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ground state must lie above the shallow donor
levels (£ p~100 meV), leading to an acceptor
binding energy of 23.3 eV. Dietz et al.® have
constructed detailed wave functions for the Cu™
ground state. To this information we now add
a binding energy, and for the first time the
ground-state wave function and binding energy of
a very non—-effective-mass-like deep center are
available, and should prove invaluable in the
discussion® of the origin of the binding energy
of deep centers. Finally, we propose to extend
the usual® symbolic representation of neutral
and ionized impurities to include more specifi-
cally an acceptor with a tightly bound hole in the
3d shell. Thus we write the ground state (and
excited d states) of the neutral copper acceptor
as [+-].

In our model of the excited state the copper
3d shell is filled. A hole exists in the vicinity
of the copper site (the excited state g factor is
-2.36), although it is no longer in the highly
shielded, localized level of the copper atom.
From the energy of the transition (2.86 eV) and
the lower limit of £, (~3.3 eV) the excited state
of the green emission lies ~450 meV above the
valence band maximum, and in the effective-
mass approximation it will have a Bohr radius
of ~2.4 A. The hole is thus quite localized, even
in the excited state. The latter is quite like the
ground state of a simple neutral acceptor, i.e.,
no d shell holes but with a hole moving in the
vicinity of the impurity. Hence this state may
be represented by the usual neutral acceptor
symbol, ©*. A tight-binding®!* description would
associate the excited-state hole with the four ox-
ygen atoms surrounding the copper impurity (the
average Zn-O band length is ~1.99 A). The lumi-
nescence process is thus the transfer of a hole
from an orbital encompassing these oxygen

atoms to a highly shielded, localized level of the
copper atom.

This is the first detailed study of a transition
between a highly shielded, localized level of an
impurity and a level which is strongly perturbed
by charge-transfer (valence band) states in a
crystal. As such it provides new and important
information about the detailed role of copper,
and presumably other deep acceptors, in elec-
tronic processes in covalent semiconducting
solids.

The author wishes to acknowledge valuable
discussions with R. E. Dietz, P. J. Dean, and
R. A. Faulkner.
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ELECTRON SPIN RESONANCE IN AMORPHOUS SILICON, GERMANIUM, AND SILICON CARBIDE
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The g values, line shapes, and linewidths of the ESR signals from within the bulk of
amorphous silicon, germanium, and silicon carbide are found to be similar to those of
the electron states observed in the surface regions of the corresponding crystalline
forms. Discussion is given in terms of a microcrystalline model.

We report the measurement and identification
of the ESR signals in thin films of amorphous sil-
icon, germanium, and silicon carbide. The g
values, line shapes, and linewidths of the spin-

resonance signals are found to be similar to
those of the electron states observed in the sur-
face regions of the corresponding crystalline
forms, However, in the amorphous films, the
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strength of the signal is proportional to film
thickness, indicating that the states are distribu-
ted throughout the bulk of the material. Anneal-
ing studies have shown that the changes in the
number of electronic states observed by ESR in
amorphous Si are correlated with similar chang-
es in electrical conductivity and optical absorp-
tion.! The density of spins observed for samples
prepared and annealed near room temperature is
of the order of 10?° spins ¢m ~° for all three of
the semiconductors examined.

These results are relevant to the important un-
resolved problem of the structural arrangement
of the amorphous phase., Two different view-
points of the structure are the continuous-ran-
dom-network and the microcrystalline models.
Experiments have been unable to differentiate be-
tween these models by the conventional structur -
al analysis techniques of x-ray and electron dif-
fraction.? However, diffraction does give signifi-
cant information about the short-range order of
amorphous solids. The short-range tetrahedral
ordering of the diamond lattice has been observed
in the solid amorphous forms of Si® and Ge.*
These amorphous materials have been referred
to as having a latticelike structure® rather than
the structure of molten Si% and Ge * or the liquid-
like structure of solid amorphous Bi, Fe, and
Ga.® The manner in which the short-range lat-
tice structures are interconnected is not defini-
tively known, ESR has been used here to give ad-
ditional information concerning the structural na-
ture of amorphous Si, Ge, and SiC. Amorphous
semiconducting Si proved particularly suitable
for study because of the wealth of information
available about the ESR signals of single-crystal
Si. This has permitted identification of the
states responsible for the ESR in amorphous Si.
Similar arguments apply to the ESR in amor-
phous Ge and SiC, whose semiconducting and
structural properties are much like those of
amorphous Si.”

The samples were prepared by rf sputtering of
nominally undoped Si, Ge, or SiC cathodes onto
water-cooled sapphire substrates. We found es-
sentially the same results for an evaportated Si
film. The samples were stored in air at room
temperature between measurements and between
isochronal high-temperature anneals. Each sam-
ple was identified as amorphous by x-ray or elec-
tron-beam diffraction. No changes in the diffrac-
tion patterns were observed for annealing temper-
atures below the crystallization temperature,

The electron spin resonances were measured
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with the samples immersed in liquid nitrogen us-
ing an X-band microwave spectrometer. The
number of spins was measured by comparison
with a known amount of diphenyl picryl hydrazyl
(DPPH). The accuracy of the determination of
the signal intensity was +10% and was limited by
the reproducibility of successive insertions of
the samples into the microwave cavity. The g
factor of the signal was determined from a com-
parison with a laboratory standard of Mn®* ions
in a powdered SrS host whose spectrum brackets
the signals of the samples.

Table I contains a summary of our results for
the g values, linewidths, and density of spins ob-
served for Si, Ge, and SiC. The resonant lines
were symmetrical, Lorentzian, and isotropic.
The densities of spins listed in the table were es-
timated from N« CIW,2/W _, for both the films
and the DPPH standard. Here N is the total
number of spins that contribute to a signal with a
peak-to-peak height 7 and width W,. W_ is the
width of the modulation magnetic field and C is a
constant which is 1.81 for a Lorentzian line and
1.1 for DPPH.® For Si the linewidth was 7.5 G at
room temperature and narrowed to 4.7 G at 77
and 4.2°K. The Lorentzian shape is indicative of
either exchange or motional narrowing.® Such
narrowing is strong evidence that the electrons
are not localized at one site. The linewidths and
g values did not change with annealing.

Also listed in the table are the similar g values
and linewidths observed by Walters and Estle’ in
the surface region of the corresponding crystal
phases. Walters and Estle had attributed the res-
onances to mechanically damaged regions below
the crystal surfaces. However, in more recent
work, Haneman'! has shown that the same reso-
nance occurs on clean cleaved Si surfaces. He
identifies the unpaired electrons as being in s-
type states which result from “dangling bonds”
on the single-crystal surface. Furthermore,
Haneman, Chung, and Taloni'? observed that the
mechanically damaged (e.g., polished) surfaces
show the same resonance because of increased
surface areas resulting from mechanical treat-
ments. Although the amorphous films show sur-
facelike resonances we observe the same number
of spins per unit volume regardless of film thick-
ness. We have tested this on Si films from 0.3 to
5 pm thick and Ge films from 2 to 13 ym thick.
All of the SiC films were 0.25 ym thick,

We identify the resonances observed in the
amorphous Si, Ge, and SiC films as the same as
those seen on the corresponding crystal surfaces
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Table I. The ESR results on amorphous films compared with the results from similar resonances in crystalline

material. '
Other authors
Amorphous films (77°K) Neutron
(this work) Amorphous Crystalline irradiated
Density films surfaces crystals
Linewidth of spins‘1 Linewidth Linewidth Linewidth
Material g value (G) (cm™3) g value (G) g value (G) g value @)
Si 2.0055 4.7 2x10%0 2,006 15¢ 2.0055 7-82 2.0055%  16-20%
+£0.0005 +£0,001° +0.0022
2.0055 5P
Ge 2.021 39 1 x1020 2.023
+£0.001 £0.0032 502
Sic 2.003 6 3 x1020 2.0027 5.5%
+0.001 +0.0022
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dThe densities are estimated to be accurate within a factor of 2.

rather than those of any other bulk defects ob-
served in these crystals. For example, one can-
not identify these defects with any of the vacancy
or vacancy-impurity defects that are produced by
electron irradiation of silicon.'® The resonance
signals of these bulk crystal defects are all an-
isotropic. None of the g values nor their aver-
ages 3(g,+g,+g,) agree with the g=2.0055 ob-
served for the defects in amorphous Si. If any of
these defects were present in the amorphous ma-
terial their resonance lines would span the range
of g values among g,, g,, and g, and produce an
asymmetric line, wider than the observed amor-
phous line. (The line shape of an anisotropic sig-
nal in a polycrystalline or glassy material has
been derived by Bleaney'* and by Sands’® and
shown to be asymmetrical.) In addition, the res-
onance signals in the amorphous films cannot be
identified with any of the usual donors or accep-
tors in these semiconductors since these require
liquid-helium temperatures for observation by
spin resonance.’® Furthermore, none of the im-
purities’® that have so far been observed by spin
resonance has a spectrum comparable with that
of the amorphous films.

We are therefore led to the conclusion that the
defects that are observed in the amorphous films
are similar only to those observed in freshly
cleaved Si'° surfaces or mechanically damaged
crystalline surfaces of Si, Ge, and SiC.'"'

Recently Ditina, Strakhov, and Helms'” have
observed spin-resonance signals of defects in

evaporated amorphous Si; however, they claim
to have observed a new defect and not the surface
states reported by Walters and Estle.® The g val-
ue of the signal, the concentration of defects (2
%x10%° ¢cm ~%) and the fact that the number of de-
fects scales with film thickness are all consis-
tent with our observations. The linewidth of 15 G
that they observed and the slight asymmetry of
their line differs significantly from our data.

The differences may be due to the different meth-
ods of preparation. For example, in neutron-ir-
radiated Si, Walters and Estle'® observed a reso-
nance similar to that of the surface states but
with a linewidth of 15-20 G. They attributed the
differences in linewidths to the differences in the
conditions under which the damage is produced.
As pointed out above, the lines are narrowed by
exchange or motional narrowing. Therefore the
linewidth will depend on the degree to which the
narrowing mechanism can act. This in turn may
depend on such conditions of sample preparation
as the size of the microscopic surface area
around the defect.

The main significance of the above results is
that electronic states characteristic of the crys-
tal surfaces of Si, Ge, and SiC are observed to
be distributed throughout the bulk of the amor-
phous forms of the same materials. The large
density of these states makes it reasonable that
they contribute significantly to other properties
such as electrical conductivity and optical ab-
sorption., That this is the case is supported by
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annealing studies on amorphous Si which show ir-
reversible decreases in the electrical conductivi-
ty, optical absorption, and magnitude of ESR sig-
nal for isochronal anneals between room temper -
ature and 500°C." In addition, from the change in
conductivity induced by an adsorbed oxygen layer
on the surface of a 2400-A-thick evaporated Si
film, we estimate that there are about 10%°
charge carriers per cm?® These observations on
annealing and the effect of surface charge lead us
to believe that the states observed in the ESR ex-
periment are responsible for important aspects
of the electrical and optical behavior.

One possible model for these latticelike amor-
phous semiconductors is an aggregate of closely
packed microcrystallites. Each crystallite can
have “dangling bonds” which contribute to the
electrical properties. It is not yet clear whether
they contribute by providing carriers, sites, or
regions of reduced potential barriers for a con-
duction process between crystallites. Evidence
for structurally dependent conduction in amor-
phous Si and Ge had been pointed out by Walley™®
when he noted that the electrical conductivities
and their temperature dependences were virtual -
ly the same for both materials. If the x-ray dif-
fraction patterns of amorphous Si, Ge, and SiC
are interpreted as indicative of crystallite sizes
with linear dimensions of 10-15 A, then for a
spin density of 2x10% c¢m ™3, every second mi-
crocrystallite has a “dangling bond.” Annealing
reduces the number of “dangling bonds” and
therefore the conductivity and ESR signal. Sam-
ples deposited and measured at lower tempera-
tures show higher initial room-temperature con-
ductivities and therefore presumably have more
unbonded electrons at the microcrystalline sur-
faces. The effects of small crystallites and
“dangling bonds” on the optical properties is not
easily calculable. One effect is the relaxation on
the selection rules for optical transitions which
is probably responsible for the observed high ab-
sorption constants.’” The large surface area
and “dangling bonds” should cause strain and
field effects on the fundamental absorption edge
and may very from sample to sample because of
growth and thermal histories.®®

We have noted for heating cycles up to about
500°C ! that the electrical, optical, and ESR prop-
erties of amorphous Si change gradually, but at
a temperature near or above 500°C amorphous Si
undergoes a crystallization transition accompa-
nied by significant changes in all three proper-
ties. Amorphous Ge and SiC crystallize at a low-
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er and higher temperature, respectively.” These
structural changes are occurring at a tempera-
ture at which the surface atoms of the microcrys-
tallites have enough mobility to rearrange and in-
teract with neighboring microcrystallites. This
view is consistent with ESR*!° and low-energy
electron-diffraction®’ observations on single-
crystal Si of the cleaved-to-annealed surface
transformation in the temperature range 500-
600°C. Single-crystal Ge surfaces undergo a sim-
ilar transformation around 200°C.?! Comparable
data on SiC surfaces do not appear to be avail-
able.

In summary, we have observed by ESR a large
density of electronic states in amorphous Si, Ge,
and SiC which are identified as the same states
occurring in the surface regions of the corre-
sponding crystals. The results in conjunction
with x-ray and electron-diffraction observations
are interpretable in terms of a microcrystalline
model for these group IVA latticelike amorphous
semiconductors. The microcrystallites are sta-
ble in size, while “dangling bond” surface states
gradually anneal out with increasing temperature
until a temperature sufficient for normal crystal-
lite formation is attained.
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measuring of the films. E. Alessandrini and
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thank Dr, K. Weiser for stimulating discussion
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ELECTRON MOBILITY TRANSITION IN A RANDOM SYSTEM OF HARD-CORE SCATTERERS*
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The mobility of an electron in an infinite system of randomly located identical hard-
core scatterers is calculated to all orders in the density of scatterers. For fixed tem-
perature a large drop in mobility is found at a characteristic density. The possible rel-
evance of this result to the switching effect observed in amorphous semiconductors and
the metal-insulator transition in a noncrystalline system is discussed.

The physics of systems displaying randomness
in an essential characteristic is currently receiv-
ing considerable attention. The effect of random-
ness is presumed to be a common feature in num-
erous materials demonstratirg metal-insulator
transitions.’ In theoretical investigations of elec-
tron transport, the introduction of a random po-
tential at each site in the tight-binding model of
a regular crystalline array leads to the Anderson
transition.? Similarly, the presence of random
fluctuations of charge density is responsible for
the Mott transition when Coulombic interactions
are involved.?

Transport in the presence of numerous identi-
cal scattering centers with randomness appear-
ing in the spatial distribution has also been con-
sidered. Various authors have made quantum-
transport calculations in the one-electron approx-
imation., More recently, progress has been
made on the problem of a system of interacting
fermions.* All these theories consider a weak
interaction and perform an expansion in powers
of the strength of the interaction. The results
are generally shown to be equivalent to those of

the quantum Boltzmann equation in lowest order,
with various corrections arising in succeeding
orders of the expansion.

In this Letter we report the results of a mobil-
ity calculation in which a switching effect appears
for an electron moving through a system of iden-
tical randomly distributed scattering centers.
The Kubo® quantum-mechanical response formal-
ism was used in the limits of weak uniform ex-
ternal field and s-wave (low-energy, spherically
symmetric) scattering. An earlier paper® pre-
sented the lowest order work in which we derived
the relaxation time 7 characterizing the system
and a mobility which showed a slight drop below
the results of the semiclassical Langevin theo-
ry.” With the present extension of the work to
all orders in the density two distinct changes are
noted. A shift occurs in 7 and, at constant tem-
perature, the mobility shows a severe change of
many orders of magnitude for a correspondingly
small change in the density. In the language of
Mott,® this is presumably caused by the appear-
ance of localized electronic states.

For a weak external electric field in the z di-
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