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We have used dielectric spectroscopy to measure the frequency and temperature dependence of the low-
frequency(0.5 mHz—-100 kHz complex dielectric functiors(w) of thin Cgq films. A small charge transfer
occurs between the ggand O, molecules which occupy interstitial spaces of soligh €xposed to oxygefor
ambient aiy. Due to the large size of the g molecules, this small charge transfer creates large dipole
moments, which in turn are coupled to the applied ac electric field véiffasion-controlled relaxation
mechanism. This gives rise to a significant increase in the permittéyitgccompanied by a broad dielectric
loss peake, observed at-10—100 Hz. With increasing oxygenation, the interstitial sites become nearly fully
occupied, interstitial hopping is inhibited, and the loss peaks, together with the enhanced polarization, disap-
pear. Both tracer and chemical diffusion coefficients for thg/@, system have been obtained purely from
dielectric spectroscopy measuremen&0163-18207)05423-4

I. INTRODUCTION e,(w)

w

81(0)_1:Ef dw=zf gr(w)d(lnw), (1)
Since the discovery by Ktschmeret al! of the method o o
for bulk synthesis of fullerene &, the complex dielectric  telling us that the dc dielectric constant(0) includesall
functione(w) =&1(w) +iey(w) of solid Ceo films was stud-  contributions from the higher-frequency loss processes, and
ied over a broad frequency range using a wide variety ofs proportional to the area under thg(w) curve plotted on
techniques™’ The optical dielectric functiore(w) of Ceo 4 logarithmic scalé! In this paper, we report measurements
was mapped out in the range of £610'° Hz (correspond-  of the dielectric functiors () of C thin films for frequen-
ing to 0.05-40 eV using infrared, vis-UV, and electron- cjes pelow 10° Hz, where polarization mechanisms come
energy-loss spectroscopi&gigure 1 presents a summary of into play.
experimental data reported for the rea(w) and imaginary After a brief overview of experimental detai(Sec. I)),
&2(w) parts of the dielectric function at 300 K over the entire eyidence for oxygen diffusion into fullerene solids is pre-
optical frequency range from the infrared through the ultrasented in Sec. Ill. Section IV demonstrates how a small
violet. charge transfer occurring between thg,@nd O, molecules
While the features of the £ optical spectrum have been occupying interstitial spaces of solidggcreates large dipole
described in considerable detail EISGWM note here the moments, which are Coup|ed to the apphed ac electric field
general trend that, as we move toward lower and lower freyja a diffusion-controlled relaxatiomechanism. This gives
quencies, for every loss process represented by a peak in thge to a significant increase in the observed permittigity
dielectric losse,(w), there is a risgsometimes predicated at |ow frequencies £ 10—100 Hz accompanied by a broad
by a resonant oscillationin &;(w), as prescribed by the djelectric loss peak,. With increasing oxygenation, the in-
Kramers-Kronig relations. At frequencies below'1Blz, the  terstitial sites become nearly fully occupied, interstitial hop-
dielectric function incorporates all electronic and vibrationalping is inhibited, and the loss peaks, together with the en-
(phonons contributions, and se;(w) is approaching its dc  hanced polarization, disappear. The temperature-dependent
value. The small difference between(10'*Hz)~3.9 (Ref.  pehavior of the dielectric function(w) of Ceo films is pre-

5) ande1(10° Hz)~4.4 (Ref. 2, shown by an arrow in Fig. sented in Sec. V, followed by conclusiofS8ec. V).
1, might be due to the losses associated witjy @olecules

rapidly rotating above the structural phase transition tem-
peratureTo;=260 K at the rate of~10° Hz, as shown by
NMR,® ultrasound attenuatiol?,and other experiments sen-  All samples used in this study were prepared at Bell

II. EXPERIMENTAL DETAILS

sitive to phenomena in this frequency range. Laboratories(Murray Hill, NJ). For thin-film deposition,
From the Kramers-Kronig relations, it follows, for the 10—15 mg of 99.9% purified g powder were loaded into
case of zero frequency, alumina crucibles. The rotating substrd&gther at ambient
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FIG. 1. Summary of reat,(w) and imaginarye,(w) parts of the dielectric function for £ vacuum-sublimed solid films at room
temperature over a wide frequency range. The data between 0.05 and @rBiccMto near-infrared were collected using the Fourier
transform infraredFTIR) transmission techniqudRef. 6. The vis-UV range was investigated by variable angle spectroscopic ellipsometry
(VASE) (Ref. 4, and near-normal-incidence reflection and transmission experirtiRets5. UV data above~7 eV were obtained using
electron-energy-loss spectroscqBELS) (Ref. 7) by Kramers-Kronig analysis of the EELS loss functi@gmse). The arrow at the left axis
points toe,=4.4, the observed low frequency value of the dielectric consRet. 2.

or at elevated temperature, up+®00 °O, was located ap- nally, 200um-wide aluminum cross stripes. We used these
proximately 10 cm from the crucibles, and a quartz-crystatrilayer devices to measure the intrinsistatio dielectric
microbalance was used to monitor the rate of deposition andonstant of G films.
final film thickness. Quartz, fused quartz, and gléBgrex In order to ascertain the intrinsic dg (0) of Cgg, the
substrates were used for most of the transport and dielectridielectric measurement needs to be performed at frequencies
experiments. The details of the film deposition procedure aréow enough to include the intrinsic relaxation processes of
presented elsewhefé? the material, but high enough to escape the effect of impuri-
After deposition, the thickness of the films was deter-ties (e.g., molecular oxygen We have determined experi-
mined by ellipsometryor by profilometry, for thicker films ~ mentally that the effects of oxygen and other impurities oc-
and was generally found to be in good agreement with theupying the interstitial sites of solid & on the dielectric
readings of the calibrated thickness monitor. UV-vis and Rarelaxation of G films are confined to frequencies below
man spectroscopy, x-ray powder diffraction, and high-~5 kHz. The intrinsic dielectric constant was obtained by
resolution transmission electron microscopy were used to agerforming a series of capacitance measurements at 100 kHz
certain the fcc structure and to characterize the morphologgn trilayer structures, similar to the one shown in Fig. 2,
of the films!? Small crystallites on the order of 100 A in where the thickness of theglayer was varied from 200 to
diameter were typical. In order to assess the oxygen conteroo0 A2 From the slope of the measured linear dependence
of our films, electron-spin resonance and weight uptake techof the reciprocal capacitance on the film thickness, a value

niques were used. €,=4.4£0.2 for the relative dielectric constant was
To investigate the electrical properties of thgyGilms, obtained?
we fabricated Al-GgAl trilayer structures for electrical A coplanar electrode configuration was used as an alter-

characterizatioriFig. 2). These “sandwich” structures were native to the “sandwich” configuration for some dielectric
made by depositing in succession, on glass, 280wide  and transport measurements. This geomésee Fig. 3 is
aluminum down stripes, a known thickness of,Cand fi-  often preferable to the “sandwich” geometry, because

the comb electrodes of a coplanar sensor ensure proper cali-
bration of the device even if the material being measured

ToP |
VIEW |,

counterelectrode

Cagp film substrate
0 base electrodes

CROSS
SECTION
VIEW

FIG. 2. A typical trilayer(“sandwich”) structure is composed FIG. 3. The coplanar sensor geometry. Chromium electrodes
of five identical Al-CeirAl junctions, each of which can be used (1500 A thick deposited on a quartz substrate are configured to
independently in a dielectritor transport experiment. provide a 1um interelectrode spacing dra 1 mmeander length.
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undergoes structural transformatiofesg., structural phase T ——
transitions, such as that experienced by, @t Ty,=260 K), o fims o2
and(2) the open-face layout facilitates studies of diffusion of ¢ onystals

foreign species into the bulk of the material. 10F

Depending on the design details of the coplanar sensor, it
can be utilized either for dielectric or for transport measure- osl
ments. The former use, giving rise to a technigue known as
microdielectrometry®>'°has been employed to study the ef-
fects of various treatments on the dielectric properties of the 06
Cgo films, and the results thus obtained will be discussed in
future work. In the present study, we used such coplanar 04l
sensors, comprising Am-spaced interdigitated chromium
electrodes patterned on a quartz substrate, for transport mea- &7 aum
surements. In this use, aggfilm of known thickness was 02 === T8 10 12 14 16 18
deposited directly onto the surface of the sensor. log, o (resistivity)

The ac dielectric measurements were performed using a
Hewlett-Packard HP 4274A LCZ Meter for frequencies from  FIG. 4. Room-temperature resistivigy=1/o- ({2 cm) and acti-
100 Hz to 100 kHz, and a Solartron Instruments S| 1254vation energyE, values reported for g single crystals and highly
Frequency Response Analyzer cascaded with a Stanford Rewystalline films(solid diamondy and for polycrystalline and amor-

search SR 570 current amplifier for frequencies from 1 mHzPhous G, films (open circles (Ref. 18-29. E, is the activation
to 1 kHz. energy for temperatures above the structural transifigs 260 K.

The straight line through the data is the result of a linear regression
analysis.

E, (eV)

PRESENT WORK
[27)
[s) %

o B

’[23]

& 213

Ill. OXYGEN DIFFUSION INTO FULLERENE SOLIDS

Since oxygen has proved to be one of the most importar@S described in Sep. I, and its conductivity was mea_surgd for
intercalants affecting the electrical properties of,@ims, it ~ temperatures ranging from 25 to 250 °C, as shown in Fig. 5.
is worthwhile to discuss the evidence for oxygen intercala- It is immediately evident from the data in Fig. 5 that
tion into the bulk of solid G, in more detail. Unlike alkali- @nnealing increases the conductivity odJilms, probably
metal intercalants, which can transfer a large amount oPOth by improving the crystallinity of the film and by driving
charge(one electron per alkali-metal atorto the Gy balls, ~ 0Xygen out of t.he interstitial regions. The kink in the curve at
a very low charge transfer occurs for the case of oxyger ~120 °C during the temperature up-sweep probably corre-
intercalation. This charge transfer gives rise to the enhance¥Ponds to the onset of oxygen effusion. Region 1 of the
polarization effects described in Sec. IV, where it is showncurve thus corresponds to the oxygen-filleghCwhich has a
that the amount of charge transferred by oxygen molecules igonductivity exhibiting an activation energy Bf,=0.44 eV.
between 20 and 100 times less than that transferred by alkatf\bove T~120 °C (region 2 of the curvg oxygen is ex-
metal atoms. pelled out of the G solid. This process is also activated in

A variety of experiments provide evidence for oxygen temperature, and it affects the conductivity of the film. Thus
diffusion in fullerites. Assinket al® used *3C NMR spec-

troscopy to show that molecular oxygen diffuses readily into T(C)

the octahedral interstitial sites of the fcc lattice of,CEloi 250 200 150 100 50 20

et all’ verified the increase in the diffusion rate of,to 10°

the fcc Gy lattice under UV irradiation by direct measure- ok ]

ment of the oxygen uptake via resonanparticle scattering

experiments. g 10°F (E,=1.90eV) \©\ 3
Given the exponential dependence of the conductivity ong ®\ E,=0.848V ;

the position of the Fermi level in a semiconductor, conduc- © oF

tivity measurements can provide an extremely sensitive way-*E’ 107 L
of monitoring the density of electronic states in the band gap"§ i
or near the band edges of crystalling,@aused by oxygen, 2T '0°f
light, or other perturbations. In particular, oxygen decreases 8 i ®
the intrinsic conductivity of fullerites by as much as four ] E,=0.44eV
orders of magnitude. The magnitude of this effect, together 10™ >0 25 20 25
with the propensity for solid g, to adsorb oxygen from the ' . N '
) : : 1000/T (K"

surrounding atmosphere, is responsible for the unusually
wide (up to ten _O'_'ders of magnitu}jglispers_ion in thezvalues FIG. 5. Transport measurements of g,@ilm. The measured
for the conductivity of G reported in the literatuf€™*(see  ¢conductivity of Gy, (log scale is plotted vs 10007 on an Arrhenius
Fig. 4. plot. Arrows indicate the direction of the temperature scan, and the

To characterize the conductivitiand, by inference, the circled numbers indicate temperature regions corresponding to the
oxygen contentof our Cg, films, we have performed trans- indicatedE, values. The measurements were performed using the
port measurements using the coplanar sefBigr. 3). Typi-  coplanar sensor at an applied voltage level of 1 V. The average
cally, a 2000-A-thick G, film was deposited on the sensor temperature scanning rate wa.2 °C/min.
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the activation energy of the effusion adds to the activatiorfrequency dielectric relaxation of oxygenated;,C which
energy of oxygenated &, yielding a relatively high(rela-  explains the dynamics of the dielectric loss peak as a func-
tive to the optical absorption edgealueE = 1.90 eV. Since tion of oxygen content. Finally, Sec. IV D describes how to
oxygen molecules leaving theggfilm no longer participate  obtain both tracer and chemical diffusion constants for oxy-
in the Cgy transport (e.g., as carrier traps the value gen diffusion into Gg purely from dielectric measurements.
E,=1.90 eV for the combined activation energy of transport
and effusion has no straightforward interpretation. A. Development of dielectric loss peaks

The curve in Fig. 5 levels off at-220 °C, as Gy mol- through oxygen diffusion
ecules start to sublimate from the substréiefirst-order Th f electric dinoles i ted solid C
phase transition Region 3 of the curve in Fig. 5, subsequent. € presence ol electric dipoles In oxygenate s_oga
to annealing, where the conductivity is activated byIS further confirmed by dielectric studies ofggthin films

E —0.84 eV corresponds to the rapid adsorntion of oxvae using the trilayer sample configuratigfig. 2. The main
oo ’ P . ap b Y9 e ature consistently appearing in the dielectric measurements
by the deoxygenated 5. Since this is a transient process,

no reliable determination of the intrinsic activation energy Ofm;?rlr:it(;\??t fllmsav;/ethhea\f/ree Sﬂédn'(e:d ils geilgegzgzma?ccgfnasaenilg d
Cgo Can be made from these data. P Y &1 q y ' P

- . by a peak in the dielectric logs, at frequencies on the order
Note that the summary of £ conductivity studies shown
in Fig. 4 suggests that the amount of adsorbed oxygen pIaye%I 10-1000 Hz at room temperature. These features are de-

a large role in many of the reported andE, studies. Au- pendent on both the concentration of oxygen in the intersti-

thors reporting lower conductivities for & films and crys- tials of the film and on temperature. These relationships are

) S . ._discussed here and in Sec. V, respectively.
tals also tend to report higher activation energies, and vice ~_. : N Y
X . . . Figure 6 displays a representative “snapshot” of the real
versa. This can be explained by observing that, when intro- . . . :
: ; o : and imaginary parts of the dielectric function of a 1000-A
duced into the interstitials of a fullerene material, molecular

oxygen quenches the conductivity and creates deep eIecC-GO film after 16 h of exposure to the ambient environment

tronic traps. The more oxygen present in thg, @®atrix, the at room temperatureT(=296 K). The figure shows the fre-

deeper these traps are, and thus the higher the activatic%

energy is. Our study shows reversibility of oxygen diffusion data for the G film (solid lineg are compared to the Debye

i inL6.21 ; ; :
with annealing,”**and provides an explanation for the wide single-relaxation-time model described by the following

range of values reported in the literature for the room tem—e Lations for permittivity and dielectric loss:
perature conductivity and the corresponding activation entd P Y :

uency dependence of the réal and imaginaryb) parts of
e dielectric function, as well as the loss tangémt The

ergy (Fig. 4). e(0)—¢.,

When analyzed together, this work and previously re- sl(w)=8w+m 2
ported studies of g, transport strongly suggest that oxygen d
affects the transport properties of thg,Gilms in at least two oF
distinct ways. In the first few minutes of exposure, oxygen gz(w):[s(o)_sx]—dz 3
diffuses through the intergrain boundaries, rapidly quenching 1+ (wq)

electronic transport, and decreasing the intrinsic conductivityyhere w = 2#f is the angular frequency,..~4.4 is the in-

of Ceo by one or two orders of magnitude. Then, in a slowtrinsic permittivity of Cg, (see Sec. )| (0) is the static
process that can run for hours or even days, oxygen diffusgermittivity incorporating the effect of additional polariza-
into the interstitial spaces of the fullerite crystallites, lower-tjion mechanisms to be discussed in Sec. IV B, ands the

ing the conductivity of the material by about two more or- re|axation time parameter. The frequency dependence of the

ders of magnitude. Additional evidence supporting thisioss tangenD for a simple case of parallel-plate measure-
proposition is provided by our studies of low-frequency di- ments is given by

electric properties of fullerene thin films reported below.
gy(w) d
D(w)= )
IV. DIELECTRIC PROPERTIES AS A FUNCTION g1(w)  wepe(w)ARy

OF OXYGEN DIFFUSION whereA is the cross-sectional area of the capacitbis the

The interstitial spaces of the fcc ¢ solid are large  Separation between the plai€sg. 2), R, is the dc resistance
enough to accommodate almost any element of the Period®f the sample, and, is the permittivity of free space.
Table. In this section, we shall investigate how molecular W€ immediately notice that our system cannot be ad-
oxygen affects the dielectric properties ofJfilms. First, equately described by a simple Debye relaxapon mechanism,
we describe the development and dynamics of a low®r: for that matter, any of the other popular smgle-paralrzneter
frequency dielectric loss pealaccompanied by an increase models(Cole-Cole, Davidson-Cole, or Williams-Watis-
in polarization with prolonged exposure to ambient oxygen However, the data can easily be fit to a two-parameter relax-
(Sec. IV A). In Sec. IV B, we hypothesize that these impuri- 0N model, lsL_Jch as the umvgrsal rglaxauon model proposed
ties consist mainly of molecular oxygen, and then demonbY Jonschet; in which the dielectric loss may be repre-
strate that very little charge transfer is necessary in order t§ented by the empirical law combining two power laws, re-
achieve the polarization enhancements reported in Sec. [V APectively, below and above the peak frequemgy
which makes the oxygen diffusion model of dielectric relax- 1
ation in oxygenated g highly plausible. In Sec. IV C, we ex(w)~ - —
propose adiffusion-controlled relaxationmodel for low- (0l wp) ™"+ (0l wp)

4

©)
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20 : , tangent peak in Fig. (B) becomes more pronounced, and
..... (a gradually moves toward higher frequencies by about an or-
~, . der of magnitude in the trace taken after 116 h. With addi-
15F \ T tional exposure, however, the dielectric loss peak decreases
again, until the peak finally disappears completely after
10l \ ] about two weeks of exposure to ambient conditions. It
\ should be noted that, after a 10-h heat treatment in vacuum
.\ (Ty7r=200 °O, the dielectric peak is recovered, with its po-
50 T e, { sition suggesting that some residual oxygen is still left in the
bulk of the film.

permittivity (e,)

L : : (b) B. Impurity-induced polarization

The development of the dielectric peaks, such as the one
gy ] shown in Fig. @b), after oxygen exposure provides further
./ \ evidence for the presence of dipoles in oxygenatggifiins.
g * ] The fact that both G, and oxygen(O,) molecules are non-
\ polar, together with the evidence of reversible oxygen diffu-
sion into the bulk of solid G, (Sec. IV A), strongly suggest

\ ] that these dipoles arise from charge transfer between oxygen

-\ molecules and g, balls. On the other hand, the amount of

R this charge transfer is bound to be very small, reflecting the
fact that the electron affinities of bothggand molecular
10°} ) oxygen are relatively high. The direction of the charge trans-
i, fer can be ascertained by comparing the electron affinities of

— ™ these two molecules. Since the electron affinity of thg C
o N molecule[2.65+0.05 eV (Ref. 8] is considerably higher
1 e N than that of molecular oxyger0.451+0.007 eV(Ref. 30],

0 '\' one might expect oxygen to be the donor ang the accep-
T tor of electrons.

Even though the amount of charge transferred from an
oxygen molecule to a § molecule may be small, it can
102 . . create a relatively large effective dipole moment if the
107 10? 10* 10° charge is transferred over a large distance. To calculate the

frequency (Hz) amount of charge that needs to be transferred in order to
achieve the added polarization evident in Fi¢p)fwe shall

FIG. 6. Dielectric response of a 1000-A-thickfilm after 16  use the Clausius-Mossotti equattbrrelating the relative
h of exposure to the ambient environment at room temperatur@ermittivity e; of a solid to the dipole moment of the
(T~296 K). The real(a) and imaginary(b) parts of the dielectric permanent dipoles contained in the solid and to the molecu-
function are plotted vs frequendyon a log-linear scale, whereas lar polarizability o,
the loss tangenfc) is shown on a log-log scale. The dotted lines
correspond to the best fit to the Debye relaxation fundtiees. (2) g1—1 Ngu AmNpam
and (3)] with the following parameterse.,.=4.4, ¢(0)=18.7, £1+2 _980|(BT + 3 ) (6)
fpea= 674 Hz, andry=1/27f ;o= 236 us.

loss (&)

N
s

loss tangent (D)

2

whereN,, is molecular density of the solidN, is the density
where the exponents and 1-n fall in the range (0,1) and of permanent dipoles, and the fundamental constants are
the peak frequencw, is generally temperature dependent. z;=8.85x 10" *? F/m andkg=1.38< 10 2% J/K, the permit-
The linear fits to the log-log plot of the loss tangent data intjvity of free space, and the Boltzmann constant, respec-
Fig. 6(c) suggest the high- and low-frequency exponents ofjvely. In the absence of permanent dipoles, the molecular
0.87 and 0.19, respectively. These exponents are dependgjdlarizability is, therefore,
on both temperature and oxygen content of thg fi@m, and
vary slightly from one sample to another. 3 g-1

As oxygen diffuses into the bulk of the g films, the amzm e +2° @)

dielectric loss peaks change their magnitude, shape, and fre-
quency position. Figure 7 schematically illustrates the dy-Settinge,=4.4 andN=1.44x 10?* cm~2 (molecular density
namics of the loss peak as a function of exposure to ambierfor solid Cg), We obtaina,=90 A3 for the polarizability at
oxygen. The curve aftel h of exposure in Figs. (@ and =10 Hz. This value compares well with other determina-
7(b) shows that as-prepared films display very little anomadtions of the low-frequency molecular polarizability of
lous dielectric dispersion, resulting in the absence of the diCg.8
electric loss peak. The fltise in the dielectric loss tangent ~ We explain the dramatic increase in the dielectric function
toward low frequencies is due to the finite dc conductivity ofe;(w) from 4.4 at 1¢ Hz to 18.4 at 100 Hz by the polar-
the sample. With prolonged exposure to oxygen, the los&zation caused by the interstitial oxygen. We determine the
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strengthu of a permanent dipole at room temperature bycreated by the transfer of a chargento a sphere of radius
solving Eq.(6) with £=18.4, a,,=90 A%, andT=300 K, R located distanca from the chargey (see Fig. 8.

which yields u~0.9 D. We then represent each;fdmol- For the Gy, solid with O, in the octahedral siteR~5 A
ecule as a conducting sphere of radRs:5 A, and each anda~7 A, and soq is determined to be

oxygen molecule as a point-chargdransferring a fractional

charge onto the g, molecule(Fig. 8). From an image charge g~0.0495,

calculation (assuming that the charge that is being trans-

ferred to G is delocalized, we obtain the dipole moment where gg=1.6x10"1° C is the elementary charge on an
electron. It is very plausible to expect this small amount of

charge transfer to occur between gy,@olecule and an in-
terstitial oxygen molecule through a hybridization mecha-
nism. This validates our assumption regarding the origin of
the dipoles in oxygenated (.

R3

8

C. Diffusion-controlled relaxation mechanism

We explain the dynamics of the dielectric loss peak in
terms of the oxygen diffusion and £8Cg, charge transfer
models described in Sec. IV B above. Since no oxygen is
present in the as-prepared;{film (see Fig. 7, no charge

FIG. 8. A schematic drawingtwo-dimensional projection transfer occurs, and thus no dipoles are present. Therefore,
showing oxygen moleculegepresented by ellipsptocated in the N0 anomalous dielectric dispersion occurs in the as-prepared
interstitials of solid G, (with Cg, molecules represented by Ceo film.
circles. The fcc G, lattice constant is 14.2 A. The figure to the ~ Once the sample is placed in the ambient environment,

right is used in the image charge calculation to obtain(Bgfor the ~ molecular oxygen starts diffusing into the bulk of the film,
dipole moment. transferring charge to the neighboring;dballs, and thus
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creating electrical dipoles, as described in Sec. IV B. As the  racerorrusion CHEMICAL DIFFUSION
?hxygen molecule diffuses through theCattice, it drags_ 00000000 ‘.- ,voﬁe‘go.’,‘e’

is transferred charge from ong¢ball to the nextalong its @gFiee®e® Lo . 00000008
path. Thus diffusion of an oxygen molecule through the lat- ° ® e S ;’;;’;:%-ggs’°g:
tice, which, on a microscopic level, is a random-walk-like ' 'Y ) *Zi‘** . ’.:o‘e;ecooo
process(see Sec. IV I, has the effect of flipping the © SIPOTIe 0 © 2 (09009000

: . 2 20860800 “ 2.2, 00000000

Cgo dipoles at some rate determined by the oxygen diffusion gegeaee® -« wr""0ooco000e
constant and the hopping distance. An applied ac electric AcC
field can couple to this process, yielding a loss peak at some \
frequency determined by the rate of oxygen hopping, which, > x
in turn, is controlled by the diffusion constant of oxygen in
|tS CGO host We, therefore1 proposeChffus|0n_c0ntro”ed FIG. 9. lllustration of the tracer and chemical diffusion pro-

relaxationmechanism for low frequency dielectric relaxation c€Sses in two dimensions. The hollow circles represent atoms or
in oxygenated G, molecules of the host material arranged in a regular lattice, into

In the pristine G, film, in the absence of a charge- which the diffusant is diffusing. Tracer diffusion is a random walk-

transferring diffusantsuch as Q), no enhanced polarization "KE Process. The graph for the case of chemical diffusion shows a
. . L S . snapshot concentration of the material as a function of posttian
[Fig. 7(@)] or anomalous dielectric dispersigRig. 7(b)] is . i : )
: . . . . L ome timet. The concentratiorC of the diffusant outside the
expected. As a greater fraction of the interstitial sites is fille

sample is constant, an@ decreases witlx into the bulk of the

by diffusion, more dipoles are created via charge transfer, . ..,

which results in increased polarization and the development

of a dielectric loss peak at the characteristic hoppi.ng fre- Themacroscopichemical diffusion constari? ., describ-
quency of the molecules. As the number of empty sites deyg the distribution of a diffusant in the host material is re-

creases, oxygen molecules may need to hop to secongleq (o themicroscopictracer diffusion constard,, via the
nearest-neighbor sites, which requires more energy, and Squation

therefore much less likely to occur, resulting in a decrease in
the additional polarization and in the magnitude of the loss Dep=FDy, (10)
peak. With further increased oxygenation, a nearly full occu-
pancy of the interstitial sites is eventually achieved, intersti-vhere
tial hopping is inhibited, and the loss peaks, together with the C 9
enhanced polarization, disappear. - K
To exclude the possibility that the observed enhanced po- kgT dC’
larization behavior is due to some kind of an electrode effectc is the diffusant concentration, and is the chemical po-
we also prepared trilayer structures qualitatively similar toigntig), The distribution of a diffusant in a given film during
those in Fig. 2, but with the electrodes made of metals Otheébsorption (or desorption is governed by the one-
than aluminum(Ag, Au, and Cy. The invariance of the re- gimensional diffusion equatiofFick’s first law),* with the
sults with respect to variation of the electrode material apgpace coordinate taken in the direction of the diffusion flux
pears to indicate that the enhanced polarization effects thal,q Fig. 9.
we observe are due to intrinsic properties of thg;O»
system, and not to electrode effects. aC 9

T o (12

(11

D. Obtaining the chemical and tracer diffusion constants

from the dielectric loss data whereC(x,t) is the diffusant concentration, adds the flux

of the diffusant. Combining Fick’s first lafEq. (12)] with a
There are two different diffusion constants that are oftendifferential mass balance equation
used in thermodynamics: a tracer diffusion consiayt and
a chemical diffusion constam, (see Fig. 9, the latter usu- dC
ally being simply designated d3. Our dielectric measure- J=-D ox’ (13
ment techniques, spanning nine orders of magnitude in fre- . ] o o .
quency, allowed us to obtain both of the constantgVhereD is the(chemical diffusion coefficient, we arrive at

simultaneously for the g0, system, as discussed in this Fick's second law,

subsection. 2 2
Tracer diffusion is usually described as a random walk of @Z g E @) , (14)
the diffusing speciediffusany in the lattice of the host ma- ot 9°x  dC\ Ix
terial. The tracer diffusion constant is defined by Biestein | hore the diffusion coefficier®d may be a function of con-
relation centrationC.
Solutions of Fick’s second lafEq. (14)] for various ge-
(d?) ometries and initial conditions were compiled by Crafk.

D“Zz_q-’ ©) For the case of lateral diffusion into the film of the kind

expected in our Al-Gg-Al trilayer structuregsee Fig. 2, the
whered is the hopping distance, andrepresents the time concentration of diffusante.g., molecular oxyggnat dis-
required for a singldopin the random-walk chain. tancex into the film after timet is found to bé?
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Lt

—————— FEE

Al electrodes

—— ’ |
(a)

substrate

FIG. 10. lllustration of the approximations made in deriving the diffusion equati@ single M-C¢-M (M is a metal junction
similar to those shown in Fig. 2, wheré represents the thickness of thegdilm, and L is one-half of the electrode widtib) An
approximation used in deriving Egdl5) and(16) assumes that the initial concentration is equaC{oacross the g, film's edges, and the
diffusion of oxygen is into the g film. This approximation requires that<L. For typical values of’~1000 A andL~100 um, this
requirement is clearly fulfilled, and the use of this approximation is justified.

C(x,t)—C at low frequencies. The excellent overlap of the data in the
0 D42 . ! -
—<.—c. - —2 ot 1005( apx)e Pt (15)  three measurement regions confirms the validity of our mea-
170 =0 <N surement techniques.
The Einstein relatiofEq. (9)] can be written in the fre-
quency domain as

where C, is the initial diffusant concentration in the film
(zero, C; is the concentration at the surfa@aturateyl D is
the diffusion coefficient,,=(2n+1)x/(2L), and L is
equal to one-half of the electrode widtbee Fig. 1D

If M(t) denotes the total amount of diffusing substance
which has entered the film at timeandM , is the amount at

equilibrium (t— ), then the solution to Fick's second law where (d)~7 A is the average oxygen molecule hopping

can be written &% length corresponding to the distance between two neighbor-
ing octahedral site¢see Fig. 8 andf,=1/7~35 Hz is the

- Dazt hopping frequency determined from the frequency of the di-

Z (2n+1)? " (16 electric loss peak in Fig. 11, yieldin®,~10" 13 cmés
using Eq.(19).

1
Dy=5(d)*f, (19)

M(t) 8
M = _2

The value oft/L? for which M(t)/M.=%, conveniently

written ast;,/L?, is given approximately by 108 oy , e
t1 1 772 1/ 7?\° 1
1z 16" 9|16/ | 19 -

the error being about 0.001% for typical values of the
parameters® Thus the approximation

10’

L2
Dz0.0E< —) (18
1

12

0
can be used so that if the half-time of the sorption process ot w0t 10f 00 a0 100 100 o 100 10
ty is observed experimentally, the value of the diffusion ¢
coefficient for a given temperature, assumed to be constant
can be determined.

In a remarkable illustration of the power and usefulness of  10'f
dielectric measurements, we were able to measure both th Denemica ~£2 %
tracer and chemical diffusion constaldg and D, of oxy- £-1000A
gen in Cg in a single measurement. Figure 11 displays the g ' ,
results of this measurement, plotting both the wedlf) and
imaginarye,(f) parts of the dielectric function over a broad

] U b I U O N - ]

frequency range. The measurements were performed on ; : 3 ; ; D -4

1000-A-thick Cg film in the “sandwich” configuration(see S N R U

Fig. 2). To map the dielectric function over nine decades in 42 i ; ; ; ; : ; ;
frequency, we had to utilize both the HP 4274A LCZ meter LA A T L A
(for measurements from 100 Hz to 100 KHmnd the SI 1254 frequency (Hz)

Frequency Response Analyzéor measurements below 30 FiG. 11. Plot of the frequency dependen(f) ands,(f) used
Hz), in configurations described in Sec. Il. An additional to determine the molecular oxygen diffusion into go@im. Peaks
preamplifier stage was necessary for measurements belowid ¢,(f) due to both tracer and chemical diffusion processes are
Hz, due to the increased effective conductivity of the sampléndicated.
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To find the chemical diffusion coefficied,, we first  dielectric behavior of G, films that we observe(l) devel-
note from Fig. 7 that the polarization and the dielectric lossopment of a low-frequency polarization increase accompa-
both achieve their maximum values afte4 h of exposure nied by a dielectric loss peal?2) evolution of this loss peak
to the ambient environment, corresponding to half-with increasing oxygen content; artg) the eventual disap-
occupancy of the sites that are eventually occupied by oxypearance of the loss peak and additional polarization with
gen, as described in Sec. IV C. This giwgs~24 h for the  full oxygenation of the specimefonce the majority of the
half-time of the sorption process of EA.8). interstitial lattice sites is occupiedIn addition, there is

On the other hand, the same diffusion process that leadample evidence to support the proposition that oxygen does
to the development and subsequent disappearance of tiredeed diffuse into the interstitials of a fulleritsee Sec.
tracer diffusion(molecular hoppingdielectric loss peak in IV A).

Fig. 7 should also show up as a “relaxation” of the interfa- However, we should consider other possible sources of
cial polarization in the dielectric measurements. We can thuadditional polarization, such as effects related to the interac-
extend Eq(18) to incorporate the chemical diffusion values tion of Cgy with the top and bottom Al interfaces in an Al-

obtained from dielectric measuremefii&g. 11), Cgg-Al trilayer structure used in our dielectric measurements
(Fig. 2.
L2 Many authord*—2® have shown charge transfer between
Dcth.OE( t_) ~/?f., (200 Al and Cgy. Similar charge transfer effects were found for
1/2,

other metal$®=*3If we allow for the possibility of diffusion

) . ) o of metal atoms from the electrodes into the bulk of,Cas
wheref is the frequency position of the chemical diffusion- gome earlier studié4?® appear to indicaje then a charge-
related loss peak in Fig. 11, corresponding to millihertz fre-ransfer mechanism similar to that developed for oxygen dif-
quencies, and’ is the thickness of the g film (see Fig. 10 fysjon (Sec. IV B would apply, resulting in a frequency-
The origins of the chemical diffusion-related apparent polaryependent polarization and a dielectric loss peak at low
ization increase and the accompanying loss peak in Fig. 1equencies. One might then account for the peak’s dynamics
should be attributed to the interfacial polarization due to OXy<(similar to that described in Sec. IV)®y proposing that, as
gen ions drifting back and forth between the plates of theynetg] (e.g., A) atoms oxidize, they become less mobile,
capacitor under the ve_ry—Iow—frequency appl_ied glectric fieldyyhich prevents them from hopping between adjacegg C
From Eq.(20), we estimate the chemical diffusion of mo- interstitials, thereby eliminating dielectric dispersion. It
lecular oxygen in G, at room temperature to be within the should be noted that all of our reasoning would apply to the
margin of error from the tracer diffusion constant, i.e.,nterfacial metal diffusion-induced polarization in exactly the
Dey=10"**cn?'s . (The variance in the results f@c, 0b-  same way that it applies to the oxygen diffusion-induced
tained with the two methods presented in £20) is likely  effect. However, this scenario appears somewhat less than
due to the different values of the diffusion coefficient in theplausible, considering that, as shown in Sec. IV A, the di-

lateral and normal directions of the sample. ~electric peak observed in our films is reversible upon heat
We have, therefore, demonstrated that the chemical diffuyreatment T,;;=200 °Q in vacuum. The strong metal-metal

sion constant can be determined by dielectric measuremengxide (e.g., Al-Al,O5) bonds can hardly be expected to
either by following the evolution of théracer diffusion  preak easily at temperatures as low as 200°C.
(hopping loss peak and detecting the half-time of the sorp-

tion procesdq,,, or by direct measurement éf-14,,, via
detecting the dielectric loss peak at very low frequencies due

to interfacial polarization. V. TEMPERATURE DEPENDENCE OF

By making use of the Einstein relation connecting a THE DIELECTRIC FUNCTION IN OXYGENATED C ¢,
charge carrier’s diffusion constabt and its mobility u, ) ) ) )
We measured the dielectric properties ofyGilms (0.1

Hz<f<100 kH2 versus temperaturél00 K<T<300 K).
ﬁz_, (21)  The results of this study are presented in Fig. 12. The
D kgT highest-frequency dielectric loss peak in Fig.(H2corre-

sponds to 290 K, and the loss peak moves down in fre-

we can estimate the mobility of oxygen molecules in thequency, as the temperature is lowered to 215 K in steps of 5

Cgo film. Using g~0.04q; (as derived in Sec. IVBand K. As demonstrated in Sec. IV A, the peaks that we observe

T=300 K, this molecular mobility is calculated to be are not Debye-like, as shown by the higher-frequency slope

po,~10"**cm? vVt s7*, which is infinitesimal compared of 1-n=0.7 (on the log scalein the dielectric loss peak

to carrier mobilities in Goof 0.08—1 cn? V s 1 reported  [Fig. 12b)]. N _

in the literaturé® We, therefore, conclude that the contribu- An Arrhenius plot of the frequency position of the dielec-

tion of diffusing oxygen ions to dc transport inggfilms is  tric loss peaks shown in Fig. {19 is presented in Fig. 13.
negligible. We find that the peaks are indeed temperature activated with

a functional dependence

E. Discussion

The oxygen-induced charge-transfer mechanism pre- f=f0exp<—i> 22)
P kgT)’

sented above explains very well the main features of the
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20 : i i i . Let us now return to Fig. 12 and consider the dielectric

/ (a) behavior of our system below theggstructural transition at
To1=~260 K. At temperatures below thEy, transition, theC

60 Molecules are not free to rotate any more and the loss
peaks associated with their rotational motjan,,~ 10° Hz

at T~300 K (Ref. 9] are moving into our frequency range
[~ 10°—10° Hz at T~160 K (Refs. 10 and 44 and ap-
pear as a broad increase in the loss function above 100 kHz.
Below ~190 K the absolute value of the slope of the dielec-
tric loss curve begins to decrease as well, reaching
n—1=0.37 at 170 K[the bottom curve of Fig. 1®)]. This
shows that at low temperatures the hopping motion of the
oxygen molecules freezes out, and the system becomes more
strongly correlated, which, in turn, results in a leveling off of
the polarizationsee the bottom curve on Fig. (B, corre-
sponding to the frequency response at 170 K

S O O NOWO

VI. CONCLUSIONS

0.1k

107 160 161 1(')2 1(')3 1(')4 10° We used dielectric spectroscopy to measure the frequency
frequency (Hz) and temperature dependence of the low-frequency dielectric
function e (w) of thin Cgq films. In order to explain the di-
FIG. 12. Frequency dependence of the (@ahnd imaginaryb) electric loss peak and the accompanying increase in polariza-
parts of the dielectric function of a 840-A-thicksgfilm plotted on  tion observed at-10-100 Hz, a small charge transfer is
a log-log scale for temperatures 215—-290 K in 5-K intervals. Theinferred between the g and O, molecules which occupy
loss (e,) peak is activated with &,=0.5 eV energy barrier and a interstitial spaces of solid § exposed to oxyge(or ambient
frequency prefactor of 210'? Hz (as found from the Arrhenius air). Due to the large size of the g molecules, this small
plotin Fig. 13. The loss peak in the, vs w plot is not Debye-like,  charge transfer creates large dipole moments, which in turn
as shown by the higher-frequency slope of —@if the log scale  are coupled to the applied ac electric field vialigusion-
indicative of a correlated system. The broad increase in the losggntrolled relaxationrmechanism. These dipole moments are
function bgyond 100_ kHz for the low-temperaturg( ) traces is responsible for a large increase of permittivity at low
due to residual rotations of d; molecules below thdo~260 K = fequencies. With increasing oxygenation, the interstitial
structural "freeze-out” transition. The hopping of the oxygen mol- oo ey entually become nearly fully occupied, interstitial
ecules also frgezes (_Jut belowl90 K_, resultlng in a decrease of the hopping is inhibited, and the loss peaks, together with the
slope of the dielectric losssg) and in a leveling off of the polar- . .
enhanced polarizations, disappear.

izati )
ization (1) We note that G, can be thought of as a rather potent

whereE, is the activation energy, anf}, is the frequency charge sponge.” InM3Cgo (M is an alkali metal this
prefactor. From Fig. 13 we find that the activation energy of€ads to novel superconducting compoufitién thin-film
the loss peak below the phase transitioriTgi=260 K is  {Al-Ceof n multilayer structures, charge transfer leads to in-
0.35 eV whereas the activation energy above the phase tratgresting interface effecf; and in our study, this charge
sition is 0.49 eV, with a frequency prefacthy=2x 1012Hz  transfer leads to an extraordinary additional polarization ef-

comparable to the phonon frequencies. fect. _ _
We conclude that dielectric spectroscopy can be used to
\ o] y T y T T assess the content of oxygen in the interstitial spaces of
10°EF e Cgo solid. Both tracer and chemical diffusion coefficients can
e 3 be determined for the same sample. We have used this tech-
) nique in other work? to ascertain the effect of various inter-

calants on the dielectric properties oggJilms.

—
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4 'Q: ° AtT>Ty, : E,=049 eV
107 E f=2x10"2 Hz

peak frequency (Hz)
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