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The doping of hydrogenated amorphous silicon is discussed within the context of Mott’s
8— N rule, and found to have properties distinctly different from dopants in crystalline
silicon. A unifying description of dopant and defect states based on the position of the
Fermi energy is given. Some possible consequences of the 8 — N rule for the deposition

and structure of a-Si:H are also discussed.

PACS numbers: 72.80.Ng, 61.40.Df, 71.55.Fr

In 1967 Mott introduced the “8 — N” rule to ac-
count for the absence of doping in covalent amor -
phous semiconductors.’ The suggestion was that
each element in the material has all its electrons
in bonds and so takes on its natural coordination
determined by the number of valence electrons N.
Thus the coordination of Si is 4, of P is 3, and
of Se is 2, etc. (Note, however, that elements
in groups I-III are expected to have coordination
N.) This rule expresses the complete absence of
topological constraints in a random covalent net-
work so that the lowest energy state is deter-
mined only by the local chemistry. The most im-
portant apparent consequence is that substitution-
al doping cannot occur in an amorphous semicon-
ductor because this process relies on one atom
having an electron (or hole) not in a bond. It
therefore came as some surprise when doping
was demonstrated in hydrogenated amorphous
silicon (a-Si:H).?> This material can be made
both p type and n type by the addition of boron,
phosphorus, or other elements, and the Fermi
energy can be moved over a large fraction of the
band gap. The interpretation of these properties
in terms of substitutional doping has never been
seriously doubted.

In unhydrogenated ¢-Si, the Fermi energy can-
not be moved by doping because there is a very
large density of defects. From their ESR proper-
ties these defects are identified as silicon dan-
gling bonds (three-fold coordinated silicon), and
as such their existence also violates the 8 - N
rule.® In the face of this experimental evidence,
it seems necessary to abandon the 8 — N rule, at
least for amorphous silicon. However, since the
rule expresses the absence of topological con-
straints, its violation implies that such con-
straints must be present. In fact, Phillips has
argued that the ideal glass has an average co-
ordination of 2,4, and so silicon is indeed con-
strained by its higher coordination.*
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The topological constraints of overcoordination
can be relieved by lowering the average network
coordination number. Since this can be achieved
by including dangling bonds or bonded hydrogen
in the network, it is easy to understand why dan-
gling bonds do not obey the 8 ~ N rule and why a
very low density of defect states is possible in
a-Si:H, However, if the topolbgical constraints
act so as to reduce the coordination of the silicon
network, it seems hardly possible that a dopant
atom such as phosphorus or boron should be con-
strained by the same topology to increase its co-
ordination from 3 to 4. From this point of view,
then, substitutional doping is very difficult to
understand. Adler makes a similar point in his
discussion of defects in a-Si, and suggests that
the problem is resolved by the formation of
dopant-defect pairs in which the dopant is four-
fold coordinated while the total defect energy is
low enough to be realistic.®

This paper describes an alternative way of
understanding doping which leads to some verifi-
able predictions, and which, if correct, gives in-
sight into some general properties of amorphous
semiconductors. The model is based on two
main propositions. The first is that substitution-
al doping falls within a modified form of the
8 — N rule, and in fact only occurs under condi-
tions when the rule is obeyed. The modification
is to include the possibility of charged states at
the time of deposition, and to apply the 8 — N rule
to the charged atom. Thus, although neutral
phosphorus (P°) has five valence electrons and so
should have coordination 3 (P,°), a positive phos-
phorus atom has only four electrons, and by the
8 —~ N rule should have coordination 4 (P,*). This
state, of course, represents a substitutional
donor under conditions when the Fermi energy
E g is below the donor band. In this way, the
presence of a dopant atom is consistent with the
requirement of a low-energy bonding configura-
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tion. The second proposition is that the position
of E plays the crucial role in determining the
number of electrons available to the impurity
atom. Thus, £ is not allowed to move up to the
donor level during deposition because the occu-
pied donor states (P,°) are in violation of the

8 — N rule. Instead, the relative concentrations
of P, and P, states will always adjust themselves
to maintain an empty donor level. A schematic
density -of -states diagram illustrating the differ-
ent configurations is shown in Fig. 1, and similar
arguments apply to p-type doping.

This model implies that the doping process is
characteristically different in an amorphous
semiconductor compared with a crystal. Doping
in a crystal occurs through the topological con-
straint of the periodic lattice. A neutral donor
level is readily obtained, and the doping process
is generally independent of other impurity or de-
fect states present. In contrast, doping in an
amorphous semiconductor can only occur in the
presence of the localized gap states that main-
tain ionized donor levels. The doping is self-
limiting in the sense that the doping efficiency
(the fraction of impurity atoms in fourfold coordi-
nation) must drop as E y approaches the band
edges.

There is some experimental evidence which sup-
ports this model, although clearly more defini-
tive data is needed. dc conductivity measure-
ments find that E ; never approaches closer than
0.2-0.3 eV from the mobility edge® whilst ESR
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FIG. 1. Schematic density-of-states diagram showing
(a) fourfold coordinated phosphorus allowed by the
8— N rule, where the Fermi energy E¢ is below the
donor level (P,*); and (b) forbidden fourfold configura-
tion with occupied donor levels (P,9).
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data find no evidence of occupied donor or ac-
ceptor levels.® A reasonable measure of the frac-
tion of phosphorus in fourfold coordination can

be made by equating their number to the density
of compensating charged defects as measured by
luminescence, ESR, and photothermal deflection
spectroscopy.”™® These results in Fig. 2 show
that the doping efficiency, 7, drops steadily with
increasing phosphorus or boron content. Since
most of the shift of £ has occurred at a doping
level of 107# it is evident that » drops very rapid-
ly with further shifts of E .

The presence of only P,* states in doped a-Si:H
implies that compensating defects must also be
present. To this extent our model is an extension
of that proposed by Adler.® However, in the pres-
ent model, the nature of those defects is not im-
portant to the dopant atom. Instead, its proper-
ties are determined only by the position of Ef,
and as I show below, this leads to several inter-
esting predictions. The central role of Ey also
allows us to make a connection to the properties
of defects in doped a-Si:H. It is observed that
the density of dangling bonds increases with dop-
ing but decreases again with compensation.”™?

The mechanism was argued to be an autocompen-
sation process, in which the defect energy de-
creases as E y moves away from midgap and the
occupancy of the defect changes. This observa-
tion can also be understood in terms of the 8 =N
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FIG. 2. The doping efficiency n of a-Si:H for differ-
ent doping levels. The results are obtained from the
data in Refs, 7 and 8.
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rule, since a doubly occupied Si dangling bond
has five electrons. Therefore, although the neu-
tral dangling bond does not obey the 8 — N rule
and is introduced solely by topological necessity,
charged dangling bonds do obey the rule and so
are favored energetically.

Thus the densities of both dopants and defects
are controlled by the position of £ and so fall
within a single unifying concept. In fact, a sim-
ple description of the balance between the two
types of gap states can be given, as follows. The
model proposes an equilibrium between three-
fold and fourfold coordinated atoms, with the
dopant (fourfold) concentration, n, balanced by
an equal density of compensating defects, D. The
reaction in n-type material is therefore

PL=P,"+D",
From the law of mass action, we have
(N, —n)/n®=const,

where N, is the total phosphorus concentration.
When the doping efficiency 7 is low (n <N,),

n=n/N, =const/N,"2.

The predicted dependence on N,”2 agrees with the
data in Fig. 2. A similar square-root dependence
of n, again for both boron and phosphorus, has
also recently been observed in a-Ge: H.°

In the remainder of this paper I discuss some
speculative consequences of the idea that the
dopant and defect structure is determined only
by the position of Ey and the 8 =N rule. For ex-
ample, suppose that during deposition, the phos-
phorus doping is sufficient to move £ ; into the
conduction-band tail. A silicon atom forming a
band-tail state below £ will contain five elec-
trons which is in violation of the 8 — N rule, and
therefore, not a stable state. Instead, such a
state should form a negative dangling bond (Si;").
Consequently, Er can never move into the band
tails; either the doping efficiency will drop, or
else the band tail itself will change shape, possi-
bly becoming sharper as states are taken away
from below E; to become defects. The prediction
is that in doped a-Si:H, E can never lie in a
large density of states. Instead, E forms a de-
marcation energy separating states of qualitative-
ly different bonding character. In effect, the
structure will adjust until a gap opens at E;.
(Note that this result only applies to states obey-
ing the 8 — N rule. E can lie in large density of
states which are introduced by topological con-
straints, such as dangling bonds in unhydrogen-

ated @-Si.) The experimental evidence for this
proposal is rather unclear. Our data™'® indeed
find a low density (<10'" ¢cm™) of occupied band-
tail states in doped a-Si:H. However, other meas-
urements® report values as high as 10 cm-2,

So far the effects have been considered in terms
of the bulk equilibrium Fermi energy. However,
the bonding configurations are determined during
deposition so that the relevant parameter is the
surface Fermi energy. For example, if the sur-
face is positively charged during deposition, the
fraction of fourfold coordinated phosphorus should
be enhanced because E y is held down. Similarly,
boron doping would be enhanced at a negative sur-
face. By using this effect, it might be possible
to improve the doping properties of a-Si:H, pro-
vided that there was no structural relaxation in
the bulk to reverse the process., Although the
surface bias will usually be negative in the glow
discharge process, some control is possible,
and so this prediction should be open to experi-
mental test.

Another consequence concerns the influence of
electronic excitation for which the relevant pa-
rameter is the quasi Fermi energy. Consider
the deposition of undoped a-Si:H in the presence
of strong illumination, If the quasi Fermi energy
moved into the band tails, then the 8 ~ N rule
would predict an increase in the dangling bond
density just as discussed earlier for doped a-Si:H,
Again this prediction can be tested experimental -
ly.

Finally, there are effects that can occur after
deposition. One example is the structural change
caused by strong illumination,! which some ex-
perimental evidence associates with the creation
of dangling bond defects., Following the previous
discussion, an electron excited to a conduction-
band-tail state is, in principle, unstable and
should result in the formation of a negative dan-
gling bond. Usually this change will not occur
because the rigid covalent network prevents
structural rearrangements in the bulk of the sam-
ple. However, if structural relaxation can occur,
then the dangling bond will result. We cannot pre-
dict when the relaxation will occur, as this pre-
sumably depends on particular local configura-
tions which allow structural changes. The pres-
ent model predicts a direct link between the photo-
conductivity of a-Si:H and the photostructural
change, because photoconductivity is a measure
of the density of electrons near the conduction-
band edge.

A second example of a structural change is the
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observation of field-enhanced doping.'? Again,
the change is the response to a shift in the Fermi
energy and can be explained on the basis of the

8 — N rule as before.

From these examples I propose that an incipient
photostructural instability is a universal proper-
ty of any photoconductive amorphous semicon-
ductor simply because the stable structure is a
function of the position of £y, The extent to
which the instability is realized depends on the
details of the relaxation and local reconstruction,
which cannot be addressed here, and which will
differ from one material to another.

In summary, I suggest that the position of E¢
plays a determining role in the density and struc-
ture of localized states in a-Si:H, Substitutional
doping can occur within the context of the 8 - N
rule but with limitations to the doping process
which distinguish the doping of amorphous semi-
conductors from that of crystals. The present
model emphasizes that both the doping efficiency
and the defect density vary with the impurity con-
centration. An extension of these ideas to ex-
plain some nonequilibrium phenomena in a-Si:H
is also suggested.
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A Heisenberg spin-glass with local uniaxial anisotropy is studied within replica mean-
field theory, including consideration of replica-symmetry breaking. It is shown that it
represents a very rich model with much to offer as a test bed for comparison of theory
and experiment. The explanation of recent experiments on ZzMn, MgMn, and CdMn is

one of its consequences.

PACS numbers: 75.10.Hk, 05.50.+q, 75.50.Kj

The spin-glass' remains one of the more enig-
matic unsolved problems of modern solid-state
physics, having aspects quite contrary to those
of conventional physics; such as an apparent prac-
tical breakdown of ergodicity, signaled by dramat-
ic history dependence. However, for isotropic
spin-glasses there has emerged a folklore of con-
nections between experimental consequences and
theoretical “fingerprints” in replica mean-field
theory, a theoretical treatment in which the phys-
ical disordered system is mapped into an effec-
tive pure one involving replicated spins interact-
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ing through more complicated interactions and
then analyzed in terms of a sophisticated mean-
field theory.

In conventional pure systems with short-ranged
interactions mean-field theory is at best approxi-
mate and may predict transitions in situations
where fluctuations remove these transitions. By
contrast, for spin-glasses the replica mean-field
predictions are in reasonable qualitative accord
with experiment while numerically exact evalua-
tions® of Gibbs thermodynamic functions for
short-range models in dimensions three or less
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