
PHYSICAL REVIEW B 15 APRIL 1999-IVOLUME 59, NUMBER 15
High-temperature ac conductivity of amorphous SiO2: Fused silica and thin thermal films
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High-temperature ionic conductivity of both fused silica and thin films thermally grown on a silicon sub-
strate has been investigated in the temperature ranges 700–1400 and 570–830 K, respectively, by means of
impedance spectroscopy. The results for both types of materials may be interpreted as being due to the
existence of an extrinsic conduction mechanism related to the presence of dissociated sodium ions. The
numerical analysis of the experimental results led to values of 1.3 and 0.6 eV for the dissociation and migration
energies, respectively. The dissociation energy turns out to be in good agreement with the value obtained in
crystalline quartz and related to the aluminum-alkali (@AlO42M #0) center; moreover, good agreement is also
found between the mobility value obtained here and literature data evaluated on thin films by different elec-
trical techniques. No influence of hydrogen content on alkali transport was found by considering wet and dry
samples, at variance with results previously obtained on crystalline quartz.@S0163-1829~99!14515-6#
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I. INTRODUCTION

The understanding of microscopic processes govern
ionic transport in SiO2 is an important aspect both for th
basic understanding of the material properties and for
improvement of its performances in microelectronics dev
technology. While extensive investigation was devoted
ionic transport mechanisms in heavily doped glasses~see
Refs. 1–3!, fewer studies dealt with bulk amorphous silica
good purity ~with impurity concentrations of the order o
102 ppm or lower!: some discrepancies can be found in t
activation energies for the conductivity, spreading from
to 1.6 eV for sodium ions, which could be related to t
different temperature intervals considered~though rarely ex-
ceeding 900 K! and to different measurement techniques
cluding both dc and ac methods.4–12 On the other hand, at
tention was given also to ionic transport phenomena in t
SiO2 films grown on silicon, due to the recognized electric
instabilities of electronic devices in the presence of alk
contaminations even in low concentrations~Ref. 13, and ref-
erences therein!.

In previous work dealing with ac conductivity of crysta
line quartz with an impurity content of the order of 1–1
ppm,14–16 it was found that ionic conductivity is due to th
presence of extrinsic point defects: among the possible
purities that may be present, major attention was given
trivalent substitutional ions, most notably Al substituting f
Si. The most common compensator of the charge deficie
due to Al in ‘‘as-grown’’ synthetic crystals are alkalis~M!,
giving rise to@AlO42M #0 centers. Although hydrogen im
purities do not contribute directly to ionic conductivity a
charge carriers, an indirect role on alkali transport was pu
evidence in hydrogen-rich~as ‘‘H-swept’’! SiO2 crystals: it
appeared that the presence of hydrogen could lower the
ductivity of alkali ions, giving rise to a sort of ‘‘immobiliza-
tion’’ effect. The experimental results were recently inte
preted on the basis of a model featuring two interact
dissociation reactions of the aluminum-alkali (@AlO4
2M #0) and aluminum-hydrogen (@AlO42H#0) centers, and
the occurrence of a gradual decrease of hydrogen conce
tion due to high temperature treatments in vacuum:16 in fact,
PRB 590163-1829/99/59~15!/9741~4!/$15.00
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the decrease of hydrogen concentration during the annea
was later confirmed by thermal-desorption measureme
which put in evidence that desorption of H2 molecules occurs
at temperatures higher than 200 °C.17 In this way, it was
possible to account for the observed marked increase of
conductivity during prolonged annealings in the 700
1300-K range. Numerical analysis of the data led to value
1.19 and 0.25 eV for the dissociation and migration energ
respectively.16 The value of the migration energy is in fac
relative to the electric-field orientation along thec optical
axis, where the migration of alkali ions is favored by th
presence of open channels. It was found that the conduct
is highly anisotropic, since values measured perpendicula
the optical axis are at least two orders of magnitude lowe14

In this work, we have extended ac conductivity studies
amorphous silicon dioxide, both in bulk and in thin film form
thermally grown on a silicon substrate. Our aim was to
vestigate the role of the amorphous structure in modify
the transport parameters of the residual alkali impuriti
which are known to be mobile; moreover, we wanted
verify whether an intrinsic ionic conductivity contribution
possibly due to oxygen-related defects such as oxygen
cancies and peroxy linkages, could be put into evidence
well. Complex impedance measurements were used to a
polarization and electrode effects, and were carried on i
wide temperature range. The results are also discusse
comparison with those already obtained for crystalli
quartz.

II. EXPERIMENTAL CONDITIONS

Two types of bulk silica were examined, both produc
from natural quartz:~i! Pursil K, a dry silica with an OH
content less then 20 ppm purchased from Electro Qu
~Nemours, France!; and~ii ! Herasil, a wet silica with an OH
content of approximately 130–180 ppm purchased from H
aues ~Hanau, Germany!. Samples of these two types a
characterized by a content of metallic impurities of appro
mately 10–50 ppm of aluminum ions and about 1–3 ppm
alkali ions ~data supplied by the producers!. For the imped-
9741 ©1999 The American Physical Society
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ance measurements, both bare and Cr-coated surfaces
used.

Thin films of SiO2 were provided by ST-Microelectronics
~Agrate Brianza, Italy!: they were thermally grown on a sili
con substrate, of two different thicknesses, 13 420 and 8
Å ~this lower thickness was obtained by etching origina
13 420-Å-thick oxides with HF at 1:10 concentration!. Both
dry ~grown at 1100 °C! and wet~grown at 920 °C! samples
were examined, and aluminum dots~2-mm diameter! were
used as electrodes. The technology used for their growth
accordance with Ref. 18, and so these layers are chara
ized by an alkali concentration~mainly sodium! lower than
1021 ppm.

Complex impedance measurements were performed
homemade condenser kept in vacuum atmosph
(1025 torr) in the temperature ranges 700–1400 and 57
830 K for bulk silica and thin films, respectively, by
Hewlett-Packard 4284a impedance bridge~frequency inter-
val 20 Hz–1 MHz!. The electrodes were 1-mm-thick tung
sten plates; the metallic coatings on the samples had
beneficial effect of eliminating the surface contributions,
will be commented upon in Sec. III. The overall sensitiv
of the apparatus, taking into account both the sensitivity
the impedance bridge and the presence of temperature de
dent leakage components of the measurement conde
was evaluated to be better than 1028 V21 up to 800 K, being
reduced to approximately 1027 V21 at higher temperatures

In order to obtain complementary information on the b
havior of OH groups in wet bulk silica, optical-absorptio

FIG. 1. ~a! Complex impedance spectra of PursilK at T
5970 K performed in different conditions:~curvea!, 5-mm thick-
ness, unmetallized surfaces;~curve b!, 5-mm thickness, Cr-
metallized surfaces;~curve c!, 2-mm thickness, Cr-metallized su
faces. Continuous lines: numerical fits of the experimental data~b!
Complex impedance spectra of thin thermal films performed at
K ~curve a!, 13 420-Å-thick sample;~curve b!, 8360-Å-thick
sample. Continuous lines: numerical fits of the experimental da
ere
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measurements were also performed at room temperature
a Cary 2300 spectrophotometer, in the wave-number ra
3250–4250 cm21.

III. RESULTS AND DISCUSSION

Figure 1~a! displays impedance spectra of a Pursil
sample at 970 K obtained in different experimental con
tions, i.e., with a 5-mm sample thickness and unmetalliz
~curvea! or Cr-metallized~curveb! surfaces, and with 2-mm
thickness@metallized surfaces, curvec#: in a complex imped-
ance plane, each parallelRCcircuit gives rise to a semicircle
the value of the resistance being evaluated by the intersec
with the real axis.19 The bulk component could be well fitte
by a singleRC element at all the investigated temperatur
The influence of theRCelement due to surface contribution
is evident in curvea, where, besides the semicircle due to t
bulk of the sample, an additional impedance componen
also present at low frequencies. The frequencies corresp
ing to the maxima of the semicircles of curvea, for which
the condition 2pn5(RC)21 holds, are also reported. Figur
1~b! displays impedance spectra of thin films of 13 2
~curve a! and 8360 Å~curve b!, obtained at 830 K: in this
case, only the high-frequency portion of the bulk semicir
is detected in the available frequency window.

In Fig. 2 we show the temperature dependence of
conductivity of fused silica~curvea! and of thin films~curve
b!: the variation of the conductivity extends over seve
decades in the investigated temperature ranges, with a m
tonically decreasing slope at high temperatures observab
bulk material. The error bars evaluated at each tempera
by considering several measurements are also displayed
important to remark that no significant variations were o
served by considering wet and dry samples, indicating t
hydrogen impurities do not play a direct role as charge c
riers at least in this temperature region; thus this figure
well representative of the behavior of both wet and d
samples. In order to investigate possible modifications of
drogen content as a consequence of the thermal treatm
during conductivity measurements, the concentration of
drogen impurities in wet samples was monitored by infrar
absorption spectroscopy performed on fused silica be
and after a conductivity run performed in vacuum up to 14

0

.

FIG. 2. Arrhenius plot of the ionic conductivity of~a! bulk fused
silica and~b!, thin thermal films. Continuous lines: numerical fits
the experimental data.
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K, and lasting 10 h. Optical-absorption spectra are displa
in Fig. 3: the intensity of the strong and composite ba
around 3700 cm21 ~due to OH stretching vibrations20! shows
a marked decrease following the thermal treatment du
measurement, suggesting that desorption of hydrogen im
rities possibly occurred, as already observed in crystal
quartz: however, no significant changes of the conductiv
in the wet samples during subsequent measurements
observed, at variance with the results previously obtained
crystalline quartz, which showed a strong conductivity
crease as a consequence of hydrogen desorption.17

In analogy with the results already obtained for crystall
quartz, it is proposed that alkali ions act as cha
carriers in the silica forms under investigation. As alrea
mentioned in Sec. I, in that case a strong dependenc
the alkali conductivity upon the hydrogen content was o
served, and the results were interpreted by considering
presence of two interacting dissociation reactions, of
aluminium-alkali (@AlO42M #0) and aluminium-hydrogen
(@AlO42H#0) centers. Conversely, no significant conduct
ity differences were observed in the amorphous silica for
with different hydrogen content considered in this investig
tion. Thus at a first approximation a simpler approach can
used, with the assumption that only@AlO42M #0 centers can
be considered, and that the conductivity is governed uniqu
by the dissociation of alkali ions~M! from these centers
according to the reaction

@AlO4
22M 1#0↔@AlO4#

21M 1, ~1!

and their subsequent migration. The temperature-depen
concentration of free alkali ions can be derived by the ma
action relation of Eq.~1!,14

@AlO4#
2@M #1

@AlO42M #0 5K~T!5exp~2ED /kbT!, ~2!

where@AlO4#
2, @M #1 and@AlO42M #0 are the atomic frac-

tions, relative to silicon atoms, of dissociated aluminiu
ions, alkali ions, and associated pairs, respectively,ED is the
dissociation energy of the@AlO42M #0 center, andkb is
Boltzmann’s constant. Since in the present picture@AlO4#

2

and @M #1 are formed together, their concentrations can
taken as equal. By using the symbolm to denote the concen
tration of dissociated@AlO4#

2 and@M #1, andm0 to denote
the total atomic fraction of@AlO42M #0 centers prior to dis-

FIG. 3. Optical-absorption spectra of wet fused silica performed at ro
temperature:~curvea! as-received sample;~curveb! after a conductivity run
up to 1400 K and lasting 10 h.
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sociation,K5exp(2ED /kbT), Eq. ~2! can be written asm2

5(m02m)K which can be easily solved with respect tom in
order to obtain

m~T!52 K/2 1@~K2/4! 1Km0#1/2. ~3!

The conductivitys(T) can be written as
s~T!5m~T!Nem~T!, ~4!

wheree is the electric charge,N is the number per unit vol-
ume of silicon atoms, andm is the mobility defined as

m~T!5
m0

T
exp~2EM /kbT!5

er2n

kbT
exp~2EM /kbT!. ~5!

In this expression,r represents the jump distance,n is the
vibration frequency, andEM is the migration energy. In the
absence of a periodical structure, theEM value can be inter-
preted as representative of a mean potential barrier exp
enced by the alkali ions during their motion in the amo
phous matrix.

By taking into account Eqs.~3!–~5!, the conductivity can
be finally expressed as

s~T!5F2
K

2
1S K2

4
1Km0D 1/2G Ne2rn

T
exp~2EM /kbT!.

~6!

Numerical fits of the conductivity curves of bulk silic
were performed on the basis of Eq.~6!: due to the high
number of parameters involved, satisfactory independ
evaluations were hard to obtain. However, by considering
a first approximation, realistic values form0 ~'1 ppm! and
for the jump distance~'1 Å!, the dissociation and migration
energies turned out to be 1.3 and 0.6 eV, respectively.
vibration frequency resulted to be of the order
1013– 1014s21. The numerical fit obtained under these a
sumptions is shown in Fig. 2: both the single exponen
dependence detected below 1000 K and the monotonic s
decrease shown in the higher temperature region are
fitted. We admit the qualitative character of this numeric
evaluation: however, the present analysis is supported by
similarity between the value of the dissociation energy of
@AlO42M #0 center obtained here and the value found
crystalline quartz; moreover, the migration energy value h
found is coherent with that obtained in previous investig
tions concerning the mobility of sodium ions in thin SiO2
layers.21–23 The higher value of the migration energy he
obtained with respect to that found in crystalline quartz@0.25
eV ~Ref. 16!# is in accordance with the absence, in the am
phous structure, of migration paths~channels! present in the
crystalline form along thec-axis direction.

Only a single exponential behavior is observed in the c
ductivity of thin films, due to the more limited temperatu
interval in which they were investigated: in this temperatu
region, the association of@AlO42M #0 centers is still almost
complete,14 so thatm02m>m0 and the atomic fraction of
free alkalis can be written as

m~T!5~m0!1/2exp~2ED/2kbT!. ~7!

By taking Eq. ~5! into account, the conductivity can b
written as

s~T!5 1/T ~m0/2!1/2m0 exp~2EA /kbT!, ~8!
whereEA is the total activation energy for the transport pr
cess, defined as

EA51/2 ED1EM . ~9!
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The total activation energyEA of the conduction in thin
films was evaluated, and turned out to be 1.2 eV. This va
is in agreement with total activation energies obtained in
literature in bulk silica in a purely single exponenti
analysis.4,9–11 As can be seen from Fig. 2, the slopes of t
curves of bulk silica and thin films are very similar in the
common temperature interval, so that this activation ene
actually also governs the ionic conductivity of our bulk sili
samples in the lower-temperature region up to approxima
1000 K, where the approximationm02m>m0 also holds; as
expected, according to Eq.~9!, its value is compatible with
those ofED ~1.3 eV! andEM ~0.6 eV! obtained here by the
complete fit of the conductivity curve of bulk silica up t
1400 K.

From the pre-exponential term of Eq.~8!, and by consid-
ering a jump distance of 1 Å in m0 and a vibration frequency
of the order of 1013– 1014sec21 as in bulk silica, a concen
tration of alkali ions in thin films of the order o
1021– 1022 ppm can be derived, in accordance with alk
concentrations in these layers. It is worth remarking th
besides alkalis, the presence of aluminium impurity
complementary metal-oxide-semiconductor technology
also frequently observed due to different processes as
implantation and cleanings.24 Moreover, on the basis of ther
mally stimulated ionic current measurements, it was s
gested that the limiting step in the release of Na1 ions in
Al-SiO2-Si structures may be the diffusion of Al in the SiO2
layer, and the subsequent reaction with Na to form subs
tional @AlO42Na#0 centers.25 Evaluations of ion trap depth
led to values in the interval 0.8–1.6 eV, depending upon
ion considered~mainly Na1 and K1) and the applied electric
field.25–27

The comparison between conductivity and infrare
absorption measurements indicates that hydrogen is inco
rated into the silica structure without any significant form
tion of @AlO42H#0 centers, but mainly in othe
configurations like, for example, Si-OH and Si-H groups.28,29
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As already mentioned above, the strong conductivity var
tions observed in crystalline quartz during high-temperatu
treatments were attributed to the interaction betwe
@AlO42H#0 and@AlO42M #0 centers, and to the gradual re
duction of the former because of hydrogen desorption. D
to the different incorporation of hydrogen impurities in th
amorphous structure, hydrogen desorption~evidenced by the
lowering of the broad IR band! has no effect on the alkali
transport. In literature, controversial results were found co
cerning the influence of hydrogen impurity on alkali condu
tion in amorphous silicon dioxide: by tracer diffusion stud
ies, a role similar to that shown in the conductivity o
crystalline quartz was found,5 while from impedance spec-
troscopy data different effects were found in silicas grown
different preparation methods.9,12 Thus it appears that the
presence of high concentrations of hydrogen is not suffici
to determine an influence of this species on alkali transpo
rather, the key factor in this respect is the type of local co
pensation of this impurity in the structure, possibly driven b
specific conditions of the material preparation process.

In conclusion, an accurate analysis of the hig
temperature conductivity of both bulk silica and thin film
was performed and compared with analogous previous
sults obtained in crystalline quartz: the overall picture ca
for an interpretation based on the dominant presence of
trinsic mechanisms in the ionic transport, related to the pr
ence of alkali charge carriers, and no intrinsic process w
put in evidence in spite of the good purity of the materia
The good correspondence between results obtained by
pedance spectroscopy technique and other electrical te
niques suggests that this kind of investigation can be a us
tool in monitoring alkali dynamics in thin dielectric layer
with very low impurity contents.

The authors are grateful to ST Microelectronics for pr
viding some of the samples. The authors also acknowle
A. Losavio for useful discussions during the preparation
this paper.
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