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Abstract. Impedance and phase measurements on a AGH#B/SnG, sandwiched-structure
thin-film device 0.8um thick were carried out at room temperature as a function of frequency
in the range 0.1 Hz—1.0 MHz under dark and visible-light environments (0-64.8 mv#)cm

A thorough impedance analysis was carried out using two types of equivalent-circuit model
to explain the observed AC behaviour. One of these models utilizes the classical concept
of interfacial space-charge polarization based on the Maxwell-Wagner two-layer capacitor
system, whereas the other takes into consideration the physical meaning of a@Gu@sBnG,
optoelectronic device. The latter model has been invoked to calculate the individual electrical,
photoelectric and dielectric parameters of the®i®s. The results of such an analysis enable

us to deduce a value for the room-temperature volume dark resispyitgf the PhCrOs
material equal to B x 10° € cm. Furthermore, these results confirm that the photoconduction
phenomenon in RICrOs is due to semiconductivity with the photoconductivity,, varying

with light intensity F according to the generally accepted experimental power law of the form
Ophor ¢ F™, with m = 0.7(x£5%). The relative dielectric constant of this semi-insulating
material has been found, for the first time, to have a value of 14.9, irrespective of the illumination
level. On the other hand, the electrical, photoelectric and dielectric properties associated with
the Au—PhCrOs contact, which is probably responsible for the low-frequency dispersion in the
device, were found to have a large influence on its overall AC characteristics and this has been
attributed to interfacial space-charge effects which seem to be enhanced by illumination.

1. Introduction

The electrical properties of the surface and interfacial layers of dielectric specimens are often
different from those of the bulk of the material. These differences are often attributable
to contact effects between the electrodes and the specimen [1-18]. The phenomenon is
important both from the view-point of the measurement and interpretation of the electrical
and dielectric properties of dielectrics and from the view-point of the application of
these materials in engineering practice. For some applications, it is not only the bulk
electrical properties of the dielectric material which are significant, but also the properties
of the surface and interfacial layers where contacts are made from metallic components.
Knowledge of contact and interfacial effects enables a combination of electrodes and
dielectric to be chosen such that the results of measurements of the electrical properties
are only a little different from the internal properties of the dielectric.

For thin dielectric and semiconductor specimens, contact effects have a greater influence
on the properties of the combination of metallic electrode—dielectric-metallic electrode
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than they have for thick specimens, and the difference between measured properties
and internal properties becomes correspondingly more significant. These effects have
become of practical significance as electrical or microelectronic devices usually incorporate
integrated-circuit combinations such as metal-insulator-metal, metal-semiconductor—-metal
and similar thin-film arrangements [4-19]. In general, these thin-film systems usually
involve inhomogeneous parts brought about by structural changes and/or by the creation of
surface layers caused by the absorption of atoms, ions or electrons from the surroundings.
Thus, electrode and interfacial space-charge effects become important and operative in
such systems and can sometimes lead to electrical and dielectric performance of these
structures that will be dependent on the applied external agents such as DC-biasing
conditions, specimen thickness, illumination, and the frequency or amplitude of the AC
signal used. This often renders reliable measurements of electrical and/or dielectric
properties of the interior of the specimen difficult to obtain and makes their interpretations
more complex.

A powerful customary experimental method which has been invoked to investigate
the AC behaviour of such electrical-circuit combinations is the use of AC-impedance
spectroscopy techniques [10-14, 20-25]. The results of these AC methods are often analysed
and interpreted by adopting a proper equivalent-circuit model as such an approach usually
enables one to separate the influence of the electrode and interfacial effects from the inherent
bulk properties of the device under investigation. In general, one cannot find a universal
type of equivalent-circuit model that describes the electrical AC behaviour of all dielectric
systems, and even an individual one can only be assumed to be a simplified representation
and/or to achieve a specific interpretation of the experimental results. The electrical-circuit
models based on the conventional Maxwell-Wagner (MW) two-layer capacitor system
[3-6] or those considering the physical meaning of an electrical or optoelectronic device
[10-14,21-25] are sometimes applicable and informative. We have adopted the MW model
as well as a specific physical model of the latter type to describe the structure of our device
and its overall electrical and dielectric properties as will be discussed later.

One of the important and attractive materials that has recently received considerable
attention for use in photoconductors and microelectronic optical devices in the ultraviolet and
visible regions of the spectrum is rOs [15-19, 26-31]. PfCrOs, in the system PbO-
chromium oxide [32, 33], is described as a dielectric material because of its centrosymmetry
in the C2/m space group. This material has been found to have a wide band-gap
energy E,(~ 2.1-2.3 eV), a large absorption coefficiemt~ 10°~1° cm~! and a high
photoresponse speed in this spectral region. Thin films of this material were considered to
be more informative and suitable for integration of photosensor elements than specimens
in the ceramic form. Structural, optical and electrical studies on various forms,afr©p
specimens have revealed that most of the physical properties of the fabricatedOPb
devices depend on the conditions of the sample preparation and/or electrode arrangements.
So far, thin films of PBCrOs have been produced by the electron-beam evaporation (EBE)
deposition techniques and were found to give the best electrical performance and possess
crystallized structures similar to that of the bulkBibOs material when prepared at substrate
temperatured; in the range 100-15@ and annealed at temperatures between 400 and
500°C [26, 27].

Regarding the AC behaviour of and photoconduction phenomenon in f#&r®&bthin-
film devices, not much work has been done and only a few detailed analyses of these
electrical properties have been carried out. Moreover, universal values of the relative
dielectric constant and the room-temperature volume dark resistiyifyof Pb,CrOs have
not yet been reported and are not well established. To achieve such a goal we should give
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further consideration to the analysis of the electrical and dielectric properties of annealed
thin-film devices of this semi-insulating material.

It is the purpose of this study to utilize the above-mentioned types of equivalent-
circuit models to discuss and analyse the frequency dependence of the complex-impedance
data of a Au/PRCrOs/SnQ;, sandwiched-structure thin-film device prepared under optimum
conditions with the device being placed in the dark and in various visible-light environments.
The analysis will also be used to deduce representative values for the volume dark resistivity
and the relative dielectric constant of the,BbOs material at room temperature.

2. Experimental details

The geometrical details of the Au/BBrOs/SnG, sandwiched-structure thin-film device
investigated in this work are shown in figure 1. One side of the Pyrex glass was coated with
a Sb-doped Snftransparent film which serves as one electrical electrode for the device.

A Pb,CrOs film 0.8 um thick was deposited on the Sp@Im at a substrate temperature

T, = 110°C by RF magnetron sputtering with a 50 mbar Ar working gas pressure. The RF
power for sputtering was 100 W. The distance between the glass substrate angGhesPb
ceramic target used as the source material was 25 mm. After the deposition, the as-deposited
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Figure 1. Details of the geometrical structure of the AugPOs/SnQ;, thin-film device: (a) side
view; (b) top view.
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film was annealed &, = 450°C for 10 h in air to achieve crystallization of the obtained
PCrOs film [18-21]. An Au film 30 nm thick was selected to serve as the top electrical
electrode.

The crystallization features of the annealed®i®s thin film have been confirmed by
the x-ray diffraction (XRD) patterns of the above-described as-deposited and annealed thin
films and these are shown in figure 2. The x-ray source was &udadiation at 40 kV
and a current of 20 mA. These XRD patterns suggest that the as-deposited film is in the
amorphous state, whereas the appearance of the sharp peaks in the case of the annealed
Pr,CrOs film is an indication of crystallization of the film as a result of the annealing
treatment. Moreover, the XRD pattern of this annealed film is similar to those reported for
Pk, CrOs bulk material and similar annealed #yOs thin films produced by EBE deposition
methods [17, 18, 26, 27].
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Figure 2. XRD patterns of PECrOs thin films for (a) an as-deposited film at a substrate
temperature of 110C and (b) a film annealed at 45G.

The complex impedancé& (jw) of an electrical device at an angular frequengyof
the applied AC signal is expressed d§w) = Z'(w) — jZ"(w), Where Z'(w) and Z” (w)
are the real and imaginary parts, respectively, of the complex impedance. In general, AC
impedance methods enable one to measure the phase @&ngle= tam{Z" (w)/Z'(w)}
and the complex-impedance magnitufig(jw)]| = {[Z'(w)]? + [Z" ()]?}*/? of the device
under investigation. Two types of experimental arrangement were used to measure these
guantities for the PICrOs thin-film device of this work as a function of frequency in the
range 0.1 Hz-1.0 MHz and these are represented by the schematic diagrams in figures 3(a)
and 3(b). Since the device impedance is high in the low-frequency region, the measuring
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circuit in figure 3(a) has been used for the impedance and phase measurements at frequencies
between 0.1 Hz and 1 kHz. This experimental set-up incorporates a high-input impedance
J-FET operational amplifier (type PMI OP-43EJ), an HP 8165 A oscillator and a digital
oscilloscope (LeCroy 9314 L). The uncertainties in the measured values of the complex-
impedance magnitudgZ (jw)].eqs|, and phase angléd {w)]...s were better than 3% and

2.5% respectively, at frequencies below 100 Hz but highly improved at higher frequencies.
In the frequency range 200 Hz-1.0 MHz, where the device has a low impedance and thus
measurements can be carried out using most commercial vector impedance meters, we have
used an HP 4192 A impedance analyser to obtff(jw)]neas|, and P(w)]neqs for the

device using the set-up in figure 3(b). The results obtained by both methods were in good
agreement, within the accuracy of the measurements, for the frequencies between 100 Hz
and 1 kHz. The peak-to-peak voltadg, of the applied AC signal was 2.82 mV, which
corresponds to an electric field of 3.525 kV mhthat is well below the field of instability

and/or breakdown in BErOs thin-film devices [15, 17].

0t gspillator

(HP 81654A)

ehl —
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(LeCroy 9314L)

T-branch
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high low
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{(HP 41924)
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Figure 3. Experimental arrangements for impedance and phase measurements in the frequency
ranges (a) 0.1 Hz-1 kHz and (b) 200 Hz-1 MHz.

The measurements of the complex-impedance magnitude and phase angle were carried
out at room temperature with the device either being placed under dark conditions or being
illuminated with white light produced by a tungsten—halogen lamp (Sylvania JCP; 100 V;
650 W). The maximum photoresponse of,Eb0s is often achieved in the visible spectral
range between 500 and 600 nm. The light beam was incident and focused upon the upper
Au electrode of the device, and the intensity of the falling light was varied and monitored
between 0 and 64.8 mW crA
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Frequency dependences of (a) the magnitude and (b) the phase of the device
impedance: A, measured results under dark conditions; O, measured results under a light

intensity of 64.8 mW cmZ.

3. Experimental results and discussion

Figures 4(a) and 4(b) show the frequency dependences of the measured complex-impedance
magnitude[ Z (w)]meas |, @nd phase anglé{w)] ..., respectively, produced by our FxOs

thin-film device at room temperature under a dark environment and for a light intensity of
64.8 mW cnt2. At high frequency (19 Hz or higher), the device impedance is reduced to

a low constant value of about 2.8k regardless of the intensity of the light illuminating

the device. At low frequencies (below 20 Hz), the device impedance tends to saturate
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Figure 5. The equivalent circuits used for impedance analysis of the A@RB;SnG, device
based on (a) the MW two-layer capacitor model and (b) a model that incorporates the physical
meaning of an optoelecronic device.

at a high constant value witHZ(w)]meas] ~ 3 x 10" Q in the dark case and about

10’ @ when the light intensity was 64.8 mW crh These data suggest that the device

is acting as a purely resistive element at the extreme frequencies as can also be seen
from the corresponding values of the measured phase angle{®)]c.; — 0°). In

the intermediate-frequency region, however, the device impedance is a strongly decreasing
function of increasing frequency, indicating that the capacitive part of the device becomes
more operative. Moreover, the phase angle of the device increasesétan,[..s = 0°

at the lowest frequencies towards negative values as the frequency increases and passes
through a minimum([6(w)]...s =~ —90°) at a frequency of about 4 kHz; after this it starts

to rise again toward¥[w)]....s = 0° with further increase in the frequency.

The overall observed AC behaviour of the AufRbOs/SnG, thin-film device of the
present study can be understood if we visualize this device as composed of a@udPb
contact and a bulk BErOs film whose electrical and dielectric properties are not the same
and are dominant in different frequency regions. Such a device can be described by the
use of the MW two-layer capacitor model [3—6], in which the permittivityand electrical
resistivity p; of the metallic—dielectric interface of the device are often represented by a
parallel R;C; combination connected in series with another paratigl, network for the
dielectric bulk material having a different permittivity and a different electrical resistivity
2. These parallel networks are connected to a series resisynoéthe film electrodes
as depicted in figure 5(a). The complex impedance of this two-layer capacitor system in
figure 5(a) can be written as

ZMW(ja)) = Z;\/Iw(w) - JZ;tlxlw(w) (1a)
and the corresponding phase anglé])]w is given by

[0(@)]pw = tan {Zyy (@)/ Z)yy (@) (1b)
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where the real and imaginary parts Bf;w (jo) are expressed as

Zyw (@) = Rs + Ri/[1 + (@R1C1)?] + Ro/[1 + (@R2C2)7] (1c)
and

Zyyw(©) = @RIC1/[1+ (@R1C1)?] + 0R3C/[1 + (@R2C2)?] (1d)

The observed[Z (jw)]mess|—w and P(w)]meas—w curves can be monitored by the use of
the above equations of the MW equivalent-circuit model where the valleZofw)] e |
becomes independent of frequencyRs) at the high frequencies and saturates at
[Z(0)]meas| ~ Rs + Ry + R, at the lowest frequencies used. The individual values
of the various electrical-circuit parameters of this equivalent circuit have been evaluated
over the entire frequency range studied from a thorough fitting analysis of these equations
to the measured values dfZ(w)]meas| @and P(w)]meas for different light intensities.
Typical results of the calculated values of these parameters are shown in table 1 and
the fitted values offZ(w)| and 6(w) obtained using the MW equivalent-circuit model
are represented in figures 6-9 by the solid curves for the dark case and for a light
intensity of 64.8 mW cm?. The experimental results appear to be consistent with the
predictions of the MW theory. Furthermore, the electrical and/or dielectric parameters of the
investigated Au/PYXCrOs/SnG, thin-film device are obviously influenced by the formation
of the Au/PBCrOs interface and the associated space-charge effects which seem to be
enhanced when the device is illuminated with visible light. It can be noted here that the
visible light falling on the Au electrode will generate free electrons in the region of the Au
film owing to the light absorption as the light energy b @y, Wheredgy ~ 2.04 eV
is the barrier height for a Au—B@rOs contact [17]. Moreover, the light transmitted to the
PpCrOs film will be absorbed near this interface as this light also has an energy B,
and the absorption coefficient of this material is high enough in the visible region of the
spectrum. As a result, space-charge effects at such an interface become important. In view
of the MW phenomena, this is usually expressed in terms of a frequency-dependent apparent
dielectric constant which is always accompanied by large AC losses [3-6].

In order to evaluate the individual electrical, photoelectric and dielectric circuit
parameters of the RBrOs bulk-film of the device and its Au—BErOs interface, we propose
a specific equivalent-circuit model, referred to here as the physical model, based on the
circuit network shown in figure 5(b), which has been presumed to describe the overall AC
behaviour of a practical opto-electronic device. According to this model, the AG+Eb
contact is represented by a paralR!C; combination in series with the bulk resistance
R;, of the PBCrGs thin film. This R;C;—R, network is shunted by a parallel capacitance
C, = kCo, Where(Cy is the geometrical capacitance of the empty condenser between the Au
and SnQ electrodes and is the relative dielectric constant of the lsOs bulk film. The
whole circuit of the Au—P¥CrOs interface and the BICrOs film is connected in series with
Rs. The complex-impedance magnitugé(jw)| and the phase anglw) corresponding
to this equivalent-circuit model can be found in termsZfw) and Z” (w) given by

Z'(w) = Rs + Z1(w)/ Z2(w) (29)
and

Z"(w) = Z3(w)/ Z2(w) (2b)
where the function¥;(w), Z>(w) and Z3(w) are expressed by
Z1(®) = Ry(@R;C))* + (R, + R)) (20)
Zs(@) = (1 - [0R;C/][@RyCy]Y? + [@R;C; + wCh(Ry + R))]? (2d)

Z3() = (Rp + R)[wR;C; + oCh(Ry + R)] + [(@RECH) (wR;C))* — wRyR; C}]. (2¢)
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Figure 6. Frequency dependence of the impedance magnittdde)| of the device in the dark:

O, measured data. The calculated value$Ziiv»)| obtained from the equivalent-circuit models
of figure 5(a) (——) and figure 5(b} ¢ - -) arealso shown.
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Figure 7. Frequency dependence of the impedance magnitdde)| of the device when
iluminated with a light intensity of 64.8 mW cn¥: O, measured data. The calculated values of
|Z(w)| obtained from the equivalent-circuit models of figure 5(a) (——) and figure 5(b} )

are also depicted.

It is obvious that the frequency and/or illumination dependence$Zdfw)| and 6 (w)
described by equations (2a)-(2e) are too involved but, however, reduce eventually to the
appropriate values at the low- and high-frequency extremes. A detailed fitting analysis of
the experimental data of the impedance magnitude and phase angle to these equations has
been carried out over the entire frequency range for all the illumination levels used in the
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of figure 5(a) (——) and figure 5(b} (¢ - -) arealso shown.

0 ;
~ L Oo_
o
o .30 _
o
@ o ]
i
o —601- -
<
I — —
o
- i | i { ;‘ H | |
100 102 10* 10f

FREQUENCY (Hz)

Figure 9. Frequency dependence of the phase amgte) produced by the device when
illuminated with a light intensity of 64.8 mW cn?: O, measured data. The calculated values
of 6(w) obtained from the equivalent-circuit models of figure 5(a) (——) and figure 5(b} )

are also shown.

study. Some representative results of these calculations are also demonstrated in figures 6—9
as broken curves and summarized in table 2 for the dark case and for an illumination level
of 64.8 mW cnt2. The agreement between the experimental data and the fitted results
obtained using the proposed physical model of figure 5(b) sounds rather reasonable. It is
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also noted from table 2 that the bulk resistateof the PBCrOs film decreases when

the device is illuminated. The effect of illumination on this resistance is demonstrated
in figure 10, where the bulk conductan¢s, = 1/R, has been plotted against the light
intensity. Since the RIErOs material belongs to the C2/m space group with a centre of
symmetry, these results confirm that the photoconduction phenomenon@i@hbis due

to semiconductivity as a result of the photogeneration of electron—hole pairs in the film of
PCrOs upon the absorption of the visible light having energy> E,.

0.5 1 I T 1

1/Rb (US)

LIGHT INTENSITY
(mW, cm?)

Figure 10. The behaviour of the deduced values of the recipro¢&l,1of the resistance of the
Pk CrOs film with light intensity: ——, smooth curve through these values.

Using the deduced value of the dark bulk resistaRg@lark) for the PbCrOs film and
its dimensions, we have evaluated a value for the room-temperature volume dark resistivity
pq for the PBCrOs material asp; ~ 2.6 x 10° Q@ cm. This value can be categorized
to be between the resistivities of semiconductors and dielectrics. On the other hand, the
Phk,CrOs film capacitance”, was found to be independent of the illumination level with a
value of about 955 pF. Using this value together with the calculated value of the geometrical
capacitanc&, = 64.05 pF of the empty condenser, we have determined, for the first time, a
value for the relative dielectric constant of BOs: « = C,,/C, ~ 14.9. However, both the
conductances; (= 1/R;) and the capacitana€; associated with the Au—-RGrGOs interface
were found to be strongly increasing functions of the intensity of the light illuminating
the device as one can see from table 2 and figures 11 and 12, a behaviour attributed to
space-charge effects at the interface which appear to be enhanced by illumination.

The actual change in the bulk conductaggedue to illumination, defined a8 G, (F) =
G (illum)—Gy(dark), has been found to vary with the light intensiyas

AG,(F) o F™" (3)

with m ~ 0.7(£5%) and this is demonstrated in figure 13. A similar light intensity
dependence of the photoconductance has been observed in several photosensitive electrical
devices [15-19, 29, 34-39]. On the other hand, the increase in the interfacial conductance
with light intensity, defined as\G;(F) = G,(illum)—G;(dark), follows equation (3) but
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with m ~ 1.2(+5%) as can be seen from the plot in figure 13. Many theoretical models
have been put forward to explain the photoconduction phenomena in dielectric materials
[40-50]. In general, most of these models presume that trapping and recombination centres
present in a specimen and/or the distribution of the associated energy levels play a major
role in the mechanism of its photoconduction but, in principle, the results of such models

K Toda et al

0.2 , ,

0.

1/R; (uS)

0 20 40
LIGHT

INTENSITY
(mW,/ cm?)

Figure 11. The dependence of the deduced values of the recipro@®l &f the resistance of
the Au—PRhCrOs contact on the light intensity: ——, smooth curve through these values.

CAPACITANCE C; (nF)

0 20 40

LIGHT
(mW./cm?)

INTENSITY

Figure 12. The dependence of the deduced values of the capacitgneé the Au—PhCrOg
contact on light intensity: ——, smooth curve through these values.

are too involved. Nevertheless, it is generally accepted that the photoconduejyityan
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Figure 13. The dependences of the determined values of the photoconductahgd’) =
Gp(illum)—Gy(dark) of the PCrOs film and AG;(F) = G,(illum)—G;(dark) of the Au-
PpCrOs contact on the light intensity F: ——, regression fits to the appropriate data;
®, AG,(F), slope of 0.7;4, AG;(F), slope of 1.2.

be expressed by a power-law dependence on the light intensity of the form
Ophot X FY (4)

where the numerical exponentis governed by the nature and purity of the specimen under
investigation and the strength of the illumination level via the appropriate recombination or
generation mechanisms. The observed values often lie in the range 0.5-1.0, although
some variations i, With light intensity have been reported to be superlinearfi.e. 1).

4. Conclusions

A Au/Phb,CrOs/SnG, sandwiched-structure thin-film device has been produced by the use of
RF magnetron sputtering technique and heat treated at a substrate temp@ratur&£0°C

and an annealing temperatufe = 450°C. The device has been investigated from a
structural point of view and from the viewpoint of its electrical, photoelectric and dielectric
performance as a thin-film photoconducting element. The XRD patterns confirm that the
structure of this annealed film specimen involves diffraction peaks similar to those of the
bulk material and other thin films produced by the EBE deposition techniques. Impedance
measurements on this device in the frequency range 0.1 Hz-1.0 MHz under dark and
illumination conditions indicate that the device structure and its electrical and dielectric
properties are largely influenced and changed by the formation of the AGr®pcontact
where interfacial space-charge effects become significant. A thorough analysis of the
impedance data by the use of both the MW two-layer capacitor system and an equivalent-
circuit model that considers the physical meaning of a practical optical device enables
us to determine some new characteristic physical parameters for gier@bmaterial

such as the volume dark resistivity, and its relative dielectric constant The deduced
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room-temperature values of the dark-resistivityand« were 26 x 10° Q cm and 14.9,
respectively. lllumination of the device through the Au-film electrode does not affect
the dielectric constant of the RBrOs bulk film while it renders the film material more
conductive, a behaviour ascribed to the photogeneration of electron—hole pairs in the bulk
of this centrosymmetric dielectric. The bulk photoconductance of the film has been found
to vary with light intensity ¥ as AG,(F) o F°’, in good agreement with theoretical
predictions and other observations in many dielectric solids. On the other hand, electrode
and interfacial space-charge polarization effects were found to be important and sometimes
strongly influence the electrical performance of the device. These effects often manifest
themselves in the behaviour of the associated electrical parameters with frequency and/or
illumination, which seems to enhance them.
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