VoLUME 25, NUMBER 13

PHYSICAL REVIEW LETTERS

28 SEPTEMBER 1970

213, 331 (1968).

‘A. J. Berlinsky, A. B. Harris, and C. F. Coll, III,
Solid State Commun. 7, 1491 (1969).

155, B. Harris, Phys.Rev.B 1, 1881 (1970).

183, Noolandi and J. Van Kranendonk, Phys. Lett.
30A, 258 (1969).

Ty, N. Hardy, I. F. Silvera, and J. P. McTague,
Phys. Rev. Lett. 22, 297 (1969), and to be published.

187, H. Jordan, H. W. Smith, W. E. Streib, and W. N.
Lipscomb, J. Chem. Phys. 41, 756 (1964).

35, E. Cahill and G. E. Leroi, J. Chem. Phys. 51,

1324 (1969); M. Brith, A. Ron, and O. Schnepp, ibid.
51, 1318 (1969).
T, Nakamura, to be published.

2'A. B. Harris, Phys. Rev. Lett. 21, 602 (1968).

22R. J. Elliot and M. F. Thorpe, J. Phys. C: Proc.
Phys. Soc., London 2, 1630 (1969).

RRIN) nearest-neighboring pairs are equivalent in T,,( 6,

%The Raman experiments were done on samples con-
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this into account will increase the value of I by a few
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PHOTOEMISSION FROM AMORPHOUS SILICON*
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Measurements of photoelectric yield and energy distributions from amorphous silicon
films are presented. The results are consistent with an exponential tail in the density of
states extending from the valence band to the Fermi level. Mild heat treatment decreas-
es the amplitude of this tail. Tentative explanations of these observations are given.

Amorphous elemental semiconductors are
particularly well suited for studying the influence
of long-range order or the lack thereof on the
electronic structure of materials. The absence
of long-range order in amorphous materials is
expected' ® to produce exponential tails in the
density of states near the band gap were crystals
have sharp edges. A puzzling case is presented
by germanium, where an exponential tail has
been observed by some authors*® by optical ab-
sorption measurements, while others® report
well-defined optical thresholds as in crystals.
Additional support for sharp band edges comes
from the measurements of photoelectric emis-
sion by Donovan and Spicer,” who report energy
distributions with sharp high-energy cutoffs.
Thus the existence of an exponential tail in ele-
mental amorphous semiconductors seems open
to question.

We present photoemission data obtained from
vapor-quenched amorphous silicon films. Sam-
ples were prepared by a sublimation technique
described by Thomas and Francombe.® The
films, several thousand :fngstroms thick, were
deposited onto etched singls-crystal [111] silicon
substrates, held at liquid-nitrogen temperature

during deposition and the first experimental runs.

The source material was 1-Q-cm =n-type silicon.
Transmission electron-diffraction studies of
samples similarly prepared in an evaporator
showed the broad halos characteristic of the
amorphous state.® All photoemission samples

were prepared in ultrahigh vacuum and measured
in situ; ambient pressures were in the 10 ~*!
Torr range after bakeout, although this increased
to 10 =7 Torr during sample fabrication. Energy
distribution curves were measured by the re-
tarding-field method. A rotatable sample holder
supported two amorphous silicon samples and

a metallic (W) emitter. Energy distributions
from the latter enable measurement of all elec-
tron energies with respect to the Fermi level'®;
this is significant in light of the results present-
ed below.

The samples could be heated to temperatures
below the crystallization temperature by elec-
tron bombardment. Effects of such mild heat
treatments have been reported with regard to
optical and electronic properties, ESR and con-
ductivity in particular, and have been interpreted
as a reduction in number of vacancies!! or of
dangling bonds.!»12

Figure 1 presents the yield spectra for three
representative amorphous samples, one of which
was also heated. The yield is given in electrons
emitted per absorbed photon; reflection of in-
cident light was accounted for with the help of
the reflectivity measured by Beaglehole and
Zavetova.'® Also shown in Fig. 1 are yields for
cleaved™ and for annealed Si crystals’® reported
by Allen and Gobeli. There are several features
to be noted:

(1) The yield of all amorphous samples is
higher than for crystals. This is expected since

861



VOLUME 25, NUMBER 13

PHYSICAL REVIEW LETTERS

28 SEPTEMBER 1970

16%
Si
o amorphous
— A3
= 10°
o -
°
5 L
[=%
@
o -
o
~
w
< .
2 - Si crystal
[$]
<o
G
- 16°-
E -
@ N
>
= 1
[
Iy
168 Ty ] N |
40 50 6.0 70

hy (eV)

FIG. 1. Photoelectric yield spectra of amorphous
and crystalline silicon. C: cleaved Si (Allen and
Goveli); Ch: cleaved and heated; 1,2, 3: amorphous
films; 3a, as deposited; 3b, after mild heating.

the work function of amorphous silicon (4.4 eV
from Fig. 2) is lower than that of crystals (4.73
ev). ™

(2) The yield decreases exponentially towards
lower photon energies. (The low-#v part of the
yield for annealed surfaces has been attributed
by Allen and Gobeli to emission from surface
states.'®) It is impossible to fit the amorphous
yield data to a power law near threshold as is
done for crystals,*

(8) The amorphous films do not exhibit the
transition to a linear yield at higher photon en-
ergies observed with crystals.'* (This is evi-
denced by sharper curvature in the log plots C
and Ch of Fig. 1.)

(4) Mild annealing decreases the photoelectric
yield and displaces the exponential (low %v) part
of the curve.

Figure 2 shows the energy distributions ob-
tained from the amorphous films whose yield
spectra are shown in Fig. 1. Note that the plot
shows the energy of emitted electrons minus the
photon energy hv; the abscissa thus represents
the energy of the initial state of the transition
with respect to the Fermi level. These energy
distributions from amorphous silicon exhibit a
gradual tailing off towards higher energies that

862

dY/dE (Arb. Units)

-3.0 -20 -1.0 [0]
E-Ep-hy (eV)

FIG. 2. Energy distributions of amorphous Si film
before and after heat treatment at two different photon
energies hv, Curves 3a: freshly deposited films;
curves 3b, after mild heat treatment. These curves
were obtained from the film giving the yield spectra
3a and 3b in Fig. 1.

extends all the way up to the Fermi level. As
expected, the high-energy tails obtained with
different photon energies hv coincide, an indica-
tion of the absence of selection rules based on
k-vector conservation.

The dashed lines in Fig, 2 show the effects of
mild heat treatment; we observe the following:
(1) Heat treatment greatly lowers the number of
electrons in the high-energy tail in the distribu-
tion. (2) Despite that decrease, a more sensitive
scale (X10) shows that the tail still extends to the
Fermi level. (3) The low-energy cutoff of the
distribution represents a work function of ¢=4.4
+0.1 eV that is unaffected by mild heat treat-
ment. Therefore the threshold of curves 3a and
3b of Fig. 1 is the same (4.4 eV); annealing
shifts the exponential tail of 3b (Fig. 1) in am-
plitude with respect to 3a¢, not in photon energy.

The energy distributions of Fig. 2 are com-
patible with the existence of an exponential tail
in the density of states between the valence band
and the Fermi level. The curvature of the dis-
tribution 3a (Fig. 2) changes sign at E-E—hv
=-0.6 eV. In agreement with a mobility edge
model,®® this can be interpreted in terms of
electrons with E-E;-hv>-0.6 eV representing
an exponential tail, and those with E-E;-hv
<—0.6 eV having been excited from the valence
band, where the density of states is proportional
to (E,—E)'/2. According to this speculation the
Fermi level lies approximately in the middle
of the band gap (E,=1.2 eV) of the amorphous
silicon films, which is consistent with the fact
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that amorphous silicon is intrinsic at room tem-
perature,'®

Mild heat treatment decreases the emission
contributed by the high-energy tail by a factor
of 10 (see Fig. 2), indicating a decrease in the
density of states in that tail, in agreement with
the results of mild annealing on ESR, electrical
conductivity, and optical absorption measure-
ments of Brodsky, et al.'> There is also a
marked decrease in the photoemission at ener-
gies corresponding to optical excitation from the
valence band, i.e., at E-E;-hv<-0.6 eV. Al-
though the available data do not allow definite
statements, we propose two tentative explana-
tions. One can interpret this change in terms of
a decrease in density of states or in density of
optical transitions near the band edge. Alter-
natively, one can consider curve 3b (Fig. 2) in
terms of an increased splitting between the
Fermi level and the valence band; this could
occur if the heat treatment causes some of the
phosphorus atoms coevaporated with the sili-
con to become active donors as in crystals or if
annealing causes an increase in “band gap.”'?

Figure 2 could be interpreted in terms of band
bending near the surface without the above-men-
tioned tail of localized states. In that case, how-
ever, either the bulk or the surface should be
at least nearly degenerate p type and the tem-
perature dependence of the electrical conduc-
tivity of the thin amorphous'” films should re-
semble that of strongly doped crystals, which
is contrary to experimental results.’*'® We
therefore conclude that band bending (which may
very well be present) cannot by itself account
for our results, and that the latter are due at
least in part to a tail of localized states.

Also, emission from surface states, in the
rare cases where it has been observed,'® gives
energy distributions that are qualitatively dif-
ferent from those in Fig. 2.

Two of the ten films studied gave a different
result, although all samples were prepared in
the same manner.'® The energy distributions of
these samples were very similar to those ob-
tained from metals, although the respective
yield data were similar to those of Fig. 1 and
the work functions were about 4.4 eV as for the
other samples. These metal-like distributions
were also consistent with the lack of optical se-
lection rules expected for amorphous materials,
as evidenced by the observation that the high-
energy end superimposed for an E-hv plot.
Further work including structure studies and

in situ Auger spectroscopy will be carried out
to elucidate differences in thermal history or
chemical makeup of the two kinds of samples,
which would account for the differences in elec-
tron energy distributions.

The data presented above are in contrast to
those obtained from germanium by Donovan and
Spicer” who report the absence of an expontial
tail. Thus the lack of long-range order has dif-
ferent effects on the two elements. It is also
possible that the difference in method of prepara-
tion is responsible for the varying results; Don-
ovan and Spicer deposited their germanium onto
substrates at room temperature while our films
were deposited onto substrates cooled with liq-
uid nitrogen. It is evident that thermal history
of the films also affects the photoemissive prop-
erties in addition to the reported dependence of
conductivity and ESR on thermal history.'?
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MEASUREMENT OF n-TYPE GERMANIUM MICROWAVE CONDUCTIVITY
DURING IMPACT IONIZATION OF IMPURITIES AT 4.2°K

J. F. Palmier
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(Received 22 May 1970)

We have measured the microwave conductivity of n-type germanium with Ny-N, ~ 101
cm™? during impact ionization at 4.2°K, by means of a cavity perturbation method which
requires no knowledge of the electronic spatial distribution. Values of the electronic
temperature derived from the microwave conductivity are compared with theoretical
predictions and Hall mobility data at higher temperatures.

We present a measurement of the complex mi-
crowave conductivity of n-type germanium at
4.2°K during impact ionization of neutral impuri-
ties (arsenic, N, in the range 10'* cm™3), using
a dielectric cavity perturbation method. The
cavity, containing dielectric of relative permit-
tivity K ~9, is rectangular and operates at a cen-
tral frequency F,=4065 MHz in the TE,,, mode.
The germanium rod is introduced as shown in
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Fig. 1. The measurements can be performed
either with stable dc current across the sample,
with the dc electric field parallel to the rf elec-
tric field, or with short pulses to check whether
or not heating occurs. rf measurements are
made at a very low power level to avoid nonlin-
ear effects. The apparatus is immersed in lig-
uid helium and is protected from light. Varia-
tions of the resonant frequency F, and the quality
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FIG. 1. Resonance-frequency shifts versus the current in the samples, and schematic drawing of the apparatus.
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