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The absorption and reflection spectra of several amorphous
and erystalline ITI-V semiconductors have been measured in
the region from 10 to 30 eV where transitions from the outer—
most d levels of the cation cores occur. The use of the con—
tinuous spectrum of synchrotron radiation of DESY enabled

us to resolve constderable structure in the crystalline
samples. This structure can be interpreted as due to struc-
ture tn the density of conduction states and to the spin-

orbit splitting of the core level.
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The optical transitions from the valence to the conduction bands

of the crystalline III-V compounds show‘a great deal of structure

in the energy region below 7 eV, This structure is now quite well
understood and has been responsible for the recent advances in our
knowledge of the energy bands of these materials.! For absorption

and reflection spectroscopy above 7 eV éas discharge sources with
relatively widely spaced lines, which aré conventionally used2s3’
limit the resolution rather drastically. This fact is particularly
eritical in the region where the first core transitions of the III-V
compounds (w20 eV)? occur: the hot cathode argon lamps used have
typical separations of about | eV between adjacent lines, equal to
the expected spin-orbit splitting of the core levels® (0.53 eV for
Ga, 0.97 eV for In) and to the separation between peaks in the density
of conduction states.® For this reason we measured the absorption

and reflection spectra of the crystalline and the amorphous modi-
fications of GaP, GaAs, GaSb, InP, InAs, and InSb in the 10 - 30 eV
region using as a source the continuous synchrotron radiation of
DESY.®,7 We found, in all cases, considerable structure which can be
assigned to structure in the density of conduction states.® All the
In compounds measured showed also structure which could be correlated
with the splitting of the d levels of In. This splitting is too small

to be observed in most of the Ga compounds.

The samples for reflection measurements were mechanically polished
and etched single crystals and also flash evaporated layers; vacuum

deposited layers were used in transmission work. These layers were



prepared either amorphous or crystalline by varying the substrate
temperature, The transmission samples were deposited on a KCl-coated
microscope slide. They were then floated on water and picked up with
a copper mesh. The transmission spectra of crystalline films and the
reflection spectra from etched single crystals as well as from cry-
stalline layers showed essentially the same structure. The amorphous
layers gave only broad structure similar to.that obtained with polished
but unetched single crystals. Two normal incidence monochromators
operating in a modified Wadsworth mounting® were used with 1440 and
2400 lines/mm grat{ngs. The width of the observed structure was in no
case determined by instrumental resolution (2 £ over the whole energy

range). The detector was a Bendix M 306 open magnetic multiplier.

Figure 1 shows the absorption spectrum §f amorphous and crystalline
InAs films and the reflection spectrum of a polished and etched single
crystal of the same material. The amorphous material shows only broad
structure, in the region of the d electron transitions of In. Con-
siderable fine structure is however apparent both in the reflection
and in the transmission spectrum of the crystalline materials. This
structure consists of four main peaks (DiII’ DiII+Ad’ D%II’ D%II+Ad)

and two additional broad maxima (D3

111° D;II) at higher energies. Be-

tween 11 and 16 eV the reflection and absorption decrease monotonically
by a factor of 10. This behaviour is determined by the plasma energy

of the valence band electromns.3s? The energies of the peaks observed

in reflection and in absorption for this and other erystalline III-V
compounds are listed in Table I. The maxima recently observed in elec—

tron energy loss spectra are included.?® Good agreement exists between



the position of the reflection and absorption peaks, although
shifts smaller than the peak line width (&l eV) occur; in general
the reflection peaks of Table 1 lie about a few tenths of an eV

below the corresponding absorption peaks. It is easy to notice

1 -7l 2 - D2 : :
that the DIII DIII+Ad and the DIII DIII+Ad splittings do not
a . . 1 _ 1
appear in the Ga compounds (with the exception of DIII DIIIH_\.d

in GaP). This fact suggests that these splittings are related to
the spin-orbit splitting of d core level of the metallic atom:

0.97 eV for In and 0.53 eV for Ga (too small to be resolved)." The
remaining DiII - D%II splitting must be related to the density of
conduction states since the d bands are essentially flat, or to an
energy dependence of the transition matrix element. Matrix element
structure sharper than | eV is rather unlikely as follows from our
experience with the valence band transitiops of these materials and
from the computation of energy dependence of some core matrix ele-
ments by Klima.® Also, the reasonable agreement of the observed
structure with structure in the density of conduction states, as dis-

cussed below, suggests that structure in the matrix element does not

play an important role,

Figure 2 shows the excess absorption due to the d transitions for
the crystalline material, obtained by extrapolation of the tail of
the valence band transitions from w < 17 eV to w > 17 eV, Such extra-
polation was made with the law oe=w=2.%, which fits the observed ab-
sorption for w < 17 eV, The dashed curve is the absorption spectrum
calculated on the basis of the computed density of conduction states,

taking into account the spin-orbit splitting of the d core levels of



In and the appropriate degeneracy factors. We used the expression (in
atomic units):
2 42

o = AT 52 - -
a = — 3cn Pd 3 Nd(w wd)+2Nd(w Wy Ad) (1)

where the real part of the refractive index n has been taken equal
to one.? Nd is the density of conduction states, w the photon energy,

w, the energy difference between the bottom of the conduction band

d
and the core level, and Pd the dipole matrix element. The agreement

of the gross features of the experimental line-shape with the calcu-
lated one is quite satisfactory., Fine structure, very similar to the
observed one, is also present in the computed curve. The splitting be-
tween the two lower energy computed lines is indeed of spin-orbit

origin and also that between of the third and forth line, although a
slight deformation due to a number of peaks in the density of con-
duction states seems to be present. The DillmD%II splitting is due to
the main features in the density of conduction states. It corresponds
essentially to the splitting between the two lowest conduction bands:
the lowest conduction band has a very flat region in the vicinity of

the X point, while the second lowest band has a similar region near

the L point.® These regions give rise to the DiII_D%II splitting. The
value of the average matrix element Pd required in Eq. (1) for the

curve of Fig, 2 is 0.14 atomic units, a very reasonable value in view

of the fact that the typical matrix element for valence band transitions
is 0.6. This value is also reasonable when compared with those calcu-

lated for core transitions in germanium and silicon!? and with that de-

termined experimentally for the d transitions of germanium (Pdgo,13),11



Figure | shows two additional peaks D3__ and D3

111 111} these weak peaks

have been systematically observed for a number of III-V compounds, as
shown in Table I, While their origin is not clear, they are likely to
be related, especially D;II’ to higher conduction bands not included

in the density of states of Fig. 2 and Ref, 5. A look at the cal-
culated band structure of InAs shows a rather flat conduction band
located about 10 eV above the bottom of the lowest conduction band

and with Fls(g and d-like) symmetry at k=0. This band may be responsible

for the D;II peaks,
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Figure captions

Fig. 1 Absorption spectra of crystalline (substrate temperature
TS = 300 C) and amorphous (TS = 252 C) InAg and re-
flection spectrum of single crystals InAs etched in methanol
with iodine. The values of the absorption coefficient are
good to *20 %, the absolute reflectance values to %50 Z.

Fig. 2 Contribution of the DII transitions to the absorption

I
spectrum of Fig. | (solid line) and absorption calculated
with Eq. (1) and the density of states of Ref. 5. The
energy w; of Eq. (1) has been determined by fitting the

1
observed energy of the DIII peak,



GaP GaAs GaSb InP InAs InSh

20.62 20,92 20,82 18,82 18.52 18,32
Dl . 20.9° 20.6P 20,457 18.8° 18,50
21.3% 21.0° 20.8°
21.22 {9,752 19,52 19,2
Dl _+A, 19,750 19.4° 18,97
19.6% 19.1°¢
23,12 23,02 22,42 21.62 21,552 20,82
D2 23, 2P 22.,9° 22.2P 21.6P 21.3° 20.9°
23,3 23,2¢ 22,5° 21.6% 21.0°
, 22,48 22,32 21,52
D +A
I d 22,5° 22,17
26.0%
D%II 25¢
250 24, 4P 24.4° 24.7°
28,42 28.5% 29,2
DY 28, 3P 29.8° 27.5P
28,5 27.5°

Table I Energies of the peaks observed in the III-V compounds, related
to transitions from the outermost d levels of the cation core

to the conduction band.

a - transmission of thin polycrystalline films
b - reflection of single crystals

¢ - electron energy loss, see Ref. 9,
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