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We report the first electroreflectance spectra obtained above 7 eV. The large number

of new critical points observed includes a group in the energy range above 20 eV which

occur between the Bd valence bands, derived from the deep-lying Ga M core levels, and

the sp conduction bands. The resolution, currently limited by the monochromator band

pass, enables us to resolve directly the 0.50 +0.03 eV spin-orbit splitting of the Ga Sd

core levels for the first time.

We report the first electroreflectance (ER)
spectra measured in the energy range above 7

eV. The ER signals are large, of the order of
10"' in the relative reflectance ratio LA/8, and

show the high resolution and critical-point en-
hancement characteristic of ER measurements
at lower energies' ' up to our current measure-
ment limit of 27 eV. In addition to a number of
new sp' valence-band-conduction-band critical-
point features which appear in this energy range,
we also observe structure from a new class of
critical points: those which occur between flat,
deep-lying valence bands derived from atomic
core levels (here, the Sd levels of Ga) and the sp'
conduction bands. The monochromator band pass
of 150 meV obtained here improves by a factor
of 3 to 6 the actual resolution limits attained by
alternative spectroscopic techniques, such as
absorptance-reflectance spectroscopy, ~' or x-
ray, ' ' resonance-lamp, "or synchrotron""
photoemission, which have also been used to
study electronic states in this energy range in
semiconductors. For example, the improved
resolution enables us to observe directly the
spin-orbit splitting h», „of the Qa 3d core states
and to obtain a new and reliable value,
=0.50+0.03 eV, for this quantity.

Measurements were performed using the high-
energy photon source of the Synchrotron Radia-
tion Center of the Physical Sciences Laboratory

of the University of wisconsin. Details of the
modulation-spectroscopy configuration used in

these experiments have been published elsewhere. "
All data reported herein were obtained on a (111)
face of an n-type, Te-doped, single-crystal GaP
wafer having a carrier concentration of 5 &10"
cm '. A standard Sehottky-barrier electroreflec-
tance configuration" was used, in which the mod-
ulating electric field was generated normal to
the surface by applying a reverse voltage across
the barrier formed by evaporating a semitrans-
parent, 4-nm Ni film on the Syton"-polished
sample surface, as described previously. '

The experimental results are shown in Figs. 1

and 2, which cover the spectral ranges 2.5-14
eV and 14-27 eV, respectively. The structures
observed below 6 eV consist of a combination of

primary critical-point features and Franz-Kel-
dysh oscillations. Critical-point assignments in
this energy range have been given previously'
and will not be discussed here. The dominant
new features observed above 6 eV include two
relatively large structures at 6.80 and 9.30 eV.
The particularly large size of the 6.80-eV struc-
ture indicates an I.,„-1.„(Z, ) critical-point
origin for this spectral feature, in good agree-
ment with estimates of this energy from band-
structure calculations. ""The magnitude and
sharpness of the 9.30-eV structure suggest' that
this spectral feature originates at or near the
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FIG. 1. Electroreflectance spectrum of GaP from
2.5-14 eV measured by synchrotron radiation. The
rising background above 10 eV is a spurious effect due

to luminescence.
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FIG. 2. Electroreflectance spectrum of GaP from
14-27 eV measured by synchrotron radiation. The
critical-point assignments shown are discussed in the
text.

sp' states forming the I'»„-1», (bonding P -like
to antibonding d-like) critical point E,". This as-
signment is in good agreement with the calcula-
tions of Cohen and Bergstresser. " Other fea-
tures in Fig. 1 include Franz-Keldysh oscilla-
tions extending from the E,' structure to higher
energies, and a number of weakly resolved sp'
critical points above Eo . The 1'ising background
above 10 eV is a spurious effect due to lumines-
cence. It is not seen with the solar-blind detec-
tor used for energies above 13 eV.

In Fig. 2, a new set of features, superimposed
upon the relatively broad sp' background struc-
ture, is seen to appear at 20.3 eV and extend to
higher energies. These new structures form a
striking pattern of clearly resolved doublets of
narrow line shapes, and originate from critical
points that occur between the flat 3d valence
bands, derived from the Ga 3d core states, and
the sp' conduction band. The spin-orbit splitting,
4»,„=0.50+0.03 eV, obtained accurately from
these spectra, is in very good agreement with
the theoretical value of 0.53 eV. '8 Our measured
value is somewhat larger than that obtained from
resonance photoemission (0.4 + 0.1 eV), ' and much
less than that obtained from x-ray photoemission
(0.67 eV), ' neither of which have shown sufficient
resolution in this energy range to separate these

featur es.
For brevity, we shall discuss in detail only the

critical-point assignments of the lower-energy
components of the doublet structures, which
arise from the upper spin-orbit 3d valence band.
In order to make definite assignments, we note
first that in this energy range

b R/R =-1.6[6,s, + hs, ],

where hc, and he, are the field-induced changes
in the real and imaginary parts of the dielectric
function, respectively. Equation (1) follows from
the generalized Seraphin coefficient expression'9
of the three-phase vacuum-¹i-GaP system, using
the values eNi =0.8+ i0.8' and e'Gas =0 87+ i0.34,
which are slowly varying over this energy re-
gion. Assuming three-dimensional Mo low-field
line shapes, "Eq. (1) predicts that each critical
point will generate a single strong negative peak
in hR/R, which means, for example, that the
relevant critical-point feature is the valley at
23.65 eV and not the positive peaks on either side.
With this identification, the I, and I'» assign-
ments at 20.55 and 22. 50 eV, respectively, follow
directly from magnitude considerations and the
energy difference of 1.95 eV between these struc-
tures. This difference is in excellent agreement
with the known difference of 1.94 eV which fol-
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lows from an analysis" of absorption-edge data, "
which places I'„2.87 eV above I »„and high-res-
olution reflectance measurements, which show
an average I », —I »„separation of 4.81 eV. The
L y and L, assignments, at 20.55 and 23.6 5 eV,
respectively, follow similarly from our previous
identification of the Ey transition at 6.80 eV in
Fig. 1 and from high-resolution reflectance mea-
surements which place the averaged E, ' structure
at 3.81 eV. '4 We note that the coincidence of the
ry and L, critical points observed here fixes L3,
at 0.95+ 0.05 eV below I"»„, in essential agree-
ment with photoemission measurements' if the
3d valence bands are flat on our energy scale of
0.1 eV. This is a good approximation: theoret-
ical estimates" show the expected width of the
3d band to be of the order of 0.1 meV. Further
assignments include a relatively broad A„~,
feature at 21.3-21.5 eV, and a very sharp struc-
ture at 20.30 eV which signals the onset of the 3d
transitions. This latter structure clearly in-
volves the X, conduction-band minimum, which
lies 0.25 eV below I', and 0.29 eV above X„ the
true conduction-band minimum. The fact that X,
is not seen (to within our experimental uncertain-
ty of + 2 xl0 ' in n.R/R in this energy range)
gives further proof of the importance of matrix-
element effects in core-to-conduction-band
transitions. " Here, the electron is localized
about Ga in the X, state and P in the X, (true mir
imum) state"; hence a significant overlap with
the Ga 3d-core wave function should be expected
for the former and not the latter, in agreement
with experiment.

In conclusion, we have demonstrated that the
improved resolution and sensitivity to weak crit-
ical-point structures seen in ER below 6 eV con-
tinues well into the far uv not only for sp' va-
lence-band-conduction-band transitions but also
for core states as well. The large signals, to-
gether with the polarized nature of synchrotron
radiation, are expected to make symmetry analy-
sis of these structures practical. Further discus-
sion of these points will be given in a forthcom-
ing paper.
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