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Mechanisms for ac conduction in rf sputtered Si02 fi]ms
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The models proposed to explain the ac conduction in our rf sputtered Si02 films are compared. The ac
conductivity observed in the (77-570)-K range is well explained when considered as the sum of two contri-
butions: the first dominating at low temperatures, arising from bipolaron correlated barrier hopping, and
the second dominating at high temperatures, arising from quantum-mechanical tunneling of holelike po-
larons. It is emphasized that correlated barrier hopping of one or two types of carriers cannot render an
account of the entire range of experimental results. It is shown that this ac transport is controlled by
D,D+,D defects and that a different choice of defects is unfounded.

I. INTRODUCTION

Recently, and almost simultaneously, two models'2 were
proposed to explain the ac conduction that we had obtained
in rf sputtered Si02 films. Shimakawa and Kondo suggest-
ed that correlated barrier hopping (CBH) of single polarons
contributed to ac transport and proposed the following
processes:2 hopping of holes between C~c (1T) and
Ct (1T) and of electrons between T3c(3C) and C3+ (3T);
Ct (1T), C& (1T), T3 (3C), and C3+ (3T) are the defects
proposed by Lucovsky for irradiated vitreous Si02." We
put forward another approach: the examination of different
transport mechanisms [dipolar mechanism, quantum-
mechanical tunneling (QMT), classical hopping, continuous
time random walk] did not allow, at first, a description of ac
transport over the entire temperature range, and the investi-
gation was pursued in correlation with dc conduction, ESR,
and uv absorption measurements. ' It was finally concluded
that two mechanisms contributed to the ac conduction bi-
polaron CBH between D and D+ and QMT of single po-
larons between D and D; D, D+, and Do are the de-

fects proposed by Mott for thermal a-Si02 at the Si02-Si in-
terface. "

It seems now interesting to compare these two interpreta-
tions, and in order to make the discussion easier we recall
the experimental facts that Shimakawa and Kondo and we
ourselves attempted to explain. The ac conductivity mea-
sured in the frequency and temperature ranges 40-105 Hz
and 77-7SO K presents two behaviors: for 320 K( T ( 570 K the conductivity obeys an equation of the
form cr(co) = a( T)o&', where s is linearly dependent on the
temperature and is close but less than unity, and for 77 K( T ( 320 K o. (cu) is almost temperature independent and
obeys an equation of the form o. (cu) = Ace. In the previous
frequency and temperature ranges, the dielectric constant
varies by less than 1%. Shimakawa and Kondo and we our-

TABLE II. Energy levels associated with the defects represented
in Table I. : optical levels; ———:thermal levels of D
(donor and acceptor); ———:thermal level of Cto.

(a) Mott model.

C.B.
TABLE I. Defect configuration models. : silicon; 0: oxygen;

: covalerit bond; ———:partial bond with three electrons; =:
lone-pair orbital 2p (orbital 2s nonrepresented).
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v is the phonon frequency, O'8 the polaron hopping energy,
and a(T) = C exp( —W/kT) to take account of the ther-
mally activated pI'occss. A good fit to experimental data is
obtained for 8 =0.28 CV, 8~=0.35 CV, and v=10'3 s
(or W= 0.3 eV, WH = 0.3 CV, and v = 10"s ') [Fig. 8 (b) ].

It is interesting to note that this model, CBH of bipo-
larons at low temperatures and, added to it, QMT of po-
larons at high temperatures, allows a fitting of the entire
range of experimental results. The latter interpretation has
the advantage of explaining the experimental data in the
whole temperature range used for the experiments, which
the CBH model with one or two carriers does not do.

I
2

IO

r (Hz)

FIG. 8. (a) Variations of conductivity crt(ru) with frequency in

the temperature range 77-320 K. Open circles: our experimental
results. (b) Variations of conductivity a 2(cu) with frequency at dif-
ferent temperatures. o 2(or) is obtained by subtracting rrt(u&) from
the total conductivity o (r4) given in Fig. 2 of Ref. 3. k, ~, O, 5:
experimental results. : theoretical curves calculated from
Cexp( —fV/kT)ru[ln(v/Or) —IVH/kr]4 with v=1013 s 1, IV=0.28
eV, %0=0.35 eV, and C=6.9x10 ~~ ~ ]cm I s

ln
1

8 Tg (o'To
1

(3)

where P=6kT/8'~, e is the dielectric constant, N the den-
sity of defects, 8'~ the maximum thermal barrier height for
the two carriers, and Tg the glass transition temperature.
is of the order of an atomic vibrational period. Equation (3)
is easily rewritten in the form cr(cu) =301* with s=1
—6kT/ WM + T/8 T~ and A a temperature-independent
parameter. It is seen that a practically temperature-
independent rr(co) and a linear-frequency behavior occurs
when 8~-48kT~. For Si02 Tg=1500 K so 8'~=6.2 cV
was obtained. For 320 K & T & 570 K, it was found that
0 (rr1 ) resulted from two co11tl'1bUtlofls: rr1(o)) pfcv10Usly
discussed, and o.2(01) due to the QMT of polarons.

The following formula of Austin and Mott'6 was used to
fit data:

a (co) =a(T)co[in(v/co) —WH/kT]4 . (4)

Fritzsche in the case of lone-pair semiconductors. '5 In this
case

r 1

8e2

It is Aow desirable to be more precise about the nature of
charge transport. The points to discuss are the following:
the possibility of a connection of values of O'I chosen by
SK with defects known in Si02, and the eventual impossibil-
ity of values of %,%chosen for our films.

SK thought that the defects present in our films could be
C1 (IT), C3+ (3T), C1'(1T), and T3 (3C) defects deter-
mined by Lucovsky in irradiated v-Si02, they proposed that
o.,(01) was due to CBH of holes between C1 (IT) and
C1 (1T) and o 11(co) to CBH of electrons between T3 (3C)
and C3+ (3T). WM = 2.5 eV = W1 and WM = 1.4 eV = W2
would then be the thermal energies to transfer the trapped
hole from Ct (1T) and the trapped electron from T3 (3C)
to their respective bands. This point deserves attention.
The optical levels of C1 (IT) and C10(1T) are located,
respectively, at 1.5 and 7.5 CV above the valence band;8 so
when C1 (1T) captures a hole and C10(1T) is formed, the
lattice distortion associated with C1O(1 T) is 8~=3 eV and
the thermal-reexcitation energy of the hole trapped is ncces-
sat'lly 4.5 cV 1n LUcovsky s 111odcl [dotted 1111c Icvcl Ill Table
II]. The value W1= 2.5 CV chosen by SK to fit with CBH
of two carriers is rather far from the last one. In this case it
seems perhaps daring to affirm that o.1(0&) is due to the
hopping of holes bctwccA neutral and negative nonbrldging
oxygen defects of LUcovsky. Concerning 8'2, a precise
value cannot be deduced from Lucovsky's model; however,
it can be estimated. An energy of 1.5 CV would be neces-
sary to transfer the electron captured by C3+ (3T) in the
conduction band if the capture were not accompanied by lat-
tice distortion; this is not the case here but from Lucovsky's
model It is not poss1blc to dctcf mine thc lattice distortion
associated with the capture of an electron by the defect
C3+ (3T). Following Lucovsky, it is thought that when an
electron is added to C3+ (3T) to form C30(3T), C30(3T) is
unstable and the generation of T3 (3C) occurs via the reac-
tion

T)(4C)+ C,'(3T)- C,'(2T)+ T,'(3C) .

The added electron has now to be thermally excited from
T30(3C) to the conduction band. The optical level of
T30 (3C) lies at about 5.8 eV below the conduction band so
the thermal energy necessary to transfer the electron from
T30 (3C) to ihe conduction band is at least equal to 2.9 eV;
this is far from 8'2= 1.4 CV, the parameter chosen in Ref. 2
to calculate rr11(r0) with the model of CBH with two carriers.
It seems difficult again here to conclude that o.tt(01) is due
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to hopping of electrons according to

T3 (3C)+ C3+ (3T)~ C3+ (3T)+ T3 (3C)

T30(3C) and C3+ (3T) being the defects proposed by Lu-
covsky.

With the two mechanisms envisaged in Ref. 2, X,N
= 7 x 10 and N, N = 10 cm represent N( C~ )NT /2 and
N(T3 )Nr/2, respectively; N(C~ ) and N(T3 ) are the den-
sities of C~ (1T) and T3 (3C), and Nr the density of the
total charged defects; that leads to N(Cf)/N(T3) =700.
The ESR signal obtained on our films shows that N(T3 ) is
higher than N(Cto) the spectrum given in Fig. 9 displays
a central narrow-resonance characteristic of E' center and
coupled on its left, little features due to a mixture of "wct"
and "dry" oxygen-hole centers (OHC); E', OHC "wet, "
and OHC "dry" are the terms used in ESR measuremcnts,
but E' is T30 (3C); OHC "wet" is Cjo (1T) and OHC "dry"
the peroxy radical. 8'7 From Fig. 9 it is sure that the ratio

N(OHC "wet")/N(E') = N(C~ )/N( T3 ) —700

is impossible in our films annealed at 403 K. Films used
for the conductivity measurements are annealed at 570 K,'
but it was shown that OHC "wet" and E' annealed together
up to 700 K.2' Then the ratio N(C~O)/N(T30) should not
vary much betweeen films annealed at 403 and 570 K.
N(C~O)/N(T30) —700 then is not convenient for our films.
This latter discussion can also be applied to the set of
parameters used to calculate the curves of the Fig. 4. With
the parameters 8'~, 8'2, and ~ chosen by SK, we tried to fit
data with defect concentrations such as N(C~ )/
N( T3 ) ( 1, but the fitting is absolutely impossible in these
conditions. Parameters Wt, W2, N(Ct ), N(T3 ), with
N(Cto)/N(T30) & 1, fitting data at high temperatures can
be found but again one comes up against the difficulty of
binding the values of 8'~ and 8'2 to thermal levels of
C~o (1T) and T30 (3C), as found in literature.

We also considered that defects reported by Lucovsky

A '

could be present in our films, but with the structure of a v-
Si02 target being destroyed during sputtering, we envisaged
that defects in our films could differ from those of v-Si02,
especially since it is well known that rf sputtered films are
irradiated during fabrication. So we did not eliminate, a
priori, the D, D+, D proposed by Mott for oxygen non-
bridging defects in Si02 at the Si-Si02 interface [Table I(a)].
We envisaged that a. t(cu) could be due to CBH of bipo-
larons between D and D+, and cr2(cu) to QMT of holelike
polarons between D and D . A long discussion on the
choice of the defects reported by Mott instead of those re-
ported by Lucovsky was given in Ref. 1 and we will not
develop it again here. We will only summarize the principal
facts.

The contribution a.~(cu) is due to CBH of bipolarons ac-
cording to D +D+~ D++D . Let WM be the energy to
transfer two electrons from D to the conduction band.
According to Mott, Davis, and Street2

W~ = 8 —(E) + W~ ) + Et + W~'

8 is the band gap, E~ and E~' the energy levels (without dis-
tortion) with respect to the valence and conduction bands of
the acceptor D and donor D+, and 8~ and 8~' the distor-
tion energies associated with D and D+. From levels given
by Mott [Table II(a)] and from our experimental results
W~=6.2 eV, one obtains the thermal energy level of D
donor E&'+ R~'=2.8 eV, that is a possible value though a
little too small, since Mott suggested 2.6 eV for the distor-
tion energy 8~'." lf we consider the model of Lucovsky,
the interconversion of defects C, (1T) and C3+ (3T) is
not possible and the hopping process of two electrons would
be more complicated; indeed, when two electrons hop from
one Ct (1T) to one C3+ (3 T), Ct (1T) does not become
C3+ (3 T) but C3+ (2 T, 1C) and C3+ (3 T) does not become
C& (1T) but T3 (3C). In this case Ct (1T), Ct (1T),
C3+ (2T, IC) replace D, Do, D+; from Eq. (5), the energy
levels reported Table II(b), and WM = 6.2 eV, the distortion
associated with C~ (1T) would be greater than that associat-
ed with C3+ (2 T, 1C).' This is not reasonable since a true
covalent bond appears in the last case. Finally, there is
nothing to oppose a CBH of bipolarons according to
D + D+ ~ D++ D . If one tries to analyze the QMT of
polarons operating at high temperatures, one is obliged to
choose the defects given by Mott. Indeed, taking into ac-
count the experimental value of hopping energy O'0=0.35
eV, the only possible process is a hopping of holelike po-
larons between neutral and negative oxygen nonbridging de-
fects described by Mott, according to D +D ~ D +D,
since he proposed an activation energy of 0.4 eV for this
process; the same hopping between Cto (1T) and C~ (1T)
with levels estimated by Lucovsky would necessitate consid-
erably greater activation energy, of the order of 1.5 eV.'
As the contribution a 2(cu) is thermally activated it is neces-
sary to consider thc creation of neutral defects at high tem-
peratures according to

+D++
I U.rrl- 2D' . (6)

3380 Gauss Magnetic Field

FIG. 9. Room-temperature ESR spectrum obtained for a film an-
nealed at 403 K in vacuum for 9 h.

U,ff is the negative effective correlation energy correspond-
ing to the reverse reaction. The activation energy 8'=0.28
eV and the law of mass action applied to Eq. (6) lead to the
value U,ff= —0.56 eV. Finally, from this analysis the nega-
tive defect level was located at 4.1 eV below the conduction
band; this can be compared with 4.4 eV estimated by Mott
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for D and is far from 7.5 eV proposed by Lucovsky for
Ct (1T). It seems that all these facts allow us to affirm
that ac conductivity is controlled by D, D+, D, oxygen
nonbridging defects, proposed by Mott for Si02.

IV. CONCLUSION

Two descriptions of ac charge transport in rf sputtered
Si02 films were recently proposed. As they are different, it
seemed desirable in this paper to examine them both and
see if one proved more advisable than the other. The first
important point to emphasize was their ability or inability to
explain the entire range of experimental data. The model of
CBH with two types of carriers does not fit these data below
350 K with parameters O'I and 8'2 chosen in Ref. 2; the
model using the CBH of bipolarons and QMT of polarons is
superior in that it explains cr(co) obtained in our films in
the (77—570)-K range.

To precise the charge transport, the second important
point was to discuss the possible connection of parameters
used for fitting experiments, with possible defects in rf sput-
tered Si02 films. In the model of CBH with two carriers,
the thermal energy levels of defects controlling transport
have been chosen in Ref. 2, 2.5 and 1.4 eV, and have been
connected with C (te1T) and T3a (3C) of Lucovsky. These
values are almost half of those which can be deduced from
optical levels proposed by Lucovsky for these defects. So it
seems to us that the affirmation that o-(cu) is controlled by

such defects is unfounded.
Concerning the alternative model, bipolaron CBH and

QMT of polarons, a discussion has been opened on the rela-
tion of parameters obtained from fitting to defects possible
in Si02. The hopping energy of 0.35 eV has been unambi-
guously connected with the QMT of holelike polarons
between D, D of Mott. The position of thermal energy
of D donor was obtained at 2.8 eV below the conduction
band, this value is acceptable. The D level was obtained
at 4.1 eV belo~ the conduction band; this value agrees with
4.4 eV estimated by Mott. "

Finally, a point deserves particular attention: the position
of a negative defect below the conduction band and the dis-
tortion associated with the capture of a hole by this defect
deduced from our analysis are 4.1 and 0.7 eV (Mott has es-
timated these parameters as 4.4 and 0.8 eV, respectively).
This constitutes a very favorable situation for dc conduction
in our metal-insulator-metal structures: the barrier energy
existing at the Au-Si02 contact being 4.1 eV, 2 the dc con-
duction can only be explained with defect levels at about the
same height. ~ ~ Our results, thus, give a coherent descrip-
tion of ac and dc transport in rf sputtered Si02 films, and it
seems possible to conclude that this transport is controlled
by defects D+, D, D. The aim of this paper is not to say
which interpretation is correct but to consider which of
them, up to now, gives the best account of experimental
data obtained on our films whilst taking into account, faith-
fully, the different results concerning Si02 found in the
literature.
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