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Defect formation in a-Si:H
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The bulk chemical processes responsible for defect equilibria in hydrogenated amorphous silicon
(a-Si:H) are examined. Thermodynamic analyses of the corresponding chemical reactions are
shown to account quantitatively for the observed defect-state-energy distribution and dependence of
the defect concentration on temperature and Fermi energy. The dependence of a-Si:H defect prop-
erties on growth conditions is addressed.

I. INTRODUCTION

At the absolute zero of temperature, single-crystalline
semiconductors like silicon (c-Si) are in their thermo-
dynamic ground states; because the entropy component is
zero, the minimum-free-energy condition can only be
satisfied by the absence of defects. As the temperature is
raised, lattice defects form whose concentrations depend
exponentially on inverse temperature. The kinetics of de-
fect equilibration is limited by the rate of lattice atom or
defect diffusion, and nonequilibrium concentrations of
defects can be "frozen in" if the thermal quench rate is
faster than the equilibration rate at the quench tempera-
ture. The equilibrium between a lattice and its defects
can be simply described by one or more chemical reac-
tions, and the solid-state chemistry of defects in crystals
is a well-developed science. '

Amorphous semiconductors, in contrast, are always far
from the thermodynamic ground state of their crystalline
counterparts. The nonequilibrium nature of their growth
and structure was long thought to preclude the solid-state
chemistry that occurs in all crystalline materials. There-
fore, it was surprising when both the active-dopant and
deep-defect concentrations in hydrogenated amorphous
silicon (a-Si:H) were recently discovered to depend in a
reversible manner on temperature. From this discovery,
a new and powerful framework for understanding a-Si:H
material properties has emerged that describes the pro-
cesses of defect formation and dopant activation by sim-
ple chemical reactions whose kinetics are determined by
dispersive hydrogen diffusion. This chemical description
permits accurate, quantitative theories of a-Si:H behavior
to be constructed that depend on only a few experimen-
tally measurable parameters. The importance of such a
capability cannot be overstated for a material whose
short-range structural and compositional disorder, lack
of translational symmetry, and varied microstructure pre-
clude the use of the Bloch theorem to describe its proper-
ties.

The analysis of chemical reactions in a-Si:H borrows
heavily from the methods developed to analyze defect re-
actions in crystals, but the disordered nature of a-Si:H in-
troduces distributions of reaction enthalpies and diffusion
barriers that result in several novel effects not found in

crystals. Also, while the kinetics of vacancy formation in
c-Si depends on Si motion, which occurs appreciably only
at high ( —1000'C) temperatures, it is the dispersive
difusion of hydrogen that mediates the solid-state chemi-
cal reactions in a-Si:H, governs their kinetics, and allows
equilibrium to be achieved at relatively low (-200'C)
temperatures. This is not a global equilibrium in which
all network constituents that contribute to the electronic
structure of the material participate. Instead, it is the
equilibrium between small subsets of localized states that
determines the defect and dopant concentrations in a-
Si:H.

In the following we develop a quantitative theory of
defect formation in a-Si:H based on the thermodynamic
analysis of a few simple chemical reactions. Analytical
expressions for the equilibrium defect concentrations and
defect-state-energy distributions in a-Si:H are derived as
a function of temperature and Fermi energy and com-
pared with the available experimental data. The depen-
dence of a-Si:H defect properties on growth conditions is
addressed.

II. THERMODYNAMICS OF o-Si:H:
THERMAL, MECHANICAL, AND CHEMICAL

EQUILIBRIUM

When the active-dopant and neutral-defect concentra-
tions in a-Si:H were first discovered to vary reversibly
with temperature, the effect was thought to be strictly
thermal and was hence referred to as thermal equilibra-
tion. ' While the active-dopant and neutral-defect con-
centrations do indeed depend on temperature, the long
equilibration times (up to one year at 300 K in n-type a
Si:H) make it clear that some other type of equilibrium is
involved.

Consider the diff'erential of the Gibbs free energy (ther-
modynamic potential)

dG= —SdT+VdP+ gp;dn;,

where S is entropy, T is temperature, P is pressure, V is
volume, and p; and n, are the chemical potential and
number of moles, respectively, of chemical species i. At
thermodynamic equilibrium dG —=0 and the temperature,
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pressure, and number of moles of each species is con-
stant. If we imagine an experiment where a sample of a-
Si:H, initially at equilibrium at a temperature T, is placed
in contact with a heat reservoir at temperature T', we
should expect that within a few phonon cycle times
( —100 ps) thermal equilibrium will be achieved so that
the sample temperature is everywhere T*. The first term
in Eq. (1) will then be zero. Once the phonons in the
sample equilibrate with those in the heat reservoir and a
temperature can be defined, the volume of the sample will
be fixed. As long as no work is being done on or by the
sample, it will be in mechanical equilibrium and the
second term in Eq. (1) will be zero. The third term in Eq.
(1) will vary as the concentration of each species changes
during the approach to thermodynamic equilibrium.
These concentration changes occur due to the conversion
of one species into another, in a manner specified by
chemical reactions and at rates determined by the rates of
species motion. In general, these rates are small so that
the thermodynamic equilibration (dG ~0) will be limited
by the rate of chemical equilibration (g; dn; ~0)
amongst the chemical species in the system.

Thus, the distinction between thermal and chemical
equilibrium is not merely a semantic one. Thermal equi-
librium occurs when the rates of heat exchange between a
system and its surroundings are equal. Thermal equili-
bration is generally mediated by phonon (or photon)
transport. Chemical equilibrium occurs when the for-
ward and reverse rates of a chemical reaction are equal.
Chemical equilibration is generally mediated by atomic
(or molecular) transport. This distinction is important
because chemical reactions, not phonon exchange pro-
cesses, are the key to interpreting the behavior of defects
in a-Si:H.

Consider a chemical reaction between two species A

and B (i.e., A~~B) characterized by states a and b, whose
energy difference is b,E =Eb E, and whic—h are separat-
ed by an energy barrier E'. At equilibrium, the concen-
tration of B according to the law of mass action is given
by5

cally 10' cm or less. If a simple two-state equilibrium
such as Si~~D were responsible for this defect concen-
tration, we should expect that, like Eq. (2),

[D ],q=[Si],qexp( bE—lkT), (4)

where [Si], =5X10 cm is the concentration of Si
atoms in a-Si:H. This would require EE=0.7 eV for
[Do]=10'6 cm 3 so that [Do] should be highly tempera-
ture dependent. In fact, b,E has been measured to be be-
tween 0.2 and 0.3 eV; ' the equilibrium must be be-
tween neutral defects and a much smaller subset of the
network constituents, whose concentration lies between
10' and 10' cm . Other than Si or H ([H]=5X10 '

cm ), it is not obvious what other intrinsic chemical
species might correspond to this small subset.

A. Weak-bond-dangling-bond conversion

Smith and Wagner' resolved this difficulty by invok-
ing the weak-bond —dangling-bond conversion model
originally proposed by Stutzmann" to account for the in-
crease of the defect concentration upon doping in a-Si:H.
Stutzmann's idea was that as the Fermi energy moved
into the localized band-tail states (weak-bond states) with
doping, electrons (n-type) or holes (p-type) would occupy
antibonding levels of these states and make bond break-
ing, and hence defect formation, easier. Smith and
Wagner treated this weak-bond-dangling-bond conver-
sion as a chemical reaction and applied the result to cal-
culate the neutral-defect concentration at equilibrium in
undoped a-Si:H. It is clear that this procedure will
resolve the numerical difficulty encountered in Eq. (4),
since the concentration of weak bonds in a-Si:H is = 10'
cm, just what is required by the simple theory.

The original analysis was performed by minimizing
an expression for the free energy of the weak-
band-dangling-band ensemble, similar to the analysis of
Schottky defect formation. ' An equivalent procedure is
to apply the law of mass action to the proposed weak-
bond-dangling-bond reaction

[B],q = [ A ],qexp( bE lkT ) . — (2)
SiSi~+—D (5)

When the system equilibrium is perturbed, simple
reaction-rate theory predicts that the concentration of B
will equilibrate exponentially fast, i.e.,

[B](t) [B] = [[B](0) [B]q)exp( tie), (3)

where the equilibration time constant
~=~oexp[(E' Eb)lkT]. T—hese relations are well estab-
lished for defect reactions in crystals. However, the
disordered nature of a-Si:H introduces distributions of re-
action enthalpies hE and energy barriers E', which re-
quire significant modifications of the above relations.
The modification of the kinetic equation (3) has been
treated by Jackson. The modification of the equilibrium
equation (2) is treated below.

where SiSi are weak Si—Si bonds and D are neutral de-
fects. At equilibrium,

[Do], =[SiSi], exp( b,ElkT), —

by the law of mass action, and

[SiSi]„,= [SiSi], + [SiSi]b„„,„
=[SiSi], +[D ],

by the conservation of bonds, since each broken bond
produces one defect by construction; [SiSi]„,is the total
concentration of weak bonds in the absence of defects.
Therefore,

III. INGREDIENTS OF A THEORY
OF DEFECT FORMATION

[SiSi]„,
1 +ex(pb, E/ Tk)

(8)

In optimally grown undoped a-Si:H, the neutral-defect
concentration [D ] frozen in at growth (230'C) is typi-

The most important contribution made by Smith and
Wagner is their recognition that the weak-
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bond —dangling-bond reaction is not characterized by a
single-reaction enthalpy hE, but rather by a distribution
of reaction enthalpies determined by the slope of the
valence-band tail. '

Ny-

B. Distribution of reaction enthalpies

The existence of a distribution of reaction enthalpies is
made clear in Fig. 1, which depicts the valence-band tail
(weak SiSi bonding states) described by N„oexp( E/—Eo ),
where X„o is the peak density of states and Eo is the
slope of the valence-band tail, and a single defect (D )

state in the gap at E 0. The concentration of weak-band

states in the interval between E and E+dE is

ps;s;(E)=N„oexp( E/E—o)dE, exactly twice the concen-
tration of weak bonds [SiSi] whose states lie in this energy
interval. The enthalpy for reaction (5) is the cost to re-
move a weak-bonding state at E and create a defect state
at E o. This energy cost can be taken to be equal to the

one-electron energy difference between the weak-bonding
states at E and the defect state at E 0 when ionic relaxa-

tion and multielectronic effects are ignored. '

This approximation for defect-formation energies was
first proposed for a-Si:H by Stutzmann in connection
with the weak-bond-dangling-bond conversion model. "
However, as discussed by Heine, ' this approximation is
generally valid to describe defect-formation energies in
solids because either the ionic relaxation and multielect-
ronic contributions to the formation energies are small or
they cancel each other out. It seems reasonable that, be-
cause a-Si:H is already highly disordered, relaxation ener-
gies should be small in this material. The validity of this
approximation has yet to be tested in a-Si:H by detailed
calculation, although its use in the analysis of defect-
formation reactions seems to provide excellent agreement
with the experimental data. This approximation implies
a mapping between defect sites and states on the one

I

CO
Ol

CO

0

CO

CI
Ch

EE=EpP-E

00

Energy

hand, and weak-bond sites and states on the other, which
allows the species and their electronic states to be treated
interchangeably.

Taking the enthalpy for reaction (5) to be
hE=E —E 0, the total concentration of defects whose

states lie at energy E o is given by integrating Eq. (8) over

the integration variable E from E„o (—:0) to inffnity to
obtain

FIG. 1. Schematic density-of-states diagram to illustrate the
distribution of reaction enthalpies in the weak-bond-dangling-
bond conversion model of Schottky defect formation according
to reaction (5). The reaction enthalpy is the cost to convert a
weak-bond state at E into a defect state at E 0, the one-electron

energy difference b,E=E 0
—E. All weak-bond states from

E=0 to E~~ contribute to the reaction.

N.oexp( E /Eo )—
[D ]e

= I dE
o 1+exp[(E—E &)/kT]

N„oEokT
2 (Eo —kT) exp( Eo/Eo ) —exp—( Eo/k T)— (9)

The analysis results in a simple, formal expression for the
neutral-defect concentration at equilibrium as a function
of a few experimentally measurable parameters. It is
clear from Eq. (9) that the ratio of sample temperature T
and eff'ective valence-band-tail temperature T, ( =Eo/k)
is a crucial determinant of the defect concentration of a-
Si:H. As long as T is near or below T, =520 K, the tem-
perature dependence of [D ] will be weak, as is observed.
Also, the experimental correlation between defect con-
centration and Urbach energy (closely related to Eo) is
explicit in Eq. (9).' ' These features are a great success
of the weak-bond —dangling-bond conversion model and
its analysis as a chemical reaction. However, there is a

problem with reaction (5).
The problem is that one broken bond should lead to

two rather than one defect. Smith and %agner modified
their analysis to take this extra defect into account, ' but
a more serious problem remains. In order for a broken
weak bond to be spin active, the two resulting dangling-
bond defects must diffuse away from each other. The
problem with the reaction SiSi~~2D is that there is no
mechanism by which the two resulting dangling bonds
can accomplish this. Such a mechanism is likely to deter-
mine the reaction kinetics. The kinetics of defect equili-
bration in a-Si:H has been measured and is consistent
with a process whose rate is limited by the dispersive
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diffusion of hydrogen. ' ' ' The explicit introduction
of H into the chemical reactions describing defect forma-
tion resolves the problem of defect diffusion and accounts
for the kinetics of defect equilibration in a straightfor-
ward manner.

C. Hydrogen-mediated defect reactions

Smith and Wagner modeled defect creation in a-Si:H
on Schottky defect formation in crystals. With the intro-
duction of H into the defect reaction, the more appropri-
ate crystalline model is Frenkel defect formation. In c-Si,
Frenkel defects (Si vacancies V and interstitials I) are
generated according to the reaction

Si at a lattice site+empty interstitial sit~tV+I .

(10)

(a)

OOOs Q 0 O-" Q
OOOQ O'QOQ

OOOOOOOO

OOOO OOOO

When the defects achieve equilibrium with the lattices,
their concentration is given by the law of mass action:

[Il = [V]=([I'][Il)'"= (I &s ][&t.&])'"

Xexp( EII2kT—),
where EI (-4 eV) is the energy required to form an
interstitial-vacancy pair. '

Neutral-defect formation in undoped a-Si:H can be de-
scribed by a similar reaction:

SiH+SiSi~D +SiHSi, (12)

where SiH are hydrogen atoms ([SiH]=[H]-0.1[Si]}
bonded to Si, whose motion enables the equilibration and
SiHSi are H trapped at a weak-bond site, as illustrated in
Fig. 2. In fact, several such reactions are possible and the
temperature dependence of the defect concentration at
equilibrium will strongly depend on the details of the re-
action. A comparison between several possible defect re-
actions both with and without hydrogen has been made
elsewhere.

Reaction (12) produces equal numbers of two kinds of
defects; spatially isolated dangling bonds (D } and inti-
mate dangling-bond —bonded-hydrogen pairs (SiHSi). In
principle, the different local environments of these two
types of paramagnetic species should be distinguishable
by hyper6ne electron-spin resonance measurements.
Such measurements find that greater than 50% of the
dangling-bond charge is localized on the central Si atom
with the remainder predominantly on at least one of the
back-bonded neighbors. ' The tendency is for the
remaining charge to be located on the backbonds away
from the void into which the dangling bond "points. "

0
This tendency, coupled with the estimated —3-A
effective microscopic localization radius of the dangling-
bond wave function means that the hyperfine contact po-
tential at the proton terminating the other half of the
broken bond will be, in nearly all cases, exceedingly
small. In practice, therefore, the two types of paramag-
netic centers D and SiHSi shown in Fig. 2(b) should be
experimentally indistinguishable.

The application of the law of mass action to reaction
(12) is similar to its application to reaction (5), except

FIG. 2. Illustration of Frenkel defect formation in (a) crystal-
line silicon according to reaction (10) and (b) a-Si:H according
to reaction (12).

now we take the defect-gap-state energy to be some arbi-
trary energy E* as depicted in Fig. 3. The concentration
of H atoms trapped at weak-bond sites whose states are
in the interval between E and E+dE is

fOI
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FIG. 3. Schematic density of states diagram, to illustrate the
distribution of reaction enthalpies in the weak-bond —dangling-
bond conversion model of Frenkel defect formation according
to reaction (12). The distribution involves both an exponential
component due to the exponential valence-band tail, and a
Gaussian component due to the distribution of virtual defect
states in the defect pool. The origin of the reaction enthalpy is
illustrated in the inset.
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[H][ps s (E ) ps Hs (E)]exp( b—E/kT )
5[SiHSi]=—,'ps;Hs;(E) dE = dE, (13)

where ps;s;(E ) ( =2d [SiSi]/dE ) and ps;Hs;(E )

(=2d[SiHSi]/dE) are the density of weak SiSi bonding
states in the absence of defects and the density of weak
SiSi bonding states removed by hydrogen, respectively.
EE=2(E' E}—is the formation enthalpy of a single
SiHSi-D pair (ionic and multielectronic effects are ig-
nored) as described in Fig. 3. The resulting concentration
of neutral-defect states between E' and E'+dE* for a
5-function defect distribution at equilibrium is

=2 g 5[SiHSi]
dE E

NUGexp( E /EG )dE

G DG
1+ exp[2(E ' E)Ik T—][H]

5(E' —E 0) .

(14}

N„GEGk T

(2EG kT)—2EO
exp[ po(E 0)/—EG)

The integral expresses the defect density at E'=EDO as

the total concentration of weak-bond states occupied (i.e.,
removed) by hydrogen, in analogy with Fermi occupation
statistics, where the neutral-defect chemical potential
pD&(E')=E*+(kT/2)ln([D ]l[H]) plays the role of
the Fermi level. Equation (14) can be integrated to yield

EG, and hence [D ], will be addressed in a later section.
It has been a long-standing problem in a-Si:H that with

10% hydrogen, the majority of which is known to occupy
bond-terminating sites, there can still persist 10' cm
unterminated dangling bonds. The problem is that any
unterminated bonds should be immediately passivated by
H, since H termination of dangling bonds is exothermic.
However, at nonzero temperatures the entropy gained by
defect formation will always ensure that some fraction of
the SiH bonds are unoccupied by H (i.e., form defects).
The reason why [D ] is not identically zero at T=O is
because there will always be some states in the exponen-
tial valence-band tail for which the defect-formation
enthalpy b,E=2(E o E) w—ill be negative (i.e., exo-

thermic reaction). That is, all valence-band-tail states
above and none below E o will be occupied by H at equi-

librium at T=O. However, it is unlikely that the T=O
equilibrium of Eq. (16}could ever be achieved because of
the infinitesimally slow rate of equilibration in a-Si:H at
this temperature.

D. Inclusion of the correlation and Fermi energies
in the defect chemical potential

The addition of electrons from donor ionization in n-

type a-Si:H changes the equilibrium point of reaction
(12}. Consider the additional reaction,

—exp[ 2pDG(EDp) l—kT] D +e ~~D (17)

[D ]~z'=G=N„GEGexp( E 0/EG) (16)

The simplicity of this expression makes clear the impor-
tant role of the valence-band-tail slope Eo in determining
the defect concentration in a-Si:H. The second important
discovery by Smith and Wagner is that the defect concen-
tration cannot be made arbitrarily small. No amount of
deposition optimization can reduce the defect concentra-
tion in a-Si:H below the value set by Eq. (16). Only by re-
ducing the slope of the valence-band tail can [D ] be re-
duced. The role of the growth conditions in determining

(15)

Equations (14) and (15) should be compared with Eq. (9).
The numerical solution of Eq. (15) leads to a temperature
dependence of [D ] ( —Bln[D ]/B(1/kT) =0.2-0.3 eV
for T ~ 500 K}that agrees well with experiment. The
reversible temperature dependence of [D ] is the main
evidence for defect equilibration in a-Si:H and clearly
demonstrates the essential role of entropy in this process,
which strongly depends on the specific reaction con-
sidered.

The weak temperature dependence of Eq. (15) makes
the T=O limit, where [D ] reaches its minimum value a
reasonably good approximation to [D ] at equilibrium. '

At T=0, Eq. (15) becomes

which, in the forward direction, describes the capture of
an electron from the conduction band by a neutral defect.
An increase in the number of electrons in the system
pushes reaction (17) and, as a consequence, reaction (12)
in the forward direction, which results in a larger deep-
defect concentration. This process is independent of the
origin of the extra electrons; defect creation by this pro-
cess can result from applied fields, light exposure, doping,
or activated gas adsorption, all of which can change the
position of the electronic neutrality level. However, a
shift in the Fermi energy to fill or empty defects states
will not lead to a change in their distribution if the dura-
tion of the shift is much less than the characteristic
equilibration time ~ at a given temperature (~=10 s at
300 K and =60 s at 400 K in n-type a-Si:H). '

The increase in defect concentration comes about be-
cause the cost to form a defect is reduced by the energy
gained in dropping an electron from the Fermi level onto
the defect level (i.e., by E~ EF), while increa—sed by the
extra cost U & 0 of having two electrons occupy the same
localized state (i.e., the electron-correlation energy).
Thus, the concentration of charged defects in n-type a-
Si:H at equilibrium is given by Eq. (15}with the neutral-
defect chemical potential

p 0(E )=E'+(kT/2)ln([D —]l[H])
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Also, the defect energy E 0 in the 5 function in Eq. (14)
must be replaced by E 0+ U; the single D defect level

must lie above the single D defect level by an energy U.
More generally, we could include the energy dependence
of U in the formalism as has been attempted elsewhere.
The corresponding defect chemical potential for p-type
a-Si:H is

+ =EF+(kT/2)ln([D+]/[H]) . (20)

The defect chemical potential (free energy per defect)
plays a pivotal role in determining the equilibrium defect
concentrations in a-Si:H, which is clear from Eq. (15). In
addition, the defect chemical potential directly deter-
mines the distribution of defect states in the band gap
through its dependence on the defect-state energy E'.
This is clearly demonstrated in Fig. 4, where Eqs.
(18)-(20) are plotted as a function of EF for three
different values of E' at T=O. For a given EF, the con-
centration of the species with the lowest free energy will
exponentially dominate at equilibrium. It is obvious from
Fig. 4 that for a given EF, the dominant species depends
strongly on where in the gap the defect states lie.

replaced by the Fermi-energy-dependent chemical poten-
tial

p =2E'+ U E—F+(kT/2)ln([D ]/[H]) . (19)
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FIG. 4. Chemical potential (free energy per defect) for neu-
tral (0), positively (+), and negatively ( —) charged defects in a-
Si:H at T=O according to Eqs. (18-20) as a function of EF for
defect states located at E*-E„=0.4, 0.8, and 1.2 eV. The pro-
portion of neutral and charged defects for a given Fermi energy
strongly depends on where in the gap the defects states lie.
Note that the D chemical potential can become negative for
E &0.8 eV.

K. The defect pool

The 5 function in Eq. (14) represents the distribution of
all possible ("virtual" ) defect-state energies at which the
system can choose to create defect states in order to mini-
mize the system free energy. In this particular case, the
equilibrium defect distribution and the distribution of vir-
tual states are identical, and the system free-energy

I

minimum is determined by a balance between the entropy
produced via defect creation and the enthalpy cost of
transferring H from bond-terminating sites to weak-bond
trapping sites. However, if we replace the 5 function in

Eq. (14}with a more general Gaussian distribution of vir-
tual defect energies (i.e., a "defect pool" ), the system free
energy can be further reduced through a lowering of the
transfer enthalpy. ' The defect density becomes

d[D ] N„OEOkT

dE' (2E,—kT)
2Eo exp[ (E' E) /2—o ]-

exp[ p,(E')/Eo]——exp[ —2p 0(E')/kT]
kT (2mo )'

(21)

where the integral in Eq. (14) has been explicitly evalu-
ated with the restriction that p o(E') &0, o is the stan-

dard deviation of the Gaussian defect-pool distribution,
and E is the energy of the most probable defect
configuration, i.e., the defect-pool maximum. A candi-
date for the physical manifestation of the defect pool, ac-
cording to reaction (12), is the large concentration of
bonded hydrogen, where the variable backbond strain
gives rise to the broad distribution of potential defect
sites. Thus, a should be a characteristic measure of dis-
order in a-Si:H as has been proposed for Eo, both of
which might be described by a single-disorder parameter
such as the average bond-angle deviation.

The maximum of the defect distribution can be calcu-
lated by extremizing Eq. (21) with respect to E*, which
for kT/2&ED gives E O=E*,„=E —cr /Eo. This is

just what is required to cancel the first (second when

kT/2&EO) exponential in Eq. (21), which results in an
observed defect distribution d [Do]!dE' that is Gaussian
with width cr and a peak at E o2/Eo(E —2o.—2/kT
when kT/2&EO). The shift is due to the balance be-
tween a defect-formation energy reduction [ ~ (E*—E )]
for defect states formed in the low-energy tail of the
defect-pool distribution and an addition [~(E' E~)]-
due to the increased distortion energy for states formed
far from the defect-pool maximum, which results in a sys-
tem free-energy change b G = —o /Eo ~ The distribution
of defect energies ("defect-pool" ) results in the creation of
the majority of neutral defects not at an energy where po-
tential defect sites are least distorted due to background
strain and most numerous (i.e., at E ), but where it costs
the system the least free energy (i.e., at E cr /Eo) A— .
similar result has been suggested on the basis of more
qualitative arguments. ' ' Note that, with a broad
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defect-pool distribution, the two defects produced by re-
action (12) need not have the same defect-state energy.
The modification of Eq. (21) to take this into account is
straightforward and results in a single Gaussian defect
band peaked at E o /—2EO. In the following, we ignore
this distinction and assume both defects have the same
energy for simplicity.

Using the defect chemical potential for D defects Eq.
(19), it is easy to show that the maximum of the resulting
defect distribution in n-type a-Si:H at equilibrium occurs
at E =E',—„=E +U 2rJ —/Eo. At equilibrium, D in

intrinsic a-Si:H is separated from D in n-type a-Si:H by
an amount bE =E —E—o= U rr /—Eo In t.he lim-

it that cd~0 we recover the result hE = U expected
for a single-correlated defect level. It can be similarly
shown that ED+=Ep and the shift between D in n-

type and D+ in p-type a-Si:H at equilibrium is given by
b,E ~+ =E E+=—U 2rJ /E—o. The resulting shifts

have a plausible physical origin, which is captured by the
phenomenological model. The one electron occupying
D states can interact with the neighboring backbonds.
The disorder of the backbonds is characterized by o, and
is the origin of the average rr /Eo shifts in D state ener-

gies. This shift is doubled for D states because they are
occupied by two electrons. Correspondingly, the unoccu-
pied D+ states are not affected by the disorder. This
could easily be tested by direct calculation.

IV. RESULTS AND DISCUSSION

We now put together all of the elements of the theory
to calculate the equilibrium defect-state distributions and
defect concentrations in a-Si:H as a function of tempera-
ture and Fermi energy. We employ Eq. (21) for the cal-
culations and adopt the following experimentally deter-

mined values for the parameters of the theory:
N, &=2X10 eV 'cm, [H]=5X10 ' cm
Eo=0.045 eV, U=0. 2 eV, o.=0.125 eV, E,o —=0.0 eV,
E, —E,O=1.75 eV, and E, =1.9 eV. In addition, the
peak of the defect-pool distribution (EP=0.9 eV} is
chosen such that E O=E, —1.2 eV. Improvements in

the accuracy of all of these parameters are desirable, but
they are suf5ciently accurate to allow a test of the validity
of the theory. However, Eq. (21) is only valid when the
defect chemical potential p is positive. In n-type materi-
al, p is negative over a small energy range (see Fig. 4). In
this case, E„o was extended to —0.7 to compensate,
which corresponds to an unphysically extended exponen-
tial tail. While this diSculty can be removed by reducing
cr and U in such a manner as to retain the correct relative
defect-state energy shifts, the n-type calculations were all
performed with the above parameters and the valence-
band-tail extension for consistency.

A. Distribution of defect states in a-Si:H

Using the above parameters, the theory predicts shifts
hE ——0. 15 eV and hE + ——0.50 eV, which are
in reasonable agreement with the results of recent photo-
emission (hE = —0. 15 eV and b,E ~+= —0.7 eV)
(Ref. 22} and optical-absorption (bE ~ = —0. 1 eV and
b,E ~+= —0.5 eV} (Refs. 26 and 27) measurements.
The resulting ordering of 0/+ and —/0 defect transition
energies for p-type, intrinsic, and n-type a-Si:H is shown
schematically in Fig. 5. The resulting equilibrium defect
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and p-type a-Si:H calculated using Eq. (21) with the appropriate
defect chemical potentials and the parameters given in the text,
except that U=0.25 eV.
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distributions calculated from Eq. (21) are shown in Fig. 6
and compare well with the experimentally determined
distributions. ' ' The important point is that for a
wide enough defect-pool distribution (o )0. 1 eV), D in
n-type a-Si:H can lie deeper than D in undoped a-Si:H at
equilibrium even though the correlation energy is positive.
This resolves the apparent experimental contradiction be-
tween electron-spin resonance data, ' which require a
positive correlation energy, and equilibrium gap-state
spectra, ' ' which show D in p-type p-Si:H to lie
deeper than D in undoped a-Si:H as might be expected
for negative-U defects with fixed defect energies. A simi-
lar result has been obtained by Branz and Silver ' based
on the idea of disorder-induced potential fluctuations that
modify the reaction enthalpies and lead to shifts in the
defect transition energies. The two approaches are simi-
lar, but the predicted defect concentrations as a function
of Fermi energy are quite different.

B. Dependence of u-Si:H defect concentrations
on Fermi energy and temperature

The equilibrium defect concentration as a function of
Fermi energy for a-Si:H at 500 K is shown in Fig. 7. This
is a reasonable freeze-in temperature with which to com-
pare the results of the theory to experimental data. The
neutral-defect concentration calculated for intrinsic a-
Si:H agrees well with the lowest spin concentrations mea-
sured by electron-spin resonance (ESR). The calculated
equilibrium-charged defect concentrations ([D ], [D+]}
increase exponentially with increasing separation of
the Fermi energy from midgap with a slope

kTo =Ep+ kT/2= 67 meV for both n and p-type a-Si:H.
This also agrees reasonably well with the data from pho-
tothermal deflection spectroscopy (PDS) ' and conduc-
tivity activation energy measurements, which for P-
doped a-Si:H kT0= 59 meV.

Although we have assumed that the intrinsic Fermi en-
ergy (Ei =0.75 eV) lies at the intersection point of the p-
type and intrinsic curves, the charged defect concentra-
tions in a-Si:H are quite small when EF is near midgap, in
agreement with experiment. However, this is different
from the'results of the potential fluctuation theory of
Branz and Silver, ' which predicts large concentrations
of both D and D+ states in undoped (intrinsic) a-Si:H
at equilibrium. Their model postulates a heterogeneous
a-Si:H structure containing potential fluctuations over
many nanometers. These fluctuations effectively shift the
local-reaction enthalpies by the amount of the local po-
tential. In doped a-Si:H, moderate potential shifts do not
perturb the dominant enthalpy shift due to the Fermi en-

ergy movement toward either band edge, which main-
tains large concentrations of either D or D+ as in Fig.
7. However, in undoped a-Si:H, although the average
enthalpy shift is zero, moderate potential fluctuations
lead to large concentrations of spatially separated D
and D+ states according to the sign of the local potential
fluctuation. More detailed measurements of the total de-
fect concentration as a function of Fermi energy are
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FIG. 8. Calculated equilibrium defect concentrations in a-
Si:H as a function of inverse temperature for different Fermi en-

ergies from Eq. (21) with the parameters given in the text
(dashed lines). EF—EI=0.0, 0.5, and 0.7 eV corresponds to un-

doped, 10 ' P-doped, and 10 P-doped a-Si:H, respectively.
Data from undoped a-Si:H by electron-spin resonance (solid cir-
cles) and 10 ' P-doped a-Si:H by photothermal deflection spec-
troscopy (open circles) are shown for comparison (Refs. 9 and
18).
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needed to completely resolve this issue, but the data so
far available do not support this prediction of the poten-
tial Auctuation theory.

The temperature dependence of the equilibrium defect
concentration as a function of Fermi energy is shown in
Fig. 8. In intrinsic a-Si:H, the high-temperature slope of
the calculated curve is =0.3 eV. This decreases to
=0.23 eV for E~ EI—=0.5 eV (equivalent to 10 P-
doped a-Si:H) and to =0.15 eV for EF EI—=0.7 eV
(equivalent to 10 P-doped a-Si:H). The neutral-defect
concentration in undoped a-Si:H determined by ESR
measurements agrees with the intrinsic calculation.
However, little change in the D defect concentration is
detected by photothermal defiection spectroscopy for
10 P-doped a-Si:H contrary to the calculation, ' al-
though the general trend toward less temperature sensi-
tivity with increased doping is correct. The maximum
defect concentration permitted by this theory is
N„oEo=9X10' cm, which corresponds to the T~ oo

limit, where all weak-bond states are broken and convert-
ed into defects. It is clear that as the 500-K equilibrium
concentration becomes larger with increased Ez —EI, the
weaker should become the temperature dependence of
[D ]. However, the temperature dependence of the ac-
tive dopant concentration and, hence, EF has not been
taken into account here, which might account for the
weaker than predicted temperature dependence.

10ia

E
V

1018
a

~~
Cl

cI
Vaa
V
g 10
I
O

a-Ge:H

I I I
I

I
I

I
I

I
~ I

I
I

I
I

I
I

I

n-type
I

I
I

I
I

I
I

intrinsic

10" I

E„O.O 0.4 08 Ec
Fermi Energy (eV)

FIG. 9. Calculated equilibrium defect concentration in a-
Cxe:H as a function of Fermi energy at 500 K from Eq. (21}with
the parameters given in the text (dashed lines and cross). Data
from photothermal deflection spectroscopy and conductivity ac-
tivation energies for P-doped (solid circle), B-doped (open cir-
cle), and undoped (half-filled circles) a-Ge:H are shown for com-
parison (Refs. 32 and 35).

C. Defect formation in other hydrogenated
amorphous semiconductors: a-Ge:H

The properties of other hydrogenated amorphous semi-
conductors can be described in terms of this defect-

formation theory. As an example, the calculated equilib-
rium defect concentration of a-Ge:H at 500 K as a func-
tion of Fermi energy is shown in Fig. 9. a-Ge:H has an
optical gap of 1.15 eV compared to that of a-Si:H of 1.9
eV. The peak of the defect-pool distribution has been de-
creased from 0.9 eV to 0.9X1.15/1.9=0.54 eV accord-
ingly. Also, the full width at half maximum of the defect
pool has been decreased from 0.3 eV (o =0.125 eV) to 0.2
eV (tr =0.085 eV) in agreement with recent experimental
data. Again the equilibrium defect concentrations in-
crease exponentially as the separation between the Fermi
energy and midgap increases with a slope of Eo+kT/2.
The little available data are consistent with the calcula-
tions, ' except that the measured neutral-defect con-
centration is observed to lie well above the calculated
equilibrium value in some instances. Such variations
are well known to result from material growth far from
the optimal deposition conditions.

V. OPTIMAL GROWTH

The success of the chemical approach to understanding
the behavior of defects in a-Si:H can also be carried over
into the description of optimal growth of a-Si:H, defined
here as those growth conditions that lead to the lowest
equilibrium defect concentration. The key idea for this
approach is that the main role of the plasma is to supply
the sources of chemically reactive species, but the a-Si:H
material properties are determined for the most part by
chemical reactions that take place on or below the
growth surface. The reliance on solid-state chemical re-
actions rather than plasma-gas processes is radically
different from most previous attempts to describe a-Si:H
growth. Such attempts have emphasized plasma reac-
tions and the kinematics of surface accretion. However,
the fact that a-Si:H films produced in remote hydrogen
plasma reactors, where uv light exposure and charged
particle bombardment are absent, are indistinguishable
from those produced in rf glow discharge reactors sug-
gests that plasma-related effects are not crucial in deter-
mining a-Si:H material properties.

SiH3 (g)+Si3Si—(s)~Si3Si—SiH (s)+H2 (g), (22)

where Si3Si—(s) is a surface dangling bond (D ), (g) and
(s) refer to gas- and solid-phase species, and the sub-
scripts refer to the number of atoms in the species (i.e.,
Si3Si—SiH is a Si atom bonded to three Si atoms and one
SiH unit). This reaction proceeds at a rate proportional

A. Quasiequilihrium growth model

We consider only undoped a-Si:H growth from silane
(SiH4) and treat a-Si:H as a homogeneous ensemble of
Si—Si and Si—H bonds. The defect concentration [D j
serves as the measure of material quality. The growth
model consists of the following reactions.

Si-Si and Si-H incorporation. SiH3 has been demon-
strated to be one important gaseous precursor for a-Si:H
growth. Therefore, Si-H and Si-Si incorporation during
growth may be described stoichiometrically by the fol-
lowing reaction:
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to the plasma power P.
Neutral de-fect formation. Defect formation occurs as

already described:

SiH+SiSi~~D +SiHSi . (23)

SiHSi+ SiSi„„k„~~SiSi„„„„+SiHSi, (24)

which is exothermic in the forward direction. The for-
ward reaction proceeds until the valence-band tail is
sufficiently narrowed to reach equilibrium if there is
sufficient time to do so near the surface during growth.
Below the surface, bulk constraints increase the kinetic
barrier(s) of the reaction. The equilibration rate depends
on the rate of H diffusion and, therefore, on T, . Both re-
actions (23} and (24) (at least in the forward direction for
the latter} can proceed after deposition; in this case, their
rates depend on T. When reaction (24) can reach equilib-
rium during growth, the concentration of weak SiSi
bonds between an energy E and E+dE should be approx-
imately given by

Both the forward and reverse rates depend on the rate of
dispersive hydrogen diffusion and, therefore, on the sub-
strate temperature T, . At equilibrium, [D ] is a simple
function of the temperature T and valence-band-tail slope
Eo [Eq. (21)];the greater Eo is, the greater is [D ].

Strain reduction. A mechanism of strain reduction is
required for equilibration of the film to proceed. This can
be accomplished by the following reaction:

the irreversible decrease of both [D ] and Eo to near
their optimal values without H loss.

The effect of plasma power P and substrate tempera-
ture T, on [D ] and Eo can be cast in terms of a competi-
tion between the rate of H diffusion in the film, which
controls the rates of reactions (23) and (24) and increases
with T„and the rate of film growth R, which increases
with P. Because the dependence of [D ] on Eo is found
to hold even in films grown far from optimal condi-
tions, 9 reaction (24} is most likely the rate limiting step
for optimal a-Si:H growth. If R is high or T, low, then H
diffusion will not be able to equilibrate the near surface
fast enough to keep up with the deposition rate. Inhomo-
geneous equilibration will result. Upon thermal anneal-
ing after deposition, reaction (24) will continue in the for-
ward direction and the equilibrium point of reaction (23)
will shift accordingly (i.e., [D ] will decrease as Eo de-
creases). A similar optimal growth model that relates
material quality to the surface diffusion length of SiH3
precursors has been proposed by Tanaka and Matsuda.
Although the physical details of their model are different,
it and the present model share an important feature.
That material quality is determined by some process oth-
er than the simple defect reaction of Eq. (23) that is kinet-
ically limited by near surface diffusion and, therefore,
highly dependent on the growth rate.

In order for optimal growth to occur, the average rate
of H diffusion vH in the time interval ht should be rough-
ly equal to the growth rate R,

[SiSi]=N„oexp( E/kT, )d—E, (25) vH =(4DH /br )'~2=R =4DH /L, (26)

where E—E„o is the weak-bond-formation enthalpy and
kT, =Eo is the valence-band-tail slope. In this case, the
greater T, is, the greater should be Eo and, therefore,
[Do].

Reaction (22) describes transport of SiSi and SiH bonds
into the growing film. Reactions (23) and (24) describe
bulk chemical reactions between these species whose ki-
netics depend only on temperature. The material proper-
ties of a-Si:H depend on the relative rates of these three
reactions, which are determined by two growth parame-
ters: P and T, . We now apply this model to interpret the
conditions of optimal a-Si:H growth.

B. Optimal a-Si:H growth and irreversible defect annealing

In undoped a-Si:H films grown under the empirically
determined "optimal" conditions of P -2 W and
T, -230'C, [D ] and Eo attain their minimum values of
—10' cm and 45 meV, respectively. Post-deposition
thermal annealing of optimally grown a-Si:H at, say,
300'C leads to the reversible increase of [D ] according
to Eq. (21) as the equilibrium point of reaction (23) is
momentarily pushed in the forward direction, while
Eo is essentially unchanged. ' ' ' When conditions devi-
ate from the optimal and a-Si:H is grown at low tempera-
ture and high plasma power, [D ] and Eo are much
larger (up to 10' cm and 100 meV, respectively) and
sufficient post-deposition annealing at 300 C can lead to

where DH is the H diffusion constant in a-Si:H (Ref. 45)
and L —=R ht, such that the time available for equilibra-
tion in the less constrained near-surface layer of thickness
L decreases as R increases. Agreement with the data is
obtained with L =1 A, which suggests a surface-limited
equilibrium growth process. Of course, Eq. (26) is ap-
proximate, and does not take into account the dispersive
nature of H diffusion. Under condition (26}, which we
take as the definition of optimal a-Si:H growth, reactions
(23} and (24) can achieve equilibrium during deposition.
This definition is quantified in Fig. 10, where the a-Si:H
growth rate is plotted as a function of rf plasma power P
and compared to vH (L = 1 A) at various T, . For a given
P, the optimal T, should be approximately given by the
temperature at which vH equals R. Thus at P =2 W, R is

0=1 A/s and the temperature at which vH equals R is
=250'C. This is the growth temperature at which [D ]
and Eo are minimum for P=2 W. At higher P, a
higher T, should be required to achieve optimal growth.

The dependence of [D ] on growth temperature T,
should follow a "U"-shaped curve whose minimum corre-
sponds to the optimal T, . The low-temperature part of
the curve corresponds to the premature arrest of reaction
(24), while the high-temperature part results from the in-
creased valence-band-tail slope Eo=kT, . When T, is
low, reaction (24) cannot proceed appreciably and a large
density of weak bonds is built into the amorphous net-
work. Although post-deposition annealing above the low
T, will remove the weakest bonds via reaction (24), bulk
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FIG. 10. a-Si:H growth rate vs rf plasma power (solid line).
Also plotted are the H diffusion rates v„ from Eq. (26) (dashed
lines), whose intersection with the growth rate curve denotes the
optimal growth condition.

constraints will prevent the achievement of material
properties as good as those in 61ms grown under optimal
conditions. When T, is high, reactions (23} and (24) can
achieve equilibrium at and below the growth surface. At
equilibrium, [SiSi] and [D ] will be determined by T, and
higher values than the optimal can be "frozen" into the
61m during growth. The optimal growth temperature
should be reduced under hydrogen dilution due to the re-
duced growth rates.

The optimal growth temperature T, should, in general,
increase with rf power P and decrease with H2 dilution.
Electron-spin-resonance (ESR) measurements of the spin
(neutral-defect} concentration of undoped a-Si:H grown
with no H2 dilution as a function of T, partially support
this expectation (Fig. 11). The optimal T, for pure silane
growth increases from =250'C at P =2 W to & 300'C at
P =60 W, which is in reasonable agreement with Eq. (26)
and Fig. 10. Also, a reduction in optimal growth ternper-
ature at reduced a-Si:H growth rates has been observed in
remote plasma reactors. Although this T, dependence
is relatively weak, it is clear from the data so far available
that solid-state chemical equilibrium models of optimal
a-Si:H growth are worthy of further consideration.

VI. SUMMARY AND CONCLUSIONS

The elements of a quantitative theory of defect forma-
tion in a-Si:H based on the thermodynamic analysis of
simple chemical reactions were described and employed
to calculate the defect distributions and concentrations as
a function of Fermi energy and temperature. The results

200 250 300 350
Growth Temperature {'C)

FIG. 11. Spin (neutral defect) concentration of undoped a-
Si:H measured by ESR as a function of growth temperature
with no H2 dilution, which shows the increase in the optimal
growth temperature with increasing rf power expected from the
growth model.
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compared favorably with the available experimental data
suggesting that the underlying basis of the theory is
essentially correct. The applicability of the theory to oth-
er hydrogenated amorphous semiconductors was also
demonstrated. Optimal growth of a-Si:H was considered
within a similar chemical framework and the optimal
growth temperature for undoped a-Si:H deposition was
predicted to weakly depend on growth rate. Preliminary
data was presented to support this prediction.

The great advantage of a chemical equilibrium frame-
work within which to describe defect formation in a-Si:H
lies in the simple, intuitive, and analytical expressions
that result for the concentration and distribution of de-
fect states in the band gap. There is every reason to be-
lieve that the theory can be extended to other hydro-
genated amorphous semiconductors with similar success.
The challenge for future work is to discover from this in-
tuitive picture of band-tail and defect-state equilibrium
how to better control the material properties of a-Si:H.
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