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Defect-pool model and the hydrogen density of states in hydrogenated amorphous silicon
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We present a treatment of the defect-pool model, for the calculation of the density of electronic gap states in
hydrogenated amorphous silicon, based on the equilibratioeleshentalchemical reactions involving the
separate release and capture of hydrogen. We derive the corresponding hydrogen density of states, describing
the distribution of hydrogen binding energies, and show that the two densities of states are completely con-
sistent. Hydrogen can be captured into weak SiSi bonds, which can be occupied by one or two hydrogen atoms.
These are the dominant chemical reactions controlling the defect density. The effective hydrogen correlation
energy is variable, being negative for most sites but positive where most defects occur. We show that the
electronic density of states reproduces the main features of our earlier defect-pool model, with more charged
defects than neutral defects for intrinsic amorphous silicon. The electronic density of states and the correspond-
ing hydrogen density of states are consistent with a wide range of experimental results, including
hydrogenation-dehydrogenation and hydrogen diffusion.

[. INTRODUCTION of states. The energy of the chemical reaction can also be
represented as an electronic energy change and so there is a
The density of electronic gap states in amorphous silicomelationship between transitions on the hydrogen density of
is of fundamental importance. It is the key to understandingtates and transitions on the electronic density of states.
the basic physics of the material and it controls the perforHydrogen motion, needed for complete equilibration, is then
mance of all device applications. The density of gap state§epresented by the emission of hydrogen to a mobile inter-
can be divided into tail states originating from SiSi weak-Stitial, transport, and subsequent trapping in a SiSi or at a
bond states and defect states originating from Si danglingiH site.
bonds. There is now widespread agreement that the density In this paper, we solve the defect-pool model, specifically
of Si dangling-bond states is determined by a chemical eqwtor these chemical reactions, involving the separate emission
librium process due to the interconversion of weak bond$ind trapping of hydrogen. We show that the trapping of one
and dangling bonds:* or two hydrogen atoms in weak SiSi bonds is the dominant
|f the energy Of the dang"ng_bond state can take a rangghemical reaCtion inVOIVing defeCtS and that defects formed
of values due to the inherent disorder of the amorphous neffom the emission of hydrogen from isolated SiH bonds are
work, then a proper consideration of the chemical equilib-negligible. We calculate the energy dependence of electronic
rium model, allowing for the formation of defects in different States in the gap and the corresponding hydrogen density of
charge states, leads to densities of states with bands of positates. In the defect-pool model, silicon dangling-bond states
tive, neutral, and negatively charged defects at different enform with a distribution in energy and with different charge
ergies. This is the so-calledefect-poolmodel>® Further- ~ States. Hydrogen transitions involve silicon dangling-bond
more, a”owing for thesimultaneoudormation of defects in defects and so these transition energies will, in turn, depend
all three charge states leads to significantly more charge@n the defect energy and the Fermi energy. The hydrogen
than neutral defects in intrinsic amorphous silicdrf. density of states thus becomes quite complex. In practice, the
The involvement of hydrogen in the equilibration processhydrogen density of states is dominated by the exponentially
has been proposed fo“owing a wide range of experimentd}iistributEd weak-bond states and the Underlying CompleXity
studies of the similarities between hydrogen diffusion ands hidden:®
defect equilibratiori-*2 Hydrogen is not necessary for the
basic defect-pool model, but it is found to be essential, not Il. THEORETICAL FRAMEWORK
only in providing microscopic mechanisms for defect
equilibration'®* but equally in providing the necessary ex-
tra entropy from hydrogen reactions to give the observed Street and Winérconsidered the following reactions for
defect densitied® No other mechanism has been proposed tajefect equilibration:
date that can do this, to our knowledge.

A. Chemical equations

The concept of the hydrogen density of states was intro- SiH+SiSik-D + (SiHD), 1)
duced by Streét!®to represent the different binding ener-
gies of hydrogen atoms at different sites in #i:H net- 2 SiH+SiSi— 2D + (SiHHSI). 2

work. Originally the concept was applied to the growth

surface, but later it was applied to the solid bulk phase. Thén reaction(1), hydrogen from an isolated SiH bond is in-
energies of chemical reactions involving hydrogen motionserted into a SiSi bond. Two defects are formed, which are
were then represented by transitions on the hydrogen densighemically distinct. Thé defect(denotedDy, by Street and
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Winer) originates from the isolated SiH bond, whii8iHD)  where H represents a mobile interstitial hydrogen atom.
represents a singly hydrogenated SiSi bond, equivalent to afhese equations should be solved independently, for a given
intimate, nonseparable, SiH bond abddefect(denotedD,,  concentration of H by applying the law of mass action to
by Street and Wingr In reaction(2) a second hydrogen from each equation in turn. The microscopic details of hydrogen
another isolated SiH bond is inserted into the SiSi bondjnterstitial diffusion are not fully known. Here for simplicity
forming a doubly hydrogenated bond denoted SiHHSI. Noteve use a notation implying a single hydrogen mobility level,
that, according to reactiof2), SiSi bonds can have only zero and a neutral mobile species. In fact, we shall later rewrite
or two hydrogen atoms, which means that the correlatiorihese equations in terms of the hydrogen chemical potential,
energy for hydrogen occupancy is negativ@his is neces- w4, and only solve equations where the details of the mobile
sary to account for the fact that asSi:H is dehydrogenated hydrogen are eliminated. Thus, our work is quite general,
and hydrogenated, orders of magnitude more hydrogen iand it would not matter what microscopic migration path the
removed than dangling bonds creatdd’he H,* complex hydrogen takes, or even if the mobile hydrogen species was
proposed by Jacksbh'®is one specific proposal for SiHHSI. charged. This is analogous to the fact that, at equilibrium,
In some papers, SiHHSI is referred to as SiHSIH to reflecdangling-bond electron occupancy depends only on the
the more likely spatial arrangement of the atoms, as in th&ermi level(i.e., electron chemical potentjabnd not on the
H,* complex(where one hydrogen is on the bond-centeredposition or nature of the conduction-band mobility edge.
site and one on th&, site). In a-Si:H there exists a range of We can see that Eq§l) and(2) can be simply expressed
bond angle and length disorder. This allows some relaxatioas(3)—(4) and(3)+(3)—(4)—(5), respectively. However, ap-
and strain redistribution of the surrounding silicon atoms,plying the law of mass action to the elemental chemical re-
resulting in a range of possible final configuratidfn this  actions leads talifferentresults from(1) and(2), when both
paper, we label this distribution of possibilities SiHHSI, to be the weak bonds and the defects have a distribution in energy.
consistent with our previous papers. This assignment makd3hysically this originates from the fact that the two defects
no specific claim about the arrangement of the two H atomsare really formed independently and will minimize their free
except that if they are both removed, then a SiSi bond reenergy independently. In reactiori$) and (2) defects are
forms. formed locally in pairs and will minimize their free energy in

The equilibrium defect density can be solved by applyingpairs. However, even in the case where the defamsni-
the law of mass action to the above reactions. When weially formed in pairs, say due to weak bond breaking, and
include a distribution of SiSjweak-bong energiesE; and a  then diffuse apart, the appropriate model is equivalent to the
range of defect energids then this needs to be done differ- use of the elemental chemical reactig8%—(5) andnot (1)
entially, allowing for equilibrium between weak bonds in a and(2). In a true chemical equilibrium, only the end points
slice of energydE, and defects in a slice of energ\e. Care  matter and not the intermediate reactions. Our model corre-
is needed in the application of the law of mass action, sinceponds to a global equilibration between weak bonds and
different assumptions effectively correspond to different mi-defects and the end point is two spatially and energetically
croscopic models and the appropriate model needs to be cdrdependent defects.
rectly applied.

The law of mass action is most appropriate for gas and B. Key assumption
liquid phase reactions, where all reactants are free to diffuse . , o )
throughout the medium and react with all other reactants. In An important experimental observation is that device
the solid phase, positions in the lattice are constrained, biiradea-SiH is very little afftzalcted by further hydrogenation
the law of mass action can still be applied, providing not" limited dehydrogenatlo?ﬂ’ No change is seen in the tail
more than one component on each side of a multicomponeﬁ@ate dl_strlbut_|0n or in the (_jgfect density. The density of tail
system reaction is immobile, thus allowing equilibration. Sat€s s txglcally 1% cm™® and vastly more H atoms
Strictly speaking, applying the law of mass action to Has. (3% 107 cm ) are added or removed, without affecting the
and(2) implies that SiH is mobile. In fact, SiH as a species istail stat.e d!strlbutlon. This |szfm important observa.t|on. and
not mobile. Rather, we believe it is hydrogen that is mobilef’om this Nickel and Jacksdh*! deduced that a combination
and so a more correct approach is to divide the defect crea®f reactions(4) and(5) produce the chemical reaction
ing reactions into elemental chemical reactions involving
only truly mobile species, such as interstitial hydrogen and

electrons. Thus the microscopic model becomes the relea ich must beindependenbf the SiSi bond energy. If dur-
of hydrogen at one site, creating a dangling bond, foIIowe(?r\?; hydrogenation, H occupied only the weakest bonds, i.e.
.by hydrc_)g_en diffusion through in_terstitial sites and capturej) states, then a' sharp reduction of the tail state de'nsit)’/
into a SiSi weak-bond site, creating a second defect. would occur on low-level hydrogenation. However, experi-
The elemental chemical equations that we need to SOIVﬁwent shows that this does not occur. This means that reaction
are (6) must relate to a typical SiSi bond rather than a weak bond
as was more commonly thought. The Si network can be hy-
SiH—~D +H;, (3 drogenated or dehydrogenated over surprisingly wide limits
without affecting the tail state or defect density. This places
severe constraints on the possible models for hydrogen bond-
ing in a-Si:H.
If we were to calculate the energy of reacti@d), by
(SIHHSi) < (SiHD) +H; , (5) using the simple one-electron energies of the electron states,

(SIHHS) < SiSi+2H; , (6)

(SiHD)<« SiSi+H; , (4)
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TABLE I. Key reaction energies. of an electron in a SiSi bond,, is the energy of the valence-
: : band mobility edgeEg;y is the energy of an electron in a
Chemical equations  H energy Electron energy SiH bond, ancE,, is the energy of the electron in a mobile,
) SiH—D +H, Hy —Hsin E+Ey —2Egiy neutral hydrogen atom. As we shall see later, the unknown
(4) SIHD<SISi+H;  Hy—H" 2E + EH-I_ZESiH_E energiesEHi andEg;, (used here for simplicity of presenta-
(5) SIHHSI-SIHD+H, Hy—HY2 E+E, —2Egy+2(E,—E) tion) can be canceled out by use of the hydrogen chemical
(6) SiIHHSK-SISIH+2H; 2Hy—2H,, 2Ey, +2E, — 4Egy potential, which is experimentally measurable.

The reaction energies in Table | all assume that the dan-
gling bond is formed in the neutral state and so contains a
assuming the SiSi state is a tail state, then the right-hand sidgngle electron. This is modified later, when we introduce the
would contain the weak-bond ener@y. This would result defect-pool model, which allows defects to be formed in all
in weak bonds being preferentially occupied by hydrogenthree charge states, and produces very significant effects in
inconsistent with the above experimental results. In order fothe density of states. Additional complications could be in-
reaction(6) notto depend orE, , the left-hand side of Edq6) troduced by also considering occupation of the tail states, but
must contain an additional term than just the one-electroi@s we are solving foequilibrium distributions(i.e., not un-
energy differences. One way of visualizing this is to recog-der light soaking or carrier stregsst may be shown that this
nize that the left-hand side can contain an additional straigffect is never significant in any physical situation.
term. The SiHHS:I state creates strain in the surrounding siliThe extra strain term in the SiHHSI state is represented by
con lattice, due to the fact it requires more space to acconthe E,—E; term in the electron energy in reacti¢s). The
modate the two H atoms in a SiSi bond compared to thetrain term is referenced to the valence-band mobility edge,
unhydrogenated SiSi borld.The strain energy is really a as unstrained bonds correspond to the extengeabile)
multielectronic term comprising distortion terms over the lat-States. A similar term is present in reactiéd), but it is
tice surrounding the occupied SiSi bond. The net result iganceled by thé&, term from Eq.(4), as Eqs(4)+(5)=(6).
that other bonds are weakened, maintaining the distributiofhis is in agreement with experiment, which shows that re-
of weak bonds. If a doubly occupied bond state were toaction(6) contains no nek, term; i.e., typical bonds rather
produce less strain energy than the energy of the bond statéian weak bonds are occupied. Thus, both Edsand (5)
then that bond would already be occupied with hydrogenmust have ark, term.

Thus the shape of the valence-band tail results from a steady- We first apply the law of mass action to E@) as fol-
state situation during the hydrogenation of SiSi bonds. If dows:

sample has no hydrogen, then the tail state distribution is ) 5

broad. As hydrogen is added, the weakest bonds are occu- [SiS]  [Hi] _ %ZHaV_ZHM) @
pied, making the band tails sharper. At some hydrogen and [SIHHSI] [Ny, ]° kT )

weak-bond concentration a steady state is achieved, where . . :

for each doubly occupied weak bond there is an equivalerNHM is the effective density of hydrogen states at the energy
lattice distortion creating new weak bonds. The valence-bangf the hydrogen mobility edge, . This term is required as
tail slope is not therefore a function of the defect equilibra-& normalization term for the concentration of mobile hydro-
tion process, rather it is a function of the underlying Si latticegen interstitials H. H,, is the average binding energy, per
and this can depend on deposition conditions in a compleRydrogen atom, and since hydrogen binds in pairgttpi-

way. cal) SiSi bonds, then kj is a constant.
We can now define the hydrogen chemical poterijiq)
b
C. Law of mass action y
In order to derive both the electron and hydrogen densi- [Hi] _ pr—Hw ®
ties of states, we need to apply the law of mass action to the [Ny, ] kT

different chemical equilibria, using the reaction energies. o .
Table 1 lists the four basic chemical equilibrium equationsSuch a definition is completely analogous to the definition of
as hydrogen binding energiéas used in the hydrogen den-

sity of statey and expressed as electron energasused in Ln] =ex;{ Be— EC) 9)
an electron density of statedH,, is the energy of a mobile [Ncl kT )"

hydrogen atom, while b}, represents the energy of a hydro- e is the effective density of conduction-band states
gen atom in an isolated SiH bond”His the energy of the at the electron mobility edgEc .

0/1 transition of a hydrogen atom in a SiSi bond, i.e., when If we now substitute Eq(8) into Eq. (7), we obtain
the bond occupancy changes from zero hydrogen atoms to

one hydrogen atom or vice versa. Similarly’Hs the tran- [SiSi] 2H,— 2y

sition energy when the occupancy changes from 1 to 2 or [SiHHSﬂ:eXF< KT )

from 2 to 1. H,, is the average binding energy of a pair of H

atoms in a SiSi bond. It is equal to the average 8fldnd  This can be regarded as an alternative form of the law of
HY2. For the electron energieg, is the +/0 transition energy mass action, where the hydrogen is included implicitly via
of an amphoteric dangling bond, i.e., the change in occupathe hydrogen chemical potential. This is analogous to choos-
tion from zero to one electron or vice vergs.is the energy ing to use the Fermi level when considering electronic tran-

(10
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sitions of defects. In this case, energies are usually consid¥hen Egs.(11) and (18) are combined with(15)—(17) we
ered relative to the Fermi level, rather than considering thean determine the relations relevant to occupancy of the hy-

concentration of electrons at the mobility edge. The use of @rogen density of states:
chemical potential is more general, as the precise details of

where the hydrogen or electrons are located is irrelevant at kKT [Ngs;

equibriom. Hsin—pun=E,~E+7-n ( - (19
Next, we define H as the total concentration of hydrogen

in the a-Si:H that exists in pairs in SiSi bonds. We define o/ _ Ng;

Ngisi as the total number of electrons in the silicon bonding H™ = pun=E+E,— 2Et+ o '” H ' (20

statesH is about 5<10°* cm ™3, i.e., 10 at. %, as most hy-
drogen in device qualitg-Si:H is bound in this wayNg;g; is KT [Ng
~2x10% cm™3, i.e., four electrons per Si atom. Therefore HY2— uy=2E~E—~E,+ - ln(T)' (21)
Eq. (10) can be rearranged to give
It is of interest to combing16) and (17) to derive the ex-

kT [ H ion:
et T In( ) (g Pression:
NS|S|

HY2—HO'=4E,— 2E—2E, . (22)
is the difference in transition energies of a SiSi
bond undergoing a change of occupancy from one to two
hydrogen atoms and a SiSi bond undergoing a change in

the hydrogen concentratidto 20 at. % would result in only ¢ ¢ hvd i This has b
about a 15-meV shift in hydrogen chemical potential. Awige@ccupancy from zero to one hydrogen & cl)mls IS has been
called the hydrogen correlation enerdyy . For most

range of hydrogen diffusion experiments measure the actlvaS Si bonds the hydrogen correlation energy is large and
tion energy of hydrogtyan diffusion to be1.5 eV, which cor- negative, but for bonds in the valence-band tail, it becomes

responds to 222 . . > . .
P s increasingly more positive, until those sites where defects are

We now apply the law of mass action to E¢®)—(5), this
time writing the reaction energy both as hydrogen and elecformed l.e., a SiSi occupied by one H atom, where the cor-
relation energy is positive.

tron energy terms:

Substituting the appropriate values fidrand Ng;g; we find HY/2_ oL
that uy is strongly pinned about 80 meV below,Htaking
KT at freeze-in to be 43 meV, i.€[,=500 K). A doubling of

[SiH] [Hi] Hy — Hsin D. Defect pool and the electronic density of states
[D] - [NHM] ex kT The key feature of the defect-pool model is that we allow
defects to be formed at a range of enerdiesind in all three
[Hi] E+Ey —2Esi charge stateé+,0,—). The mean energy of the electrons in
[N ] T , (120  the defect depends on the probability of the defect being in
H each charge state. If the defect is positively charged then the
electron has been removed to the Fermi level. If the defect is
[SIHD]  [Hi] Hy —HY neutral, then the defect’s electron is at the defect enBrdy
[SiS] [NHM] ex kT the defect is negative, th.en a seco_nq electron is placed on the
defect, from the Fermi level, giving a total energy of
2E—Er+U, whereU is the defect electron correlation en-
), (13 ergy. We can then calculate the mean defect energy and the
mean electron entropy to give the defect chemical potential
g, Which is defined as the free energy per defétt.
[SIHHSI] [Hi] HM—Hl’2 To account for charged defects in the law of mass action
[SiIHD] - [Ny ] ex KT equations, then it is necessary to replice¢he defect energy,
M with the defect chemical potentigly=E+kT In[f°(E)/2],
[H: p(EHi+ E—2Egut+2(E,— Et)) wheref°(E) is the neutral occupation function for amphot-

[H] p(ZEﬁ—EHi—E—ZESiH
= e
W T

= [NHM] ex T eric silicon dangling bonds:
0
(14) f(E)
Equating the hydrogen and electron energy terms from Table _ 2 exp[Eg—EJ/KT)
I, we can write 1+2 exd[Ef—E]/kT)+exp[2E—2E—U]/KT) "
HM_HSiH:E+ EHi_ZESiHY (15) (23)
Note that in our previous work® 44 contained an extra term
Hy—HY=2E,+ Ey—E—2Egy, (16) for the hydrogen entropy. Here we deal with the hydrogen

entropy implicitly by the use of the law of mass action to the
17) elemental reaction&)—(5), so the defect chemical potential
is definedwithoutthe explicit hydrogen entropy term.
To allow for distributions of defect energies, i.e., a defect
pool, and for distributions of bond energies it is necessary to

Hy—HY>=Ey + E—2Eg+2(E,— E),

Hm—Hay=En + E, — 2Egiy. (19
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replace the single expressions 8Sithnd SiSi with distribu-
tion functions. Therefore we replace[SiSi] by
0.(E))P(E)—D(E,E,;), where g,(E;) is the one-electron
density of states for the valence bamj{E) is the unit area
distribution function for potential defect sitdshe defect-
pool function, and D(E,E,) is the density of defects on
(SIHD) sites with energyE due to bonds of energl; . The
expressiory;(E;) P(E) is the density of SiSi bonds at energy
E; that would form a defect at an enerdy. Subtracting
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This result is similar to our earlier expression B(E),”®

but E,(+ikT/2 has been replaced byE2,, and there are

changes to the energy-independent prefagtdhat reduce

the overall density of states by a factor of about 3.
Expressions(27) and (28) give the density of defect

states, corresponding to SiSi bonds occupied by a single hy-

drogen atom, i.e., SiHl states. This does not include defects

on isolated SiH bonds, i.e} defects, which could be calcu-

lated separately, using E@L2). Since the density of isolated

D(E,E,) allows for the depletion of these SiSi weak bond SiH sites is about 38 cm™>, and since the binding energy of

sites by the defects that have formeglE,) only needs de-

the hydrogen in a SiH bond is higher than H in a weak SiSi

fining in the region of the valence-band tail, as almost allbond, we find that the density of the defects is several

defects occur in this region. We take
0:(Ey)=N,o exp[(E,— Ey)/E,q], whereE , is the character-

istic energy andN,, is the density of states of the valence-

orders of magnitude lower than the density of the BiHe-
fects, and so the total defect density is always dominated by
the SiHD states.

band tail exponential region extrapolated to the valence-band

mobility edge E%. P(E) is usually taken as a Gaussian,
P(E)=(20%m) " exf —(E—E,)?(207)], where o is the
pool width, andE, is the most probable potential defect
energy. Remember th& is the energy of the-/0 transition
of the defect. The 6/ transition occurs at an enerdgH+ U.
We now write down the differential form of the law of
mass action in Eq(13), substituting the expression for the
hydrogen chemical potential;
,LLH_H0/1
D(E,E) =[9«(Ey)P(E) —D(E,E)]ex T) :
(24)

This can be rearranged to give

g(E)P(E)
1+exd (H" - uy) IkT]

D(E,Ey= (25

From this point we can either substitute foH uy, in

terms of electron energies, and integrate over the tail states to ho(HO) =
derive the electronic density of defect states, or we can sub-
stitute for the electronic energies and integrate to get the

E. Hydrogen density of states

If we now return to Eq.(25), we can substitute for the
electron energies and derive the hydrogen density of states,
which is completely consistent with the electronic density of
states incorporating the defect-pool model. By substituting
for E, in terms ofE and H'%, and then integrating ove,

Eqg. (25 becomes the hydrogen density of states multiplied
by a Fermi occupation function:

hO/l( HO/l)

or_ '
1+ ex;{—(H MH)}

kT
where h%%H%Y) is the hydrogen density of states, i.e., the
total density of hydrogen 0/1 transitions at a hydrogen bind-
ing energy H';

Jol

X P(E)dE.

D(HO/l) —

(29

Ha—HYY+ E+E,+KT In[fO(E)/Z])
2

(30

hydrogen density of states multiplied by an occupation func-

tion.

In the same way as we derived EQ4) from (13) we can

First we derive the electronic density of defect states byderive from(14):

substituting using Eq(20) and integrating over the bond
energy distribution, using a similar method as previoddly:

9«(Ex)P(E)
—2E+ (KT/2)In(Ngigi/H) KT}

(26)

D(E):f 1+exp[E+E,
X dE,.

Hl/Z_MH
kT

H
D(E,E)= Nog, [9(E)P(E)— D(E.Et)]exp(
(31

Here theH/Ng;g term comes from the fact that only this
fraction of bond states are doubly hydrogenated. If this term
is taken inside the exponent, then we obtain a similar expres-

Substituting for the exponential tail state distribution andsion to(29), for the density of defects:

performing the integral leads to the following result for the

density of defect states:

KT/2E,q o2
D(E):’(f%E)) PE*ZEUo)' @)
N H | KTH4E,o 2E50
770 Ngig 2E,o—KT

! ek o 28
i I ) B

hl/2( Hl/2)
~ 1+ exp{[HY2=uy— KT In(H/Ngg) J/KT}
(32

D( H1/2)

where we define the density of states for th¥?Hransition
by

HY2—H,+ E+E,+KT In[f%(E)/2]
2

hl/Z(Hl/Z) — j gt(

X P(E)dE. (33
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Note that due to thél/Ngg; term in Eq.(31) the h*? transi- P
tion has an effective chemical potential of
unytKTINn(H/Ng). This is a degeneracy term due to the

fact that for each bond that is doubly hydrogenated, there are 10'8
many more that are identical but empty. Strictly speaking, a
similar term should exist in th&®? transition level, but as
almost all bonds are empty, this is insignificant. This is like
the degeneracy term for electron occupation statistics of a
dangling bond, where the spin degeneracy term results in a
chemical potential given b§;+kT In(2) for the D */° tran-
sition, and E;—U)—kT In(2) for the DY~ transition’® :

IESWRETS

Ny em?
b=
Lol

£ rgenl

0.00 0.05 0.10 0.15

Ill. CALCULATED ELECTRONIC DENSITY OF E (V)
vO

STATES

Using the new expression for the density of electronic FIG- 1. The dependence of the total defect denbifyon the
states, given in Eq$27) and (28), we can now evaluate the vglence-band tail slopé,q, compareq to experlme_ntal data com-
expression for both intrinsic and doped amorphous siliconP!ed by StuzmanriRef. 27. Data point marked with a cross re-
The method is substantially the same as described in ou!ts from the model parameters used in this paper.
previous papet,except that the revised expression leads to
about a factor of 3 lower densities and we have chosen t8lres with low hydrogen content and generally at less than
revise some of the input parameters so as to give better fits @Ptimum deposition conditiors.
experimental results. Most parameters are identical to those There is good agreement between experiment and theory,

used previousl§, in particular, we takeN,,=2Xx10" both in the magnitude of the defect densities and inEhg

cm 3eVv ! H=5Xx10? cm 3 Eg (the band gap=1.9 eV, dependence. Remember these are room-temperature mea-

T*=500 K, and the correlation energy=0.2 eV. However, surements of,,, notE},, which is the value at the equili-

we now takeo to be 0.190 eV, compared to 0.178 eV usedbration temperature, and that the spin density is about a fac-
previously. The value of- is chosen to keep the energy sepa-tor of 5 lower than the defect density. Included in Fig. 1 is
ration between theD ; and D, states to be 0.44 eV, in the single point, representing our model. Clearly this set of
agreement with experiment, as befBreut due to the new parameters represents state of the art amorphous silicon.
expression foD(E), this now leads to the new value. We  When the amorphous silicon is doped, then the density of
take the room-temperature value f&r, to be 0.045 eV, D, states(for n type) or D, states(for p type) increases
which is typical for good quality material and we allow for exponentially with the shift in Fermi level and dominates the

the temperature dependence in E,o, by total defect densit§.with the new expression fdp(E), the
EgozEgo T=O+(kT)2’24 so E,q, at theT*=500 K equili-  Fermi-level dependence of the total defect density is given
bration temperature, is 0.056 eV. (for n type) by

Compared to the numerical results presented in our previ-
ous papef,the main changes are the factor of 3 lower defect
densities, a small change in the energy spectra, due to the
increasedo, and a lower thermal activation energy of the
neutral spin densityD° states. We now find a thermal acti- With a similar expression foby, states inp-type material.
vation energy of theD® states of 0.27 eV, compared to the The characteristic temperatur&?, (112 me\j agrees well
earlier reported 0.39 eV. This gives somewhat better agreevith experiment, where 100 meV is fourd.
ment with experiment, which finds a range of activation en- We now discuss two interesting consequences of the
ergies from 0.18 eV,through 0.3 e\ to 0.35 e\?° defect-pool model, not discussed in our previous péper.

Calculations using the above parameters represent state dhese are the statistical shift and the defect density profile in
the art high-quality amorphous silicon, with state of the artjunction devices. Figure 2 shows the density of states for
low defect densities. This does not cover all intrinsic materialightly doped n-type a-Si:H, with the equilibrium Fermi
and we handle poorer quality material by simply increasingevel, Ef =1.30 eV. For highly doped-type a-Si:H, the
E,o, the valence-band tail slope. However, we also increasdensity ofD, states increases and the Fermi level rises into
o in such a way that the energy position of thé andD ™" the conduction-band tail states. Therefore, the Fermi level
peaks is kept constafityhich is consistent with experiment. can be in a region where the density of states is either in-
Both E,; ando are disorder parameters and it seems reasorcreasing or decreasing with energy and this leads to different
able that they should change together. behaviors for the temperature dependence of the Fermi level,

Figure 1 shows the dependence of the total defect densitynown as the statistical shift. In Fig. 3, we plot the statistical
on the room-temperature valence-band tail sldpg,, and  shift for lightly dopeda-Si:H (as in Fig. 2 as well as for
the comparison with experimental data, taken from a datanore heavily dopeda-Si:H. For the lightly dopedh-type
compilation in Stutzmanf' Exactly how E,q is varied is  a-Si:H, the statistical shift of the Fermi level is positive at
outside the scope of our model, sinEg, is merely an input low temperatures and changes sign at higher temperatures,
parameter. However, experimentally, we find increaBggl  whereas for the highly dopea-Si:H, the statistical shift is
for deposition at reduced temperatures, or at higher temperaegative. Proper account of the statistical shift is needed to

D~exp(Er/2E},), (34)
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FIG. 2. The one-electron density of states for lightly doped 10° — 00
n-type a-Si:H. The equilibrium Fermi level is shifted by 0.25 eV 00 02 04 0.6 08 10

from the intrinsic position but the Fermi energy is shown at 313 K. E, €)

relate room-temperature Fermi levels to equilibrium tem- FIG. 4. The active-dopant level dependence on the activation
energy of conduction fon-type conduction. Also shown by the

perature Fermi levels and to conductivity activation energies. o I ! i .
Figure 4 shows the dependence of theype active- dotted _Ilne_ is the equilibrium Fer_rm-level position, as a function of
. . - the activation energy of conduction.
dopant level,N4oqor (identically equal to the net negatively
charged dangling-bond defect densid,—D,,) on the con-
ductivity activation energy. There is an extremely nonlinear
response that is due to the statistical shift increasing at the, X ”
point where the activation energy changes strongly with little '00_"?- We adopt thg usual g:on\{entlon W“’!‘S p03|t_|ve for
change in the active-dopant level. This curve shows that a POSitive_band bending, which is drawn increasing down-
part per 16 active-doping level(Ngy,,=5X10% cm3) War'ds.'Thus we plot thg energy band—bendlng profile through
would correspond to a Fermi-level shift of about 0.2 eV, in@ Pin diode, with thep-i interface at the left side and tei
reasonable agreement with experim&i At the higher interface at the rl_ght side. '_I'_he density of states will equili-
doping levels, we find an activation energy of about 0.15 eVbrate to the Fermi-level posmon.at the equilibration tempera-
for 2x 10! cm™2 active dopants. In the modek,, is as- ture Fhrou_ghout the 1/m-thick i .Iayer, and SO the defect
sumed constant, but there is some experimental evidence th ?ns'ty.w'” vary through t_he thlckness. of thelayer, as
E,o actually increases with doping, at the higher dopings own in the figure. We find the density of defe_cts stays
levels?® We presume this effect is due to increased disordefPProximately constant throughout most of the thickness of

in the presence of a large concentration of dopant atomd® ! layer, but increases rapidly towards thei and p-i

remembering that the number of dopant atoms is roughly thiterfaces, where it increases over an order of magnitude.

square of the number of active dopans, for high doping™s nfomogenety n th defect density leads o an ncrease

levels®! In Fig. 4, we also plot by the dotted lin&f , as a
function of conduction activation energy, which illustrates
the effect of the statistical shift more directly.

Figure 5 shows the band-bending potential profile and the
quilibrium defect density, through thdayer region of a pin
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FIG. 3. The calculated statistical shift of the Fermi energy, for  FIG. 5. Equilibrium defect density profilesolid line) and band-
lightly dopeda-Si:H (as shown in Fig. 2 (solid linel and more  bending potential profilédotted ling through thei-layer region of
highly dopeda-Si:H (dotted ling. an equilibratecpin diode, according to our defect-pool model.
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FIG. 6. The ryldroge_n_densny of stgtes for |_ntr|r/123RS|:H'._The FIG. 7. The hydrogen density of states, for intringiSi:H in a
left part depicth®* transitions and the right depidte’? transitions. o
model where there are no SiSi tail states.

The solid line represents all potential transitions, while the other
lines show allowed transitions. Thus only SiSi and Bilshay un-
dergo 0/1 transitions, while only SIH and SiHHSIi may undergo
1/2 transitions.

are no tail states, i.eE;=0, so all electrons in SiSi bonds
have the same energy. The second situation is where there is
no defect pool, i.e., wherB(E) is a é function and all the
defects occur at a single electronic enerfy, It is also

sponding decrease in the field in the center of thayer, interesting to show how the total density of states divides

compared to the non-defect-pool model situation with a N0y, tates of different potential charge state. We can define
mogeneous defect distribution. The band-bending potenti b g :

orofile is shown af =313 K, which differs from the equi- 3he hydrogen density of states that would form defects in the

o . . X i h tate b

librium band-bending profile af=500 K, due to the statis- negative charge state by

tical ;hift. This latter effect causes the field in the .cgnter of oL Hy,—HOL4 E + E,+KkT In[f(E)/2]
the diode to be larger at room temperature, than it is at the  hg :f >

equilibration temperature and we can see that there is a no-

ticeable field at the center of the diode. This field leads to the X P(E)f~(E)dE, (35)
high zero-bias quantum efficiency, which is measured in so-
lar cells. with similar expressions for neutralh E’l) and positive

(h%'Y charge states.
Figure 7 shows the hydrogen density of states, when there
IV. CALCULATED HYDROGEN DENSITY OF STATES are no SiSi electron tails. Compared to Fig. 6, the hydrogen
A. Hydrogen density of states curves density of states shows a small amount of structure, which
. ) can be identified with the different charge states having dif-
Flgé,/I{e 6 shlcl)zws_ the calculated hydrogen density of stat€§grent hydrogen binding energy dependence. Also shown is
The h™" andh~ distributions are shown separately, but the, o energy cutoff of the hydrogen density of states, which

distributions of defect states SiHappear in both distribu- 4005 in 2 model with no tail states. As we might expect, the
tions. Also shown are the distributions of SiSi and SiHHSI 5 arql density of states shows reduced tailing and the den-

states. The defect states in th&" distribution exist in the sity of defect stateSiHD) is too low to be shown.

part of the band tail that extends belgu, together with an Figure 8 shows the hydrogen density of states when there

exponential tail abovew,. Similarly, the same defect states 4.q tails but no defect pool. Comparison with Fid. 6 shows
appear in thén'’ distribution, aboveu,+kT In(H/Ng;s) and e . g

in an exponential tail to lower energies. Note tihdt and

h¥2include all possible sites. This is nearly the same as SiSi 1
for the h®* distribution abovew,, but SiSi is depleted by the —
formed defects below . On the other hand, SiHHSI is a -05 p ----SHD 4 -05
constant fraction of tha'2 distribution belowy,, and this is
further depleted by the SiBl states above o T 17
/.LHJFlen(H/NSISl) %715 s By [T~ L7 A15@;
It is important to realize that the Sibstates are thsame I N i
states in then®! and h*? distributions. The SiB states are o0 L 1 SN 1 20
amphoteric to H occupancy, in a similar way that DéE) \\\
states are amphoteric to electron occupancy. The total den- -25 — NG s
sity of SiHD states, i.e., the integral of SiHin the hydrogen I e 10
density of states is identical to the integral B{E) in the R R e B
electron density of states. h/(H) (ev-Tom™?) BY2(H) (ev-Tem)

To understand the origin of the hydrogen density of states
(HDOS it is instructive to calculate it for two simplified FIG. 8. The hydrogen density of states, for intringiSi:H, in a
situations. Firstly, we can calculate it for the case where therenodel where there are tail states, but no defect pool.
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FIG. 9. The hydrogen density of states in the full model,(&®r
n-type and(b) p-type a-Si:H, showing the division into potential

states of different charge state. FIG. 10. The hydrogen density of states, far n-type and(b)

p-type a-Si:H, in a model where there are no tail states, showing
the division into potential states of different charge state.
that the density of states has the same general shape as in the _ _ _
full model. The only real difference is that with no pool, the B. Comparison with experiment
vast majority of states are neutral, whereas in the full model, As we have derived it, the HDOS shows h@aSi:H is
the majority of states occur either as positive or negative. Weelatively insensitive to the addition or subtraction of quite
therefore conclude that the hydrogen density of states ikrge amounts of hydrogen, for example, in hydrogenation
dominated by the tail state distribution and the only effect ofand dehydrogenation experimeAt$?! In hydrogenation, the
the defect pool is to determine the charge state of the defectsydrogen chemical potential is virtually pinned and there is
and potential defect sites. This can be contrasted with theo change in the defect density. In dehydrogenation, the hy-
effect of the defect pool on the electronic density of statesdrogen chemical potential will also be pinned until almost all
where the density of states is completely modified by thehe hydrogen is removed, i.e., except for the hydrogen lo-
effect of the defect pool. cated on isolated SiH bonds. The hydrogen chemical poten-
Figure 9 shows the full model hydrogen density of stategial drops towards the SiH level, whereupon the defect den-
for (a) n-type and(b) p-type a-Si:H. The density of states sity from empty SiSi bonds reduces slightly and hydrogen is
and the corresponding density of defects is increased by doglowly emitted from the isolated SiH sites. At this point, the
ing. The vast majority of defect states and potential defectlefect density rises sharply, due to one of two reasons; either
states are negatively charged, foitype material, but the there is an increase in the spin density from isolated SiH sites
opposite is true fop-type material. The hydrogen densities that have lost a hydrogen atom, or there is an increaBegn
of states in Fig. @) correspond to the electron density of due to an increase in disorder, as the last hydrogen is
states shown in Fig. 2 and the integrated defect densities aeolved, and the density of spins from singly occupied SiSi

identical. states increases. This is consistent with experimental mea-
By way of comparison, Fig. 10 shows the calculated densurements of the spin density on dehydrogenatfon.
sity of states fon@ n-type and(b) p-type material, for the Hydrogen diffusion can also be understood with the hy-

no-tail model. Compared to Fig. 9, there is a strong asymedrogen density of states. Hydrogen moves by thermal emis-
metry in the densities, betweentype andp-type material, sion from SiHHSI states to the mobility edgey,H Long-
due to the broader distribution of, states compared to the range motion occurs then by a series of capture and emission
h;, states. Note that the energy position of the cutoff is Fermevents within the SiSi band states. The thermal activation
energy dependent. In the full model, the effect of the tail isenergy for hydrogen diffusion is given by,H-u,y, by anal-
dominant and the asymmetry betweeitype andp-type dis- ogy with the process of steady-state electrical conduction,
tribution is lost. which has an activation energy &.—E. The position of
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My IS taken to give a diffusion activation energy of 1.5 eV, in the reactions describe H bond flipping into a neighboring
agreement with the thermal activation energy found in &SiSi site. In this case, since reactants and products are inti-
wide range of diffusion experiments. mately linked, the law of mass action does apply, but only if
Our model presented here has the primary defect site agactants and products are treated as a single species,
the SitD, a singly hydrogenated weak SiSi bond. There isstrongly reducing any entropy terms. This is a perfectly
some controversy with this, as several electron spin resoyalid, but different, model for defect creation, which would
nance(ESR and nuclear magnetic resonari®MR) experi-  yagylt in far too few defects. The much larger defect densities
ments have shown no dangling-bond—hydrogen spin interaGpat are observed experimentally originate from the increase

tion. Indeed some claim that there is no significant hydroger, entropy due to the H motion between neighboring sites.
densﬁy withn 5 A of adangling bsa)nd, implying an anticor- The only correct way to solve this problem is to recognize
relation of hydrogen and defects>*However, we feel there that H is the truly mobile species and solve E(@—(5), as

are problems with this concept. Given that device grad?/ve have done in this paper. The interesting feature of the

a-Si:H typically contains %10* cm™2 hydrogen a 5 A . )
sphere around each H atom does not leave any room for t gevious defect-pool models is how they handied the H en-

dangling bonds. Additionally, if most hydrogen were bound fopy problem.

as isolated SiH bonds, then a defect would result for each Winerﬁ considered Eq(1) and apF?“ed the law of mass
hydrogen removed, in clear contradiction to action. The hydrogen entropy was included, but calculated

experiment32%2L where several orders of magnitude moreiqcorrectly assuming the defect gained entropy from all SiH
hydrogen is removed than there are defects created. A po8ites, rather than from only those at the same energy.
sible explanation is that these experiments are measuring supchumni® considered an essentially local model and allowed
face spin signals, where the surfaces are likely to have gnergy exchange between the defects, which were formed in
hydrogen deficit. ESR and NMR experiments are usuallypairs. This treatment is basically correct for a local reaction.
performed on powdered samples, formed by depositing ohlydrogen entropy was then calculated, allowing defect sites
aluminum fail, which is subsequently dissolved. These gento exchange with SiH sites at the same energy. However, all
erally exhibit surface spin signals of ¥cm 23 so for de- the hydrogen entropy was assigned to only one of the two
vice gradea-Si:H, the films would have to be several tens of formed defects, which led to the result that the energy spec-
micrometers thick to actually be measuribglk spins. Such  trum of the density of states was independent of the choice of
films are difficult to grow due to the internal stresses in-specific reactior(1) or (2). In our earlier papeEi*,we recog-
volved and long times required. An alternative approach is tized that the physical picture we wished to model was of a
raise the bulk spin density by lowering the deposition tem-gelocalized formation of pairs of defects. We therefore as-
peratures, and while we should be a little cautious as thigigned the two defects tremeenergy, on the basis that the
material is likely to contain some microvoids, indeed theyyq gefects were formed independently and on average they
dangling-bond—hydrogen interaction is seen for a large fracy,q 14 have the same energy. This enabled us to produce an
tion of the native and light-induced dang?Ilng bonds both iy 4 ytical solution for the density of states, which had some
Slxgling—(b%ig-hy dr%% e??'37a22paratlizosn <'3f abgll}g A is of the features of a delocalized reaction. The calculated en-
) o ergy spectrum of the density of states was found to be dif-
measured, in agreement with our model. . 8
ferent for reactiongl) and(2).
Both the papers of Schunifrand our earlier papeté are
flawed when applied to trying to solve reactiofis and (2)
for a delocalized reaction. Neither model handles the hydro-
In this section, we compare the details of our model withgen entropy properly, since the only way to model a delocal-
those of previous work, in order to pinpoint the differences.ized reaction is to decouple it into the correct microscopic
There are two broad categories of model that we wish t@womponents, namely, Eq63)—(5). The distinction between
compare: defect-pool models and hydrogen density of statedere being one SiH bond or two SiH bonds mediating the
models. defect forming reaction then disappears.
Asensi and Andreil were the first to combine the defect-
A. Defect-pool models pool model with elemental hydrogen reactions. However,
Hwey did not solve the complete set of equatidBs—(5),

V. COMPARISON WITH OTHER MODELS

In our earlier paper, we discuss the differences betwee . . . ;
the early papers on the defect-pool modii. this paper, we instead they solved a simplified version, using E). with

discuss the specific differences between more recent paperd- (6)- They recognized that most hydrogen binds in the
on the defect-pool model and the model presented in thi§€tWwork in pairs, but by using E¢6) they allowed hydrogen
work. The common feature of the previous defect-pool modin SiSi bonds to have occupancy afly zero or two. Occu-
els is that they all consider chemical reactions of the typd®ancy by a single H atom, in a defect forming si&HD)
given in Egs(1) and(2) and then attempt to apply the law of was disallowed. In their model, all defects were formed from
mass action to these equations. The problem lies in the fa¢gaction (3) on isolated SiH bonds. The resulting energy
that Egs.(1) and(2) strictly only apply if not more than one spectrum of the formed defects gave an energy separation
species on each side of the reactioimisnobile As we have between theD; and D} of 20°kT* —U, independent of
previously discussed, this is not really correct. Alternatively,the valence-band tail slogg,,, and an increase of the defect
if the chemical reaction describes a purely local reactiordensity upon doping with a characteristic energy kaf*
where the SiH bonds are neighboring to the SiSi bonds, thef~43 me\), far too steep compared to experimé&ht.
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either on an isolated SiH site or in a SiSi weak-bond site. If
this problem is solved properly, the energy spectra of the two
SiSi sisi Sisi defects would be different, with the energy shift between the

D, and theD, states being @/kT* —U, for defects origi-
nating from isolated SiH and?/E,,— U, for defects origi-
— — — . nating from SiSi weak bonds. For a localized reaction, which
H is represented on the same HDOS by a hydrogen transition
directly from the SiH state to the SiSi state, we obtain for the
energy separation’/E, ,— U, for both defects, which is the
Si-HH-Si same answer as obtained by Schurfirm the HDOS models
of Jacksof?®and Zafar and Schiff®*2since no tail states
are included, the energy spectra of all defect states will be
the same, with a characteristic energy separation of
204kT* — U.

(a) (b) (c) In our new model, the energy separation of hg and
D, states iso?/E,,—U, which is the same answer as ob-

FIG. 11. Hydrogen density of states modela: according to tained in the local model of SchumifiHowever, the agree-

Street(Refs. 15 and 16 (b) according to JacksofRefs. 12 and 19 ment with Schumnf is coincidental, since it is actually due

Si-H
Si-HH-Si

|
2/ |
|
\/\/

HDOS h{H) HDOS h(H) HDOS h(H)

and (c) according to Zafar and SchifRefs. 13 and 32 to the fortuitous cancellation of two differences, the use of a
local model and the incorrect calculation of H entropy. hhe
B. Hydrogen density of states models term, which gives the absolute defect densities, according to

Eq. (28), is different from the y terms given in both

The concept of the hydrogen density of states was intro
P ydrog "y was 1Mo 1 umni® and Deane and Powélf

duced by Stree®*His original model is as sketched in Fig.
11(a). The distinction between SiH and SiHHSI was either
not made or they were lumped together. The tail state energy
was contained in the SiSi states. Jackédhintroduced the
distinction of the SiHHSI states and placed them at a higher We have developed a model for the hydrogen density of
energy than the isolated SiH, but neglected the tail state erstates that incorporates the defect-pool model for the elec-
ergy[Fig. 11(b)]. The SiHHSI states were identified with the tronic density of silicon dangling-bond defect states.
specific H configurationt*° Zafar and Schiff*?reversed The hydrogen density of states has been described in a
the order of the SiHHSI and SiH states, so all the defects arguantitative way, and shown to reproduce the density of
formed in isolated SiH statd€ig. 10c)]. This is the same states of the defect-pool model. It is somewhat different from
model used later by Asensi and Andréu. an electronic density of states in that the correlation energy
None of the HDOS models incorporated the defect-poobf hydrogen in a silicon-silicon bond varies. Itpssitivefor
model, prior to the paper by Asensi and Andfébut it is of ~ most sites that form defects, buégativefor most sites that
interest to consider the result we would obtain if we were tobind hydrogen. In device quality-Si:H, the majority of de-
do this. The Street model basically consists of solving Egsfects result from singly hydrogenated silicon-silicon bonds,
(3) and (4). The defects are of two distinct types, locatedwhich we term(SiHD), rather than isolated SiH sites.

VI. CONCLUSIONS
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