VOLUME 65, NUMBER 4

PHYSICAL REVIEW LETTERS

23 JULY 1990

Identification of Defects in Amorphous Silicon

David Redfield and Richard H. Bube

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305
(Received 20 February 1990)

Defects in amorphous Si:H are identified by a new atomic model encompassing built-in defects and
light-induced defects. The model consists of a metastable localized center having an atom with two pos-
sible sites, as in the Chadi and Chang model for DX centers in crystalline GaAs. Specific rehybridiza-
tions for two-site atoms produce changes in charge state and bonding that explain a wide range of
effects, including n-type or p-type doping or compensation, the Staebler-Wronski effect and its variations

with doping, quench-induced defects, and defect spin.

PACS numbers: 71.55.—i, 72.80.Ng, 78.50.Ge

Localized defects in alloys of hydrogenated amorphous
silicon (a-Si:H) have been the objects of intensive study
because of both their scientifically interesting properties
and their impacts on applications of these materials. A
major problem has been that defects can be introduced
by poor preparation, quenching, doping, light exposure,
or applied electric fields. Since these defects have major
characteristics in common, there is reason to seek a com-
mon description for all defects. In good-quality a-Si:H
these defects behave like localized, metastable centers
with an energy difference between the two states of
AE =0.2 eV. These centers have observable properties
only when in their metastable state; one such property is
an electron-spin resonance (ESR) with the same g value
as that of a dangling bond on the surface of crystalline
Si. Many defects have been found to be influenced by
the presence of dopants, and the new model presented
below is described primarily in that framework; effects
other than dopants are discussed following this.

The present proposal for an atomic model for these de-
fects in high-quality a-Si:H derives from the similarities
of these stated properties to those of a theoretical model
recently developed by Chadi and Chang for the metasta-
ble DX center in crystalline GaAs and AlGaAs alloys. "
The key feature of that model is that a normal substitu-
tional donor— whose electronic state is hydrogenic, or
delocalized— can have a second configuration by ruptur-
ing one of its four normal bonds and moving to an adja-
cent, nearly interstitial site on the extended axis of the
broken bond. (Actually, both atoms at the broken bond
move from their ground-state positions, but one shift
seems dominant and we focus here on that one.) In the
second configuration the donor is threefold coordinated,
and the center has a localized electronic state whose en-
ergy is “deep” in contrast to the ‘“‘shallow” level of the
substitutional site. Light can induce transitions from one
state to the other, and heat can anneal out the metasta-
ble state. The energy difference between the two states
is about 0.22 eV. This type of metastable center with a
broken bond may occur at either Ga or As sites, and may
describe the EL2 centers as antisite defects in GaAs>*
or self-compensating centers in p-type ZnSe.’ These

two-site centers are therefore not rare phenomena, and
we expect an amorphous structure to have weaker steric
constraints on the formation of special sites.

Because an amorphous structure is not amenable to
the same kind of quantitative calculation, we examine
the applicability of two-site centers to defects in a-Si:H
by analogy. As is seen in the following, when such a
model is supplemented by another important considera-
tion— proper rehybridization—it provides simple, unified
explanations for most properties of defects in a-Si:H.
These explanations are considerably more comprehensive
than in the preliminary account of this model.® Rela-
tions may also be seen to many earlier models, each of
which can explain one or two observations. We first de-
scribe this two-site proposal for either column-III accep-
tors or column-V donors in a-Si:H. The hypothesis is
that in the ground state of one of these centers the
dopant is at a normal substitutional site with the
tetrahedral configuration shown in Fig. 1(a), and thus
has no observable /ocalized electronic properties; i.e., it
does not act as a defect. In this configuration the center
is charged, positive for donors or negative for acceptors,
and a conducting carrier has been released. In the meta-
stable state, Fig. 1(b), one bond to a Si atom is broken,
the dopant is threefold coordinated at a nearly intersti-

DOPANT

(a) GROUND STATE

FIG. 1. The two configurations of a rehybridized two-site
(RTS) center in a-Si:H. The dopant may be either a column-
IIT acceptor or column-V donor. The dashed line is a dangling
bond.

(b) METASTABLE STATE
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tial site, and the center is neutral.

These changes in bonding and charge state imply
different hybridizations of the wave functions for the two
configurations, differences that must be considered to
complete this model. They are described most simply by
an example in which the dopant is an acceptor atom
(e.g., boron). In its ground state the center is negatively
charged, and the B atom is at a tetrahedral site, with its
fourth covalent sp> bond formed in the usual way by
“borrowing” an electron from a bonding state of the host
Si, leaving a conducting hole. In the metastable (neu-
tral) state the B atom rehybridizes all of its valence wave
functions (then primarily sp?) to become threefold coor-
dinated. Evidence from ESR indicates that the Si atom
with the broken bond basically retains its sp3 bonds to
its remaining neighbors, and it is left with a “dangling
bond” with only one electron. It is important that any
model of these defects provides a center with a neutral
dangling Si bond so as to be spin active; not all previous
models do so. This dangling bond is localized and has a
deep-level electronic state. Thus the formation of the
metastable state from the ground state can be represent-
ed as

a +ht— DY, 4]

where a ~ represents the usual negatively charged accep-
tor, 1 * a neutralizing hole, and D° the neutral metasta-
ble defect.

For centers formed by donor atoms (e.g., phosphorus),
this description is essentially the same; but rehybridiza-
tion to form the metastable state involves all five valence
electrons of the donor, so that an electron must be cap-
tured to form the metastable state. The relation between
these two states is

dt+e — DO, )

It can be seen that the D° are configurationally the same
for both donors and acceptors; only the central-cell po-
tential identifies the particular atom involved.

One factor that eases formation of these metastable
states is that both donors and acceptors favor threefold
coordination. In fact, most dopant atoms in a-Si:H oc-
cupy stable threefold-coordinated sites that do not form
defects. It may also be significant that the two most
common dopants, boron and phosphorus, are small atoms
and can most easily restructure this way. In all cases the
asymmetry of the local structure about the broken bond
is important and is a distinguishing feature of this model,
as are these hybridizations and charge states. This
asymmetry is a major difference between this model and
the usual breaking of an ordinary Si-Si bond.

We refer to these centers as “rehybridized two-site”
(RTS) centers; a RTS center in its ground state, RTS¢,
replaces the “weak bond” of Si-Si bond-breaking mod-
els; and a RTS center in its metastable state, RTS*, is
the “defect.” The total number of RTS centers limits

the number of defects that can exist; any change in den-
sity of RTS centers produces a proportional change in
the density of defects. Because the energy difference for
the two states is only AE = 0.2 eV for the usual cases,
the metastable state has an appreciable population in
equilibrium at modest temperatures.

This model provides unified explanations for the fol-
lowing observations.

Generation of deep-level defects by doping, with ei-
ther donors or acceptors.”—The clear evidence for
dopant-induced dangling bonds in Ref. 7 is here a direct
consequence of RTS centers that incorporate dopants.
There is no need to invoke self-compensation as was done
by Street,® and, in fact, the present proposal is a parallel
to that of Chadi and Chang? in which two-site centers
are a general alternative to the conventional model for
self-compensation in crystals. In addition, this model
leads to defects that are the metastable state of the
centers, whereas Street’s are in their ground state.
Moreover, defects in the present model are limited in
number because they arise at RTS centers, a significant
difference from Si-Si-bond models.

Reduced density of defects in compensated materi-
als.”— Reference 7 also showed that the dangling-bond
density is very low in compensated a-Si:H, sometimes
lower than in undoped material. When both donors and
acceptors are present, carriers from each set become
bound at the others and are therefore not available for
conversion to RTS*. This need for free carriers to per-
mit RTS8— RTS* has by itself several important conse-
quences, some of which appear below.

Generation of defects by quenching (in uncompensat -
ed materials).—The equilibrium population of RTS*
at elevated temperature becomes quenched in upon cool-
ing (as relaxation processes slow) and provides the ob-
served built-in defects, as has been inferred from more
general considerations without dependence on an explicit
model. '!!

Generation of defects by light, the Staebler-Wronski
(SW) effect.'>— This model gives an explicit microscopic
description to the well-known effects in which light, or
carrier recombination, induces transitions to RTS*, and
annealing restores RTS#. Saturation in the density of
SW defects reflects the limited number of RTS centers.
Since saturation generally occurs at densities of only
~10'7 cm ~3, this is a key consideration and is treated
in detail elsewhere.!3 This kind of defect “creation” is
just a transformation within the localized center, and
thus resembles a proposal by Adler,'* although RTS
centers have identifiable origins. A major attribute of
the SW effect, the reduction of the dark conductivity in
either n-type or p-type material caused by light expo-
sure, is explained by the requirement of capture of a free
charge in forming RTS*. This explanation of conduc-
tivity effects does not require that the electronic energy
levels of defects in both n-type and p-type materials be at
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midgap. The decreased photoconductivity in the SW
effect is, as usual, the consequence of an increased densi-
ty of dangling bonds which act as recombination centers.

Doping dependence of the Staebler-Wronski ef-
fect.'>'%—1n Refs. 15 and 16, clear evidence was report-
ed that higher doping results in a higher dangling-bond
density produced by a given light exposure. This is ex-
plained by the doping-induced increase in the density of
RTS centers, consistent with behavior shown in Refs. 10
and 11 to follow from general models, independent of
microscopic details. At very high doping levels, however,
occupation probabilities of the dangling-bond states may
change, thereby altering these relationships, as reported
in Ref. 15. Reference 16 also showed that compensated
doping could result in fewer light-induced defects than in
the best undoped a-Si:H. In the present picture for com-
pensated material, carriers are diverted from the forma-
tion of defects by the availability of electronic states at
energies below that of RTS*, thus reducing the number
of defects, consistent with both Refs. 15 and 16. New
experiments are planned to test these relationships.

Presence of a Si dangling bond"" in the metastable
state and its spin.'8—The key here is the hybridizations
in RTS*; threefold coordination of the dopant atom
leaves a dangling bond on the Si atom.'” The single
electron in the dangling bond of a neutral RTS* makes
it ESR active.'® (In models such as Street’s,? self-
compensation requires that the defects be charged, so
they would not be spin active.) The asymmetry of the
RTS center results in only one dangling bond, not two as
are expected in breaing a symmetric Si-Si bond, thus ex-
plaining the lack of spin-spin interactions between dan-
gling bonds.

Although the foregoing accounts for all major
dopant-related effects, defects occur without added
dopants. Therefore, a complete identification of defects
should eventually consider, for example, possible roles in
defect formation of material-preparation conditions; hy-
drogen; voids; alloys with isoelectronic carbon or ger-
manium; or the major impurities, oxygen and nitrogen.
There are few quantitative data relating defects to these
other factors, however, aside from attempts to correlate
defects with H motion,® so we now consider qualitatively
some of these effects in the context of this RTS model.
Since the details of reconfiguration of RTS centers must
depend on the structural properties of the host material
as well as the moving atom, strains may influence the be-
havior of RTS centers. For example, the more stable
state of the DX center actually switches under pressure
or alloying.? Thus H concentration or alloying with C or
Ge might effect the properties of these centers. Also,
strain-induced effects on RTS reconfiguration will have
parallel effects on diffusion, which involves a similar bar-
rier.

The possibility that some of the host Si atoms may act
as RTS centers needs to be considered: This is the fa-
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miliar Si-Si bond breaking, with a new description for
the metastable state. There are several difficulties, how-
ever. First, two dangling bonds would arise and interact,
so they must be separated (perhaps by interchange with
H). Second, the overwhelming number of Si atoms
would mask all the dopant effects already discussed.
Third, a low density of centers is implied by the satura-
tion of light-induced defect density at low values
(=107 cm %) in good material. This density-limit
problem is not removed by invoking only weak Si-Si
bonds in a continuous distribution.'* These difficulties
would be reduced for a limited number of Si-Si bonds
having local asymmetries. They could arise from a
neighboring perturbation such as a void, a vacancy or in-
terstitial, or an atom other than Si (e.g., a stable, three-
fold-coordinated dopant). This would be consistent with
the findings that Si atoms can have a metastable state at
an interstitial site either at the (111) crystalline Si sur-
face!® or near a Ga site in GaAs.? The most serious
difficulty, however, is that there seems to be no rehybrid-
ization by which an initially neutral Si-Si bond can form
a neutral dangling bond and reduce the conductivity as
in the Staebler-Wronski effect.

For defects produced by nonoptimum material
preparation, consideration of the general properties of
RTS centers leads to the following testable proposal to
explain this effect. First, for any model of these defects
to have the same character as dopant-related RTS de-
fects, a lower defect density should be accompanied by
lower conductivity. The trend of improvements in a-
Si:H quality has generally resulted in reductions in both
conductivity and defect density, consistent with RTS
centers, but we plan to test this prediction more quanti-
tatively. Next, we note that nitrogen, as a column-V ele-
ment, could form a RTS donor, and it is always present
in sufficient quantities. As with other column-V atoms,
N can take threefold coordination, but nonoptimum
preparation may freeze in some fourfold-coordinated N
atoms that could become RTS centers, accounting for
the material being generally n type and for the sensitivity
of the Fermi energy to preparation conditions. Some of
these can anneal away irreversibly, as is observed, by
shifting to stable threefold coordination. This proposal
is not vitiated by the ambiguity of past searches for
correlations of defects with N, because those tests did
not include the variable of preparation conditions. We
plan combined tests.

This RTS model suggests, therefore, the technological-
ly hopeful conclusion that most defects are due to foreign
atoms. Besides a unified explanation of many observa-
tions in a-Si:H, it also provides the conclusion that
built-in and light-induced defects are parts of a single set
with limited numbers. Important similarities are also es-
tablished with defects in crystalline compounds and the
new interpretation of self-compensation.
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