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SEMICONDUCTIVITY OF GLASSES*

K. W. Boer and R. Haislip
Physics Department, University of Delaware, Newark, Delaware 19711

{Received 10 November 1969)

Conductivity edges inside the bands are proposed to be responsible for the thermal
activation energy of the semiconductivity in glasses. Coulomb-repulsive centers pro-
vide the potential barriers, above which carrier drift becomes the predominant charge
transport mechanism for narrow gap glasses, yielding a reasonable value for carrier
mobility and providing quantitative explanation of the typical behavior of the conductiv-
ity. Ambipolar conductivity and highly perturbed band edges due to charged defects are
suggested to be responsible for the small observed HalI mobility.

In spite of several recent attempts' ' to explain
the charge transport in semiconducting glasses,
the process is little understood. This is so, al-
though for the great majority of the glasses the
electrical properties are rather similar: The
conductivity is of P type, as indicated by a, posi-
tive Seebeck coefficient, ' ' and is given by' '

p

with' 10'&0, &10' 0 ' cm '. The activation ener-
gy &E is larger' "by about 0.2+0.]. eV than ha].f
the optical band gap,

"F&/2. b, E is constant over
a large temperature range, usually including the
softening range of the glass; b,E -E /2 = e varies
little with the chemical composition (responsible
for E&) but somewhat with the procedure of glass
formation. ' The voltage dependence given in (1)
can be observed at high fields" (thin glass lay-
ers) and yields empirically V, = cl.T with I. the
distance between the electrodes and c =200 V/cm
deg K. Typical curves indicating this behavior
obtained for glass samples sputtered from an
ingot of composition Ge»As»S»Se, Te»V, onto
graphite electrodes are given in Fig. 1. (For
thick glass samples and higher temperatures, or
higher conductivities, deviations from this sim-
ple relationship are observed when inhomoge-
neous Joule heating"' "is estimated to begin; at
low temperatures a transition to an exponential
branch with a smaller V,* is observed with V,/
V,*=2; detail will be reported later. )

All these observations could, in fact, have been
explained with a relatively simple model (see be-
low), if it were not for the fact that the Hall mo-
bility and the drift mobility of carriers in glasses
are very small" ' (usually &1 cm'/V sec), and
these mobilities often have been identified with
the microscopic carrier mobility. But small
carrier mobilities are in contradiction to this
simple model. Recently, however, it was pointed
out"" that the Hall mobility in these glasses
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FIG. 1. (a) Current-voltage characteristics of layer

la [see {b)j of a thickness of about 0.3 pm at different
temperatures. {b) Slope &0 of the exponential part of
the current-voltage characteristics for samples of dif-
ferent thicknesses as function of temperature. %ith a
slope c =kL /1. 5@i of these curves and an estimated l
= 25 A one obtains a layer thickness of 0.11, 0.22, 1.1,
1.5, and 2 pm for layers 2f, la, 1, 1-20, 3b, respec-
tively. {c)Slope Vo as in (b) as function of the mini-
mum threshold voltage V,o for switching (Ovshinsky
effect) (Ref. 12) for different temperatures. With V~p/

one obtains from the slope of these curves a
critical field +~(300'K) = 1.2 &&10~ V/cm, +~{195C)
= 2 && 10 V/cm, and F~(78 K) = 3.4 & 10 V/cm. Such de-
crease of the critical field with increasing temperature
is generally observed (Hef. 6).
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can be considerably smaller than the carrier mo-
bility and we will therefore re-examine the car-
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rier transport using a simple model of a highly
disordered nearly compensated semiconductor.

Charges can be transported in such a semicon-
ductor within the bands or in the gap utilizing the
high density of defect levels, as indicated in Fig.
2(a), i.e., via drift"" (1), percolation'~ (2), or
hopping (3, 4). For obtaining the activation en-
ergy of the measured conductivity, one must de-
termine the predominant contribution of the com-
peting transport processes,

o=~J 'q(E)X(E)y (E)dE= J 'o(E)dE (2)

(here given for holes) with N(E) the level density
and f~(E) the Fermi function for holes. Estima-
tions given by Boer" show that v(E) has a shape
as shown in Fig. 2(b), with a maximum contribu-
tion from carrier drift, if such drift occurs not
too far from the band edges (&0.3 eV at 300'K).

In contrast to crystalline semiconductors, this
drift occurs above potential barriers"' "which
can be provided by a statistical distribution of
charged defects. ' The barriers can be identified
as saddles between Coulomb-repulsive centers"
[& in Fig. 2(c); Fig. 2(c) is similar to Fig. 2(a)
but with magnified spatial coordinate]. Assum-
ing that scattering at Coulomb-repulsive centers
determines the mobility, one sees that the mo-
bility is steeply increased at energies larger"
than the average saddle energy and at kT (300'K)
above the saddle can be estimated to be =100
cm'/V sec (the scattering cross section of these

defects is drastically reduced). The average
saddle energy, ~, depends on the density of
charged defects" and for N, =10"cm ' is of the
order of 0.2 eV.

In contrast to the band edge, E&, responsible
for the steep increase in optical absorption, we
wil1. refer to the separation of the predominant
conductivity ranges from the Fermi level IFig.
2(b)] as the conductivity edge, "DE= EF-E,+ &

+kT, and since it can be concluded that the Fer-
mi level lies very close to the middle of the band
gap, ""it follows that

gg= —'E, + a+aT2 g

as estimated in Ref. 15 (the precise location of
E must await a better analysis of the problem
at what level density a boundary between local-
ized and nonlocalized states can be drawn).

At the conductivity idge the mean free path is
0estimated" to be of the order of 100 A, i.e. , for

noncrystalline solids with a density of charged
defects usually ~I0" cm ', somewhat longer
than the mean destance between the potential
barriers (e). This allows for a simple approach
for the high-field conductivity: Assuming the
average distance of a potential saddle from an
effective donor to be 1.5l [Fig. 2(c), distance
A, B], with l the average distance between de-
fects, one estimates a barrier lowering of 5e
=1.5eF/ by the external field (E) and hence an

U
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FIG. 2. {a) Level distribution in a semiconducting glass with different conduction mechanisms: 1, carrier dr~ft;
2, percolation; 3, hopping without, and 4, hopping with thermal activation {shown for P-type conductivity).
{b) Conductivity distribution and conductivity edge. {c)Potential distribution due to Coulomb-attractive and Cou-
lomb-repulsive defects. &~ indicates the unperturbed edge of the valence band.
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increased conductivity

v = cr, exp[ —(bE —5e)/kT]. (1a)

By comparison with Eq. (1) one obtains V, = kTL/
1.5el, or c =k/1. 5el.

From the observed ~ of 0.25 eV in the chalco-
genide glass used, "one can estimate l to be of
the order of 25 A and hereby one obtains c =230,
which is in excellent agreement with the experi-
mental value. The proportionality of V, with T and
I. is also observed. These facts indicate that the
proposed model is applicable and indeed the car-
rier mobility is considerably higher than the
Hall mobility" (the carrier mean free path must
surpass l in order to observe this effect, i.e., p,

must be at least 50 cm'/V sec for carriers with

m~ = m, ). The Hall mobility can be somewhat
reduced below the carrier mobility by the probab-
ly ambipolar character of the conductivity" (the
Fermi-level position close to the middle of the

gap is suggested by the observed insensitivity of
the conductivity even to moderate doping, and by
the history of glasses as being quenched liquids,
which have a perfect ability for self-compensa-
tion). The Hall mobility is probably drastically
reduced due to charged defects, making the glass
on a microscopic scale highly inhomogeneous in
respect to its potential distribution. "

Assuming the Fermi level to be in the middle
of the gap, one obtains n/p = N, /N„= (m /m )3~'.

With simple isotropie parabolic (near the gap)
bands, as expected for glasses, ' one infers m
& m and consequently p -type conductivity.

With scattering at Coulomb-repulsive centers,
as referred to above, one estimates" a mean
free path A. = A.~

= 60 A at a+aT inside the bands
(at the conductivity edge). Assuming m = m, one
obtains at room temperature a hole mobility of
100 cm'/V sec. With" an effective level density
a't E y E-kT —of Ny (E + kT) = 4 Ny[(E+kT)/s'kT)
= 10" cm ' one obtains 0,=2&&10' 0 ' cm
again in good agreement with the experiment.

The fact that all known experimental data, as
well as the general behavior of semiconducting
glasses, can be explained with the proposed sim-
ple model makes accidental- fitting highly improb-
able. It is therefore concluded that the conduc-
tivity edge of these semiconducting gla, sses" lies
a considerable distance inside the bands (-0.2
eV), the mobility is of the order of 100 cm'/ V
sec, the conductivity v, being of p type, is con-
trolled by barriers caused by Coulomb-repulsive
centers, and o can be markedly increased by
lowering these barriers in an external electric

field.
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The band edge is drawn as boundary between local-

ized and nonlocalized states. This may result in a
band gap E& which is different by Eg-Eg~ =BE from
the one for the same material in the crystallite state,
E&~. For comparison with the experiment it is as-
sumed that 6E «e.

'It is misleading to speak about a mobility edge,
since there exist several mobility edges for competing
transport processes, and without evaluating Eq. (2) it
is not transparent which one of these edges contributes
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most to the conductivity. Moreover, the mobility edge
has little connection to the optical absorption as sug-
gested in Ref. 1.

A model recently proposed by M. Cohen yielding a
similar result (Ref. 2) poses difficulties since he as-
sumes carrier percolation with a "mean free path"
short compared to the distance between barriers, and

that the barriers are produced by space-charge fluc-
tuations, causing potential valleys of -0.1 eV. These
difficulties force the assumption (Ref. 2) of a long
equilibrium distance between hole and electron quasi-
Fermi levels of =1 pm, and deal with the fact that lo-
calization in shallow potential valleys (0.1 eV) cannot
be achieved {uncertainty relation) .

MAGNON SPECTRUM OF ALPHA OXYGEN*
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The far-infrared absorption in solid alpha oxygen at 27 cm is shown to be definitive-
ly associated with the magnetic rather than orientational ordering in the crystal. A sec-
ond magnetic excitation has been found at 6.5 cm . The properties of both absorptions
are described using the excitation-wave formalism.

It has been well established that structural
phase transitions occurring at low temperatures
in simple diatomic molecular solids are asso-
ciated with the rotational degrees of freedom of
the molecule. ' In particular, the n.-P transition
in oxygen is coincident with the onset of preces-
sion of the molecules. ' lt is also coincident with
the Noel point of the electronic spin system,
clearly emphasizing the possibility of interde-
pendence of the orientational and magnetic order-
ing in the crystal. With these considerations in
mind, we have experimentally and theoretically
re-examined the magnon spectrum of e oxygen.
The excitation-wave method has been applied to
a biaxially anisotropic magnetic structure to ex-
plain satisfactorily the energies, relative inten-
sities, and magnetic-field dependence of mag-
nons observed in our own and earlier work.

Molecular crystals such as n-N, are known to
exhibit phonon absorptions in the far infrared
with temperature-dependent frequencies and in-
tensities near the transition from the o. to the P
phase. ' Therefore, for e-O„observation of
temperature-dependent behavior for the 27-cm
absorption is not sufficient evidence to associate
it with magnetic excitation. Absence of an iso-
topic mass shift would be sufficient. Thus a
sample of 99.2'f&& isotopically pure o.-"02, 3.1 mm
thick, was grown, and its far-infrared spectrum
measured at 1.6 K. The frequency shift of -1.5
cm ' expected for the 27.5-cm ' line, had it
been a phonon, was not observed. '

It should now be possible to construct a phe-
nomenological spin Hamiltonian which would pre-
dict the 27.5-cm ' magnon. On the basis of the
monoclinic symmetry (C,q') of the crystal lat-

tice' and the assumption of isotropic exchange,
we write

H =Q(AS;~i +BSgyi')+ Q JS; Sj.
1 i&j

~ is the isotropic antiferromagnetic exchange
constant, and +a' is taken to be the direction of
the moments. The subscript i indexes all mole-
cules and the subscript j indexes the eight near
neighbors of the ith molecule. A and B charac-
terize the "single-molecule" anisotropy for
which there are at least two sources. The mag-
netic dipole-dipole interaction between the two
unpaired electronic spins in the free oxygen mol-
ecule produces an anisotropy energy of the form
AS .'.' S ~ is the projection of the total molecu-
lar electronic-spin angular momentum (S= 1) on
the internuclear axis. Since A. has been shown to
be positive, ' the spin S in the ground state is
confined to a plane perpendicular to the internu-
clear axis. An assumption of this note is that
the planar localization is not significantly dis-
turbed when the molecule is placed in the n crys-
tal lattice. ' A second, in-plane, anisotropy is
needed to stabilize the antiferromagnetic order-
ing of the e solid. Since the site symmetry of
the oxygen molecule is C,q, the twofold direc-
tional degeneracy of II electronic states is re-
moved. The nonzero off-diagonal elements of
the total electronic orbital angular momentum
between the Z ground state and the excited 0
states will reflect this anisotropy, which in turn
will affect the spin orientation via the spin-orbit
coupling. Because of the smallness of the spin-
orbit coupling constant, ' such a term is expected
to be small, but nevertheless, important.

According to this picture, the sublattice mag-


