superior; however, all
modulation techniques should have much to offer in
this spectral range.

We note finally that we have assumed throughout
that the temperature dependence of the "binding
energy" (difterence between the ground state and
ionization state) of the conduction-eiectron-L, ,—

core-hole excitation is negligible. Since the tem-
perature dependences of the indirect gap and the

3 exciton threshold are now both known, this as-
sumption can be checked easily by measuring the
temperature dependence of the energy separation
between the core electrons and the top of the va-
lence band by photoemission or energy-loss mea-
surements. If this assumption is correct, we
should expect to find an approximately 125 meV
decrease in this separation from 150 to 600 K.
An energy difference of this magnitude should be
easily measurable by current techniques.
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