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DIELECTRIC PROPERTIES OF MOLYBDENUM OXIDE THIN FILMS
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AC coductivity measurements of Molg/bdenum Oxide thin films (M0oO3) are investigated
within the frequency range 10°-2.5x10° Hz and the temperature range of 273 — 393 K. The
frequency dependence of the impedance messurements plotted in the complex plane reveds
three semicircular arcs. The system could be represented by an equivaent circuit of a bulk
resistance in series with three parallel resi stance-capacitance combinations corresponding to
contributions from the grain-bulk, grain-boundary, and el ectrode—film regions. The dielectric
constant €’ increases with temperature and decreases with frequency, wheress the dielectric
loss ¢” displays a broad maximum peak whose position shifts with temperature to a higher
frequency region. The Cole — Cole diagrams of the relation €” (¢) show also three
semicircular arcs, where some regions dominate the others. The temperature-dependence of,
both the molecular relaxation time T and dc conductivity o, yield for the first time, three lines
with different activation energies. The optical dielectric constant &', was aso separated to
three curves, which increase with temperature to give broad peaks at ~341K.
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1. Introduction

Thin films of metd—oxide insulator compounds are used in a wide range of applications,
such as manufacturing semiconductor devices, e.g. transistors, and integrated circuits. In metal—
oxide compounds, like molybdenum oxide (M0Qs), thin films are difficult to be prepared by thermal
evaporation process, bacause of decomposition and the prefrential evaporation of the lower—vapor
pressure of the constituent atoms. In metal—oxide compounds, the metallic congtituent usually has
the lower—vapor pressure [1]. Thus, these evaporated films may often contain an excess of metal
atoms, which can act as donor or doping centers [2]. It requiers only one molecule per million to
yield an impurity level of the order 10" cm™ [1,2]. It was suggested that, this dopant controls the
dectrical properties of the films, and so the energy diagram of the dopant films will be different
from that of the undopant ones.

Molybdenum oxide thin films (M0Os) havetheir optical absorption peak close to the human
eye snsitivity peak [3,4]. This property makes MoO; thin films very attractive for applications in
optoel ectronic devices [5]. These compounds show photochromic [6,7], € ectrochromic [4,8-11], and
thermochromic [12] effects, which make them very important for smart windows and display
applications.

Since molybdenum oxide thin films are n—type semiconducting oxide [1,2,13], its resistance
is affected by the presence of gases. So, MoO; thin films have been extensively used for detecting a
vari ety of gases, like ammonia, CO, NO, and NO, [13, 14].

Complex impedance specroscopy is a flexible tool for simultaneous eectricd and
didectrical characterization of materials. This powerful technique has been widey used to
characterize the did ectric behavior of single crysta [15,16], polycrystalline [17,18], and amorphous
materials [19,20]. AC impedance analysis allows us to inspect various phenomena occuring in the
specimen under different conditions. The most important advantage of AC measurements is that,
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they can distinguish individual contributions to conductivity or polarization from different sources.
In the case of polycrystalline materias, where trapping charges play an important role, the materia
may be divided into three regions, the grain-bulk (or lattice), the grain-boundaries, and the
dectrode-film interface (or contact—surface) regions [21,22].

In the present work, we report our investigations for complex dieectric properties of
mol ybdenum oxide (M0Qg). The did ectric measurements have been performed on thin films, using
the so-cdled Cole-Cole plots[23], as afunction of temperature.

2. Experimental procedure

The samples were fabricated on glass substrates by vacuum deposition of successive layers
of gold, molybdenum oxide, and gold, without breaking vacuum. The first gold dectrode was
evaporated at a pressure of ~107 Torr. Molybdenum oxide was then deposited on to the gold film at
arate of deposition of 10 A/s. The oxygen having been leaked into the system, during evaporation
process with a pressure of 9x10™* Torr. Glass substrates were maintained at 400 K during
evaporation process. Thickness of molybdenum oxide films ranged between 3000-6000 A, while
effective area were 2025 mn?. The oxygen pressure, substrate temperature (T>375 K), and
mol ybdenum oxide deposition rate, give the stable structure of molybdenum oxide thin films, o—
MoOs [2,24].

To investigate the didectric constant, didectric loss and impedance, a DSP Lock-in
amplifier (Signal Recovery) model 7265, was used. The sample was placed in a chamber evacuated
toabout 10~ Torr, specially designed to minimize both stray capacitance and ambient gases effects.
The range of frequencies was 10° — 2.5x10° Hz. The temperature of the sample was measured by a
calibrated K-type thermocouple over a temperature range 273 — 393 K. The thermocouple was
connected in series with an automatic rellay and a digital temperature indicator which alowed
controlling the temperature automatically to + 1K.

3. Results and discussion

Complex impedance behavior can be described by a series of tripple parald R-C circuit
eements, that corresponds to the dieectric behavior of the grain-bulk, the grain-boundary, and the
eectrode-film, respectively. These are characterized by the parameters, (Ry,Cg), (Rg,Cq), and (Re,
C.), where R resembles the resistance, and the capacitance C resembles the polarization of these
regions. The grain-bulk impedance arises from the lattice bulk of the thin film, while the grain-
boundary impedance originates from the trapped charges, due to impurities or defects in the sample
[21]. The grain-boundary is suggested to be a continuous phase, or a blocking layer of high
resistivity, surrounding the grain-bulk region [25]. As for the eectrode-film impedance, it comes
from the contribution from migration effects. lonic species or charges can diffuse towards the
e ectrode-film contact and accumulate there [26].

Fig. 1. Shows, schematically, a complex impedance diagram, in which Z” is plotted against
Z', whereZ' and Z" arethered and imaginary parts of the complex impedance Z*.
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Fig. 1. Schematic diagram of complex impedance spectra showing arcs due to three regions.
Arrow direction showsincreasing frequency.
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A more satisfactory approach may be taken by considering a simple equivalent circuit. Fig.
2 shows an idedlized equivalent circuit, that gives rise to the three arcs shown in Fig.1. A resistance
Ry is added, in series, to the paralld capacitance-resistance combinations, to represent the
contribution to resistance from the grain-bulk interior. The grain-boundary normally exhibits higher
resietance than the grain-bulk, and lower resistance than the e ectrode-film. So,

Ry< Rp< Re Cq Ce Ce

— i i

Ry Re Re

Fig. 2. The equivaent circuit corresponding to the threeregions of Fig. 1.

The complex impedance, Z*, of this circuit can be written as,
Z=z-iz" (1)
And, the complex did ectric constant can be written as,

g=¢g-ig" 2
where, €, and &”, are the real and imaginary parts of the complex dielectric constant.
The dissipation factor or loss tangent, tan §, is often used to characterize the didectric loss

of amaterial, whichis given by
tand=2"12'=¢"1¢ 3)

where the did ectric constant €’ is given by the rdation C/C,, where C is the measured capacitance,
and C, is the geometrical capacitance, whichis given for a film by the vacuum permittivity &, , area
A and thicknesstintherdation, Co= ¢ A /1.

For Z' and 2", we have, wherei =+/-1, @ isthe angular frequency (=2xf),

, R, Ry, R
Z'= Rb + Fa >t : 2 4
1+ (wR,C,)* 1+(wR,C,)* 1+(wR,C,) (4)
and,
__®R'C,  wR, C, w R’ C,
"1+ (WR,C,)? 1+ (wR,C,) 1+(wR,C,)’ ©)

Figs. 3 and 4 show the variation of the real and imaginary parts, Z' and Z”, of the complex
impedance, as a function of frequency, at various temperatures. Z' decreases as the frequency and
temperature increase. The curves show two broad maxima between 600 Hz <f <3600 Hz, at T<293
K. These maxima disappear & T>293 K. At low and high frequencies, for T> 293 K, Z’ does not
show appreciable change due to the change of temperature. As for theimaginary part Z”, we can see
that, the curves display broad peaks. The position of the peak maximum shifts, towards higher
frequendi es, with increasing temperature.
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Fig. 4. Relation between Z'* and log f.

The imaginary part of the dectrical impedance Z” was plotted versus its rea part Z' for
various temperatures. Typical complex impedance spectra of MoOs thin films, related to the applied
frequency for various temperatures, are shown in Fig.5. Through the whole range of measurements,
the Cole —Coale plots reved three crossing semicircular arcs. The anaysis of these semicircular arcs
gives, from the high frequency side, the grain-bulk, the grain-boundary, and at last, the eectrode-
film impedance at the low frequency side. All these semicircles are not perfect semicirdes, but
inclined with their centers below the Z'-axis by an angle, which is different for each case.

At low temperatures, < 306 K, the grain-boundary impedance dominates both the grain-
bulk, and the dectrode-film impedances. When the temperature increases, > 306 K, the grain-bulk
dominates both the grain-boundary and the dectrode-film, until T = 341 K, where the grain-
boundary becomes comparable to the grain-bulk, and both dominate the dectrode-film region. At
T>341 K, the grain-bulk region dominates again until T>378 K, where the grain-bulk region and
grain-boundary become comparabl e, and again both domi nate the € ectrode-film region.

In Fig.5, Z" vanishes upon approaching both the lowest and highest frequencies, for each
region, whereas Z' varies throughout the applied frequency. Therefore, the complex impedance
diagram Z"(Z’) would reflect R, a higher frequencies, whereas contribution of Ry, Ry, and Re,
increases upon shifting to the lower frequencies. The intersection of the real axis with the lower-
frequency extrapolation of the three semicircles gives Rg, Ry, and Re,.

In Fig. 5, it is seen that, as the temperature increases, the impedance of the three regions
decreases and moves towards |ower values. We can observe, that the grain-bulk resistance, Ry, the
grain-boundary resistance, Ry, and the dectrode-film resistance, R, are temperature- dependent and
decrease as the temperature increases. The temperature dependence of a resistance R, is represented
viaathermally — activated process, with the formula

R=R,exp. (AE/KT) (6)

where R, is a constant, and AE the activation energy. The extrapolated resistances at the lower
frequencies, Ry, Ry, and Re, could be used to eval uate the coductivity, using the formula,

Goc = Go EXP. (— AE/ KT) @
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Fig. 5. Complex impedance spectra of MoO; for arange of temperature. The frequencies are

inkHz.

Fig. 6 shows the variation of log opc of the three regions of the sample of M0Os, versus 1/T.
The slope of each curve gives the activation energy for each region. AE = 0.289 eV, 0.249 eV, and
0.226 eV, while o, = 1.318, 0.955, and 0.724 Sm™, for the grain-bulk, grain-boundary, and
eectrode-film regions respectively. Only, one value, for the activation energy was given by ref. [2],
for the measured values of conductance versus L/T, to be 0.274 €V, and for frequency versus 1T to
be 0.272 €V. The mean va ue of our results gives AE = 0.255 eV. We can see for DC conductivity,
that AE; >AEg> AE..
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Fig. 6. Variation of o (dc) versus 1000/T.

Figs. 7 and 8, show the frequency-dependence of the did ectric constant ¢’ and die ectric loss
g" at different temperatures. The didectric constant &' decreases with increasing frequency, and
increases with increasing temperature. As for the didectric loss €”, adl the curves increase to a
maximum va ue to give a broad peak, and then decrease to lower val ues. The position of the peak—
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maxi mum shifts towards higher frequendi es as the temperature increases. The peaks hight increases
to a maximum vaue at T = 306 K, and then decreases to alower value at T = 341 K, after which it
increases agai n to another maximum value at T = 366 K, and then decreases again.

3500

3000 &
2500
2000
1500
1000

500

0

log f (Hz)
Fig. 8. Relation between £’ and log f.

Figs. 9, and 10, show the temperature-dependence of the did ectric constant &', and did ectric
loss €”, of MoOs thin films (at constant frequencies). The dig ectric constant &’ increases slowly until
306 - 310 K, afterwhich it increases progressivey to yid d higher va ues. Asfor the did ectric loss £”,
it increases to a maximum value, afterwhich it goes to a lower value. The peak maxima are nearly
between 306 - 310 K.
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Fig. 9. Temperature-dependence of €.
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Fig. 10. Temperature — dependence of €.

The Cole-Cale diagrams &” (¢") for MoOs thin films are shown at several temperatures in
Fig.11. Three semisircular arcs are obtained for each temperature. The centers of the semisirdes lie
bd ow the abscissa axes by an angle a, which is different for each case. This confirms that there
exists a distribution of reaxation times in MoO; thin films. The points, at higher frequencies, which
do not belong to the grain-bulk arc, are due to stray capacitance. This stray capacitance disappears at
higher temperatures. The analysis of the results could reveal several parameters, such as the
macraoscopic rel axation time 1., the molecular relaxation time t, the activation energy for relaxation
E, , and the distribution parameter o [23, 27, 28].
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Fig. 11. The Cole— Cole diagrams of M 0oO; for arange of temperatures. The frequencies are kHz.
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The macroscopic rd axation time 1, can be eva uated using the r ation [23]

U 1-a

v (w1,) (8)
where U is the distsnce on the Cole-Cole diagram between the static didectric constant €', and the
experimental point, V isthe distance between that point and the optical didectric constant €', and ®
is the angular frequency. The symbols o, U, and V are shown in Fig.11. The extent of the
distribution of relaxation times increases with increasing values of the parameter a, whilethe value
of 1, was found to decrease with temperature.

The molecular rd axation time T could be eval uated from [28],

_2e,+ &,
T e To ©)

The temperature dependence of T is athermally activated process, described by the relation
[29-32],

T=T,exp(Eg/kT) (10)

where 1, isthe rdaxation time at infinite temperature. It represents the time of a single oscillation of
a dipole in the potential wel, E, is the activation energy for reaxation, while t represenrs the
average or most probabl e val ue of a spread of relaxation times.
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Fig. 12. Relation between log T and 1/T.

Fig.12 shows the rdaxation time t for M0O; thin films, plotted against the reciproca of
temperature for the three regions. Fig.12 dearly shows three linear relations between In T and 1/T.
The calculated va ues of 1., and E, were found to be 1.995x107° s, 0.21 eV, 4.467x107° s, 0.27 eV,
and 5495 x107° s, 0.31 eV, for the grain bulk, grain-boundary and dectrode-film regions,
respectively. The mean value of our results gives E,= 0.264 €V , higher than the value obtained
from our dc conductivity, but comparable to the value (0.272 eV) obtained by ref [2] for AC
measurements. The lower value of dc activation energy may be due to oxygen vacandies and other
defects, which may decrease the band gap [3,7]. It is seen from Fig. 12, that for the relaxation times,
T electrodefilm = T grain-boundary = T grain bulks and for the activation ene’g| €s, B detrodesiim > Eo grain-boundary =
Eo grain bulk.
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Fig. 13. Variation of &,, with Temperature.

The variation of the optical didectric constant &', with temperature, calculated from Fig. 11,
isrepresented in Fig. 13. It is seen from fig. 13, that €', increases with temperature to yield a broad
maximum at ~341 K, for the grain-bulk, grain-boundary, and dectrode-film regions. At T~341 K,
the didectric loss €" is minimum, which gives a maximam vaue for the dieectric constant, since
both are sharing together to the complex did ectric constant.

4. Summary and conclusion

The impedance spectra of mol ybdenum oxide (MoOs) thin films, in the frequency range 10%
2.5x10° Hz, and within the temperature range 273-393 K, have been investigated. The Cole-Cole
plots yidd three esmicircular arcs, arising from the contribution of the grain-bulk, grain-boundary,
and e ectrode-film regions of the film. At temperature of 306 K < T< 341 K, the grain-bulk region
dominates both the grain-boundary and the dectrode-film regions. Both the temperature-dependence
relations of o4 and 1 allowed to separate the three regions, giving rise to three lines with different
activation energies. At T~341 K, the didectric loss &' is minimum, and so, the optica dieectric
constant €', for the three separated regions yie ds a maximum peak at this temperature.

To our knowledge, it isthefirst time, that the three regions of the grain bulk, grain-boundary
and dectrode-film are separated, in the rdations of oy-temperature and 1-temperature, where three
lines were found, each with different activation energy. Also, in the rdation €', - temperature, three
separated different curves, due to the three regions, were obtained. The separation of the three
regions helps us to find the individua properties of each region.
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