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Band-structure eSects in the excitation-energy dependence of Si L2 3 x-ray-emission spectra
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Si L» x-ray emission stimulated with narrow-band synchrotron radiation has been studied as a func-
tion of excitation energy. In strong contrast to crystalline silicon, amorphous silicon yields emission
spectra that are independent of the excitation energy, thereby demonstrating that long-range order plays
a necessary role in the excitation-energy dependence of the crystalline emission.

Investigations of soft-x-ray emission (SXE) as a func-
tion of excitation energy, h v„have been actively pursued
ever since high-efficiency fluorescence spectrometers were
combined with excitation by monochromatized synchro-
tron radiation. Strong variations in emission spectra
have been reported as a function of h v„particularly in
the neighborhood of the absorption threshold. ' " In
some cases the hv, -dependent changes involve the ap-
pearance of satellites related to additional holes in the
valence states. ' These additional holes must be local-
ized to inAuence the emission process and have presently
been reported in transition metals with their valence d
bands as well as in atomic and molecular systems. '

Strong h v, dependences have also been observed in emis-
sion from light s-p bonded materials with delocalized
valence states. ' This was first observed in crystalline sil-
icon, and it was tentatively suggested that electrons excit-
ed to states near the bottom of the conduction band
remain suKciently localized to inAuence the emission
process as spectators. Ma et al. recently observed a
strong h v, dependence in diamond K emission; however,
they explained this dependence in terms of an alternative
inelastic-scattering description of the absorption and
emission processes. Their treatment is unique in that it
emphasizes a material's long-range order rather than a
localized phenomenon to account for the excitation
dependence of emission.

This inelastic-scattering treatment leads to a simple
band-structure-based interpretation of h v, -dependent
emission data when phonon coupling, which may occur
between the absorption and emission processes, can be
neglected. Then, for the negligible photon momenta in
the soft-x-ray regime, the following momentum-
conservation rule governs the combined absorption and
.emission processes: the crystal momentum k of the
conduction-band state to which the initial excitation
occurs is the same as the k of the valence state involved

in the subsequent emission process, to within a
reciprocal-lattice vector. From a related local viewpoint,
this treatment assumes that the recoil following electron
emission is not taken up by the surrounding lattice before
the filling of the hole occurs: this assumption should be
valid when the core-hole lifetime is shorter than the pho-
non relaxation times. Ma et al. proposed this k-
conservation interpretation after they observed that
features of the diamond SXE spectra corresponding to
certain points in the Brillouin zone are intensified upon
selective excitation of electrons to unoccupied states at
these same zone points. This interpretation, for which
the phonon coupling has been neglected, would have to
be modified for the metallic and ionic insulator systems
in which such coupling effects have been observed. Pho-
non coupling is weak in nonpolar, nonmetallic materials
such as diamond and silicon. Silicon then represents
another system in which the k-conservation framework
can be considered.

This paper describes a general test of the role of band
structure in the silicon emission variations: measurement
of the h v, dependence in amorphous silicon (a-Si) emis-
sion. It is found that emission from an amorphous sam-
ple is independent of h v„ in contrast to the strong h v,
dependence of crystalline silicon (c-Si) emission, as mea-
sured in this study as well as in Ref. 2. This contrast is a
direct confirmation of the role of band structure in the c-
Si emission variations. Detailed implications of the
difference between the amorphous and crystalline data
will be discussed below.

SXE spectra were collected using a grazing incidence
Rowland circle spectrometer' with the entrance slit set
to yield an emitted photon energy resolution of 0.25 eV.
The spectra were excited using monochromatized syn-
chrotron radiation from Beamline U10A of the National
Synchrotron Light Source, where the previous c-Si study
of Ref. 2 was also conducted. Since the preceding study

0163-1829/93/48(3)/1918(3)/$06. 00 48 1918 1993 The American Physical Society



48 BRIEF REPORTS 1919

the monochromator has been modified from a transmis-
sion grating to a variable line space grating design, "
yielding a tenfold improvement in resolution as well as
suppressing the white light background. The resolution
of the exciting photon energy at 100 eV was 0.37 eV in
the present experiment. This improved resolution is use-
ful for the selective excitation of electrons to points in the
Brillouin zone. All excitation photon energies hv, as
well as the monochromator resolution were directly es-
tablished at the time of each emission measurement by
recording the elastically scattered photon peak with the
spectrometer. Thus all photon energies quoted in this pa-
per, both for excitation and emission, correspond to the
calibration of this same spectrometer. In the measure-
ment of c-Si, a piece of polished (100)-oriented wafer was
used, while the a-Si consisted of a 1000-A film sputtered
onto a 1500-A tungsten interlayer, which in turn was de-
posited on a polished Si substrate. Both samples were
etched in HF and then loaded into vacuum within a few
minutes.

Figure 1 demonstrates the contrast in h v, dependence

(b)

between the amorphous and crystalline samples. The a-Si
emission spectra are nearly indistinguishable for all
values of hv, studied, as well as for excitation with a 3-
keV electron beam. This point is emphasized in Fig. 2(a),
in which four of the a-Si emission spectra are superim-
posed. The absence of h v, dependence in the amorphous
data shows that band structure necessarily plays a role in
the strong variations of the single-crystal emission. In
amorphous material k is no longer a meaningful quantum
number, to be conserved in transitions. Hence this ab-
sence of h v, dependence in the a-Si is anticipated in the
k-conservation description outlined above. On the other
hand, the amorphous data rule out the localized-
excitation explanation for the c-Si emission variation. If
excitation to localized states near the bottom of the con-
duction band is the reason for these variations, analogous
eft'ects are expected to persist in the amorphous material.
The 2p core exciton in both c-Si and a-Si has been a con-
troversial topic, in terms of its existence as well as the
specific binding energy. However, recent experimental
studies have suggested that the exciton exists in both Si
forms and that the binding energy is greater in the amor-
phous material. ' '

In contrast to the a-Si case, emission from c-Si exhibits
a strong variation with excitation energy. The h v,
dependence of the c-Si emission shown in Figs. 1(b) and
2(b) is consistent with the major findings of Ref. 2 if the
narrower excitation band of the present measurements is
taken into account. First, the spectra always consist of
three major features that are labeled 3, B, and C in Fig.
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FIG. 1. Si Lz 3 soft-x-ray emission spectra are plotted for (a)
amorphous and (b) crystalline silicon samples with hv, (in eV)
as a parameter. The spectra labeled e-beam were stimulated
with a 3-keV electron beam. The a-Si data are normalized to
equal area, while the c-Si data are normalized to the intensity of
the central peak, B. The data sets are offset along the ordinate
for clarity.

photon energy (eV)
FIG. 2. The emission spectra for (a) amorphous and (b) crys-

talline silicon taken at selected values of h v, are superimposed
on one another for the purposes of comparison. The a-Si data
are normalized to equal area, while the c-Si data are normalized
to the intensity of the central peak, 8.
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l(b). This three-peaked line shape agrees qualitatively
with the Si L2 3 emission spectrum calculated by Khma, '

who performed his calculation with no restrictions on k
for emission transitions. Second, relative intensity varia-
tions between these features occur for values of h v, up to
30 eV above threshold; beyond this excitation level the
spectra approach a line shape in agreement with the
electron-stimulated data.

Close to the Lz 3 absorption threshold, where the emis-
sion line shape changes most rapidly as a function of h v„
the difference in excitation bandwidth between the
present measurement and that of Ref. 2 comes into play.
For 99.7-eV excitation, as shown in Fig. 2(b), the intensi-
ty of peak A exceeds that of peak 8, while peak C is also
enhanced with respect to B due to strong emission at 95.5
eV (arrow 1). Peak A is not only intensified at Ii v, =99.7
eV but is also broadened on its high-energy edge so that
its centroid is shifted to higher energy by 0.4 eV. This
shift is made clear by reference to the dotted lines drawn
through the high-hv, positions of peaks A and 8 in Fig.
1(b).

One complication in analyzing the h v, dependence of
Si L2 3 emission is the spin-orbit splitting of the 2p core
level. Transitions from the 2p3/2 level have an onset at
around h v, =99.6 eV, and at this h v, only emission due
to the filling of this 2p3/2 level is present in the SXE spec-
trum. Transitions from the 2p, /2 level begin at 0.6 eV
higher h v„where 0.6 eV is the Si 2p spin-orbit splitting.
Thus the corresponding 2p&/2 emission component, lying
at 0.6 eV higher emitted energy, has its onset at around
h v, = 100.2 eV. In Figs. 1(b) and 2(b), the shift of peak B
to higher energy between hv, of 99.7 and 101.2 eV is a
manifestation the 2p»2 emission onset, and a similar shift
is seen between the 99.7-eV and higher-h v, data for a-Si.
Note that the centroid shift of peak A to lower energies as
h v, is increased above threshold is partially masked by
this L2 onset. Unfortunately, no simple separation of the
2p3/p and 2p, /2 components can be performed on the c-Si
emission data. These two components can have quite
different line shapes near threshold because the spin-

orbit-split 2p electrons are excited to different levels in
the conduction band.

Certain changes in the c-Si emission as a function of
h v, may be interpreted within the framework of the k-
conservation model discussed above. For example, the
region of peak C near 95.5 eV that is enhanced at
h v, =99.7 eV [arrow 1 in Fig. 2(b)] is associated with the
X point in the Brillouin zone, and this intensity increase
coincides with excitations to the conduction-band
minimum near X.' ' Similarly, the enhancement of the
high-energy edge of peak A at this excitation energy may
be attributed to increased emission from states neighbor-
ing the X point in this part of the valence-band density of
states. ' %'hen hv, is raised to 101.2 eV, excitations to
the L point take place, and the region of peak C near 97
eV, which is associated with this same critical point, is
intensified [arrow 2 in Fig. 2(b)].' ' The variations in
feature C are analogous to those reported for diamond K
emission, in which the intensity of the p-density-of-states
feature is dominant. For sufficiently large hv, the densi-
ty of available unoccupied states becomes high, and a
given excitation band can access any point in the Bril-
louin zone. At these energies the emission spectra are
predicted to resemble their electron-stimulated counter-
part.

Quantitative evaluation of the k-conservation model
for c-Si awaits detailed calculations which take into ac-
count the full band structure rather than isolated symme-
try points. Preliminary results' reproduce specific varia-
tions in the c-Si data of Figs. 1(b) and 2(b), including
those mentioned above. For the present the role of band
structure and long-range order in Si Lz 3 soft-x-ray emis-
sion is dramatized by the contrast between the strong h v,
dependence of c-Si to the h v, insensitivity of a-Si.
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