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The optical absorption due to surface states on ultrahigh vacuum cleaved Ge and Si surfaces
has been directly measured. Results show an absorption extending to energies lower than the
edge, which disappears when the cleaved surfaces are oxidized. Possible optical transitions

giving rise to this absorption are discussed.

It is concluded that the dominant processes are

transitions between two bands of surface states located in the gap. Combining the present re-
sults with photoelectric data, the energy position of the surface bands in Si is given.

INTRODUCTION

The presence of electronic surface states, local-
ized in the forbidden energy gap of a semiconductor,
causes an optical absorption extending to energies
lower than the edge. ' In clean surfaces this extra
absorption is fairly large and disappears as the
surface is slowly oxidized.?® In a previous paper?®
the effect in Ge has been interpreted as due to op-
tical transitions between two bands located in the
gap. The purpose of this paper is to show that
similar results hold for Si and to correlate infor-
mation obtained by optical means to that existing
in the literature mainly obtained from electrical
and photoelectrical measurements.

Allen and Gobeli? studied the influence of surface
states on the photoelectric yield of ultrahigh vacu-

um (UHV) cleaved Ge and Si samples. They show
that their results could be interpreted on the basis
of a two-band model for the surface states.

The electrical properties of clean surfaces have
been investigated by Palmer et al., ° Handler et al.,’
and others” who studied the influence of states on
surface conductance of Ge and Si. More recently
Monch® studied the effect of Cs coverage on surface
conductivity and proposed a two-band model for the
surface states. On the other hand Henzler, ® com-
bining low-energy electron diffraction (LEED)
technique and electrical measurements, studied the
influence of surface structure on the surface states.

From the theoretical point of view, the problem
of the electronic surface states is rather formida-
ble.!® The principal difficulty is the irregular
termination of the lattice near the surface.
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FIG. 1. Block diagram of the experimental apparatus
and sketch of sample section; S is the electronically
stabilized source, M the monocromator, D the PbSe de-
tector, P the precision potentiometer, A the selective
amplifier, and I the integrating digital voltmeter. The
path of light is shown by the dashed line.

Recently, a new approach developed by Garcia-
Moliner and Rubio'! allows the calculation of the
energy of the surface states, provided the Green’s
function of the crystal is known. By applying this
method to a simplified model of a solid (usually
called the Penn model), Bortolani et al.'? calculated
the dispersion curves of the surface states in Si and
showed the existence of two bands in the gap.

EXPERIMENTAL APPARATUS

In order to study optical transitions involving
surface states, a beam of monochromatic light
was totally reflected, several times, at the surface
of a semiconductor cleaved in UHV, as sketched in
the sample section of Fig. 1, where the block di-

Energy (ev)

065 060 055 0S50 045 040 035 0.30
T T T T T
.
.
.’- 54 ........'o
ee® o® o .
v
12 —
. Io
° / ’n(T)clean
o L]
°
A .
o B
IR %0 .
o
o .
° .
o
%0 .
I N .
10k '"(T)axidized 000 o ,
.
°n
°°° e ., .3t '
% o0 %0840
1 L 1 ° ]
20 25 3.0 35 4.0
o)

FIG. 2. Natural logarithm of the ratio I,/I as a func-
tion of wavelength for a cleaved surface of Ge and for the
same surface after oxidation.
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agram of the apparatus is shown.

The intensity of the transmitted light was re-
corded as the surface was slowly oxidized. The initial
vacuum of the order of 10°!° Torr was obtained by
means of a Vac-Ion pump and measured by a ion-
ization gauge. The samples, positioned between
two wedges as in Fig. 1, were cleaved along the
(111) surface by means of a magnetically operated
hammer. Oxidation was accomplished by letting
oxygen into the system at pressures on the order
of 10 Torr. Two sapphire windows allowed the
incident and emergent light to reach the sample and
the detector, respectively. A third window allowed
the inspection of the sample.

The source S of Fig. 1 was electronically stabi-

‘lized and the PbSe (Kodak E type) detector was

cooled to the temperature of boiling oxygen. More-
over, for each measurement, a portion of the
monochromatic beam was made to bypass the
sample and was monitored directly by the detector.
The detector signal was attenuated by the preci-
sion potentiometer P, in order to keep a fixed value
at the amplifier A input. The output signal of the
amplifier was averaged by an integrating digital
voltmeter (block I). Since the effect to be detected
was rather small and the time elapsed between the
measurements on clean and oxidized surface was
large, great care was taken to ensure the over-all
stability of the apparatus. The accuracy of the
measurements was on the order of 1%, with the
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FIG. 3. Absorption constant ag vs photon energy for
a surface of Ge cleaved in UHV. The almost constant
absorption in the low-energy range is on the same order
of the expected change of intraband hole absorption caused
by the change of hole concentration during the oxidation.
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FIG. 4. Absorption constant &g vs photon energy for
a UHV cleaved Si surface.

apparatus shown.
EXPERIMENTAL RESULTS AND DISCUSSION

The logarithm of the ratio between the intensities
of light impinging on the sample I, and that emerg-
ing from the sample I for a clean and oxidized sur-
face of Ge as a function of wavelength is shown in
Fig. 2.

The figure shows that the intensity of the trans-
mitted light increases as the surface is oxidized. '3
Since the light is still totally reflected at the sur-
face, the increase of I is due to the disappearance
of absorbing “centers” in the surface layer.

The difference between the two curves of Fig. 2
gives the contribution to the absorption of the sur-
face states on the clean surface directly.

In Fig. 3, the value

aszé'[ln(Iu/I)clean"ln(Io/I)ox] 1)

is plotted as a function of energy. The factor }- is
introduced to take into account the multiple reflec-
tion. ag, defined in (1), is identical with the ab-
sorption constant introduced by Barto$!* for a two-
dimensional structure.

The almost constant value of ag at energies low-
er than 0. 40 eV is of the same order as that ex-
pected from the change of optical absorption of
holes, brought about by the variation of surface po-
tential with the oxidation.® The same results for
Si are shown in Fig. 4. As in the case of Ge the
oxidation causes the disappearance of absorbing

centers at energies lower than the edge.

Various processes could explain the results of
Figs. 3 and 4, namely, (i) optical transitions be-
tween two bands of surface states localized in
the gap, one below and one above the Fermi level
at the surface; (ii) optical transitions from the va-
lence band to an empty band of surface states lo-
cated in the gap; and (iii) optical transitions from
a full band of surface states in the gap to the empty
levels of the conduction band.

Though, in principle, it is not easy to distinguish
among the processes mentioned above, especially
with the lack of theoretical predictions, hypothesis
(i) seems at present most likely. The reason is
that it seems difficult to explain peaked curves
like those of Figs. 3 and 4 under the hypotheses
(ii) and (iii). In fact, for transitions between a
localized state and a parabolic band, the joint den-
sity of states is expected to increase monotonical -
ly. The same behavior should hold also for Ge and
Si near the threshold. On the other hand, a peaked
joint density of states is expected for transitions
between the levels of a two-dimensional structure.!®
However, it cannot be excluded a p7ioi that part
of the signal is due to processes (ii) and (iii), !’

The case of Si is particularly interesting be-
cause it allows a comparison with other results ob-
tained by electrical and photoelectrical methods.
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FIG. 5. Models of surface bands in silicon according
to various authors: (a)—(c) from Allen and Gobeli (Ref.
4); (d) from Moénch (Ref. 8); (e) from theoretical calcu-
lations of Bortolani ef al. (Ref. 12).
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FIG. 6. Comparison of the experimental value (dots)
of a g and that obtained from the density of states of
Fig. 5(c) (dashed line) and from the histogram of Fig. 7
(solid line).

Allen and Gobeli, by measuring the difference be-
tween work function and photoelectric threshold in
Si, proposed the three models shown in Figs. 5(a)-
5(c), all consistent with their results. Handler
and Aspnes found that their data on surface con-
ductivity are in agreement with a model of two
bands separated by a gap smaller than 0. 32 eV,
More recently, Monch interpreted the change of
conductivity, occurring when the surface is covered
with Cs, with the model of surface states shown in
Fig. 5(d). The theoretical calculations developed
up to date donot allow a quantitative comparison with
the experiments. However, Bortolani ef al., by
applying the Green’s-function method developed by
Garcia-Moliner and Rubio, found a distribution of
surface states with the density shown in Fig. 5(e).
Preliminary results of Yndurain and Elices, '® who
use a more realistic model for the bulk structure
of the semiconductor, also show two bands in the
gap.

The optical results of Fig. 4, interpreted on the
basis of hypothesis (i), allow the determination of
the gap between the two bands of surface states and
the sum of their widths. However, they do not al-
low a localization of the surface bands in the gap.
Nevertheless, the results of Allen and Gobeli show
that the surface levels are symmetrically located
with respect to the neutrality level E,. Under this
hypothesis, the density of states of model (c) of
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Allen and Gobeli give the absorption curve shown
in Fig. 6, together with the experimental results
for Si. The curve has been calculated under the
hypothesis that the matrix element is constant and
that only energy must be conserved in the optical
transition. A better agreement can be obtained
with the density of states shown in Fig. 7, which
fits both our and Allen and Gobeli’s results.

The results of Bortolani et al. are in qualitative
agreement with the optical data, though the gap
between the two bands of the surface states is too
large. However, great care must be taken in de-
riving models for the density of states from optical
results, since transitions from (or to) the valence
(or conduction) band cannot be excluded and since
conservation of X at the surface is difficult to ac-
count for in absence of detailed calculations.

The number of states in the two bands of Fig. 7
cannot be obtained from optical measurements
since the absolute value of the matrix element of
the transition is not known. However, from a given
distribution of states in the gap, the number of
states can be evaluated by imposing the neutrality
condition of the surface for the known position of
the Fermi level. The total number of surface
states turns out approximately 1x 10* for each
band, which is not far from the value generally as-
sumed for a clean surface.'® With the above value
and the experimental data of Figs. 3 and 4, the
cross section of the optical-transition is 4x 10718
cm?, which is of the same order as that obtained
from the optical measurements on real surfaces!
and from the absorption coefficient of impurities
in Si and Ge.?

The interpretation of our results in the case of
Ge is more doubtful. Probably a model with two
bands can also explain the optical results, provided
the lower band is located, at least in part, into the
valence band.
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FIG. 7. Two-band model of the density of surface
states in Si that fits the experimental values of a g (Fig.
6, solid line). E,, E;, and E;on the energy axis are,
respectively, the top of the valence band, the intrinsic
level, and the neutrality level at the surface.
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Current models for the observed properties of semiconducting CdF, differ in their predic-
tions of polaron mass m,. A peak with magnetic field in the low-temperature microwave ab-
sorption of semiconducting CdF, has been interpreted in the literature as cyclotron resonance
of polarons with m, ~11m,. If such a heavy mass were appropriate, semiconducting CdF,

would be unlike any of the conventional semiconductors.

The presently reported measurements

of microwave absorption as a function of applied magnetic field, impurity concentration, fre-
quency, microwave polarization, and temperature enable us to rule out cyclotron resonance
as a possible explanation for the absorption peak. Instead, the effect can be qualitatively in-
terpreted by a model based on covalent bonding between donor impurities.

I. INTRODUCTION

Pure CdF; is a colorless insulator with a band
gap of 6 eV. Doped with trivalent rare-earth im-
purities (Re*®), it can be made semiconducting
(SC CdF,) by chemical treatment. At low tempera-
tures, the conduction electrons are localized about
the Re*® ions substituted for divalent Cd ions.
Above 77°K, a significant fraction of these donor
traps are ionized.

SC CdF, has been studied extensively as a physi-
cal system exhibiting strong electron-lattice cou-
pling. =" In this paper, we report the results of a
study of microwave absorption as a function of ap-
plied magnetic field in SC CdF, for temperatures
between 1.1 and 2.1 °K at v~ 13 GHz. The study
was undertaken in an effort to resolve the discrep-
ancy concerning the electron effective mass in this
system. On the basis of measurements of thermo-
electric power and Hall effect, Khosla and Matz’



