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Herein, cadmium bromide thin film devices are designed for possible use in communication
technology. The 1.0 xm thin layer of CdBr, is sandwiched between two Au (1.0 m thick) layers using
the thermal evaporation technique under a vacuum pressure of 10~ mbar. The Au/CdBr,/Au devices are
structurally morphologically and electrically characterized. It is observed that the hexagonal cadmium
bromide exhibits large lattice mismatches with cubic Au substrates. The randomly distributed nano-
rod like grains is accompanied with average surface roughness of ~26 nm. When an ac signal of low
amplitude is imposed between the terminals of the Au/CdBr,/Au devices, a negative capacitance effect
in the frequency domain of 10-1800 MHz is observed. In addition, analysis of the impedance spectra in
the same domain has shown that the device behaves as band pass/stop filters suitable for 4G technology.
The microwave based standard analysis of the Au/CdBr,/Au band filters have shown that it displays
anotch ( f¢o ) frequency of 2.0 GHz. The cutoff frequency at f¢, reaches 7.86 GHz. The features of
the Au/CdBr,/Au devices nominate it for use as microwave resonators and as negative capacitance

devices suitable for; 4G technology, noise reduction and for parasitic capacitance cancellation.

Keywords: CdBr,, 4G band filter; negative capacitance, microwave resonators.

1. Introduction

Cadmium bromide compound capture the interest of
researchers due to its nature of applications. It has great
potential for lasing applications'. This compound is used for
the enhancement of the efficiency of CdTe solar cells?. It is
mentioned that the treatment of CdTe with a CdBr, increases
the efficiency up to 8.6%. The associated short circuit current
density and open circuit voltage reached a 23.7 mA/cm? and
0.76 'V, respectively’. In addition, Ag doped CdBr, is
mentioned being sensitive to the high energy photons like
X-rays and ultra-violets. Such property of the material is
advantageous as it leads to the enhancement of the optical
density in CdBr, during chemical reactions’.

CdBr, thin films of thickness of 4-30 nm are prepared from
the aqueous solution by very slow evaporation (100 nm/h)
of the solutes*. These films are mentioned exhibiting single
crystalline nature. In addition, Mn-doped CdS/CdBr, hetero-
nanostructures were prepared by the one step chemical vapor
deposition technique'. Various methods have been employed
to enhance the performance of CdBr, thin films. As for
examples, the participation of silver ions in the structure
of CdBr, is observed to enhance the light absorption in the
crystals®. In another work, the phototreatment using bicolor
coherent laser pulses of wavelengths of 1540 and 770 nm, it
was possible to stimulate the linear electrooptical effects in
CdBr,/Cu nanocomposites®. The application of CdBr, in many
technological sectors other than communication technology,
motivated us to explore its performance as an electronic
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device suitable for microwaves sensing. For this reason, here
in this work, we have grown thin layers of cadmium bromide
onto gold substrates. The layers of CdBr, are prepared by
the vacuum thermal evaporation technique. This technique
is preferred because it has unique advantages like easy
controlling of film thickness, flexibility to tune interfaces,
low defect density and free of solvents’.

The gold substrate is selected because it is supposed to
form rectifying contact with CdBr,. Gold also displays smooth
surfaces with roughness percentages of ~10% (experimentally
determined). Such property makes signal propagation through
electronic devices exhibit low loss factors. The produced Au/
CdBr,/Au devices will be structurally, morphologically, and
electrically characterized. An ac signal of low amplitude will
be imposed between the terminals of the device to explore
it is performance as microwave resonators. The impedance
spectroscopy parameters like capacitance, conductivity,
impedance and reflection coefficient parameters will also
be reported to identify the operation range of the devices.

2. Experimental Details

CdBr, thin films of thicknesses of 1.0 um are coated onto
a 1.0 umthick Au substrates. Both of the Golds and CdBr, thin
films are grown onto ultrasonically and chemically cleaned
glass slides in a vacuum evaporator (NORM-600 thermal
evaporator) under a vacuum pressure of 10~ mbar. The Au
and CdBr, films are prepared in two different growth
cycles. The thin film substrates were located 10 cm above
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the CdBr, sources (powders of 99.0%, purity). Tungsten
boats were used as heating sources for the evaporation
of the films. The source temperature was kept at ~350 °C
during the evaporation cycle of CdBr, and at ~1200 °C.
The surface of Au/CdBr, was recoated with rectangular Au

pads of areas of 3.14 x1072 em? . The thickness of the Au
pads was also 1.0 um . The films thicknesses were measured
with the help of an in situ high resolution (0.03 4 ) Inficon
STM-2 thickness monitors. The thickness of the films was also
tested with an SOLID IN II roughness monitor/profilometer.
The structural measurements were carried out with the help
of Minflex-600 X-ray diffraction (XRD) unit. The scanning
speed was 0.5°/min. XRD measurements were carried out in
the diffraction angle range of 10-70° using the @ —20 scanning
method. The surface morphology was tested with COXEM
200 scanning electron microscopes. The conductivity type
of the CdBr, films were tested with the hot probe technique.
The conductance, the capacitance and the impedance spectra
were recorded with the help of Agilent4291B 1.0M- 1.8 GHz
impedance analyzer.

3. Results and Discussions

3.1. Design considerations

As confirmed by the hot probe technique, cadmium
bromide thin films coated onto glass substrates reveal
p- type semiconductor characteristics. The electron
affinity (qy) and energy band gap (£,) of p-CdBr, is
327 eV (AH? for CdBr, is 314.6 kJ/mol corresponding
to 3.27 eV®) and 3.21-3.30 eV, respectively’. Information
about the position of the Fermi level (Epy is rare. The only
available information is about the thermal activation energy
(0.40 eV, Considering the thermal activation energy to be
originating from the acceptors levels (caused by defects and
un-purposely doped impurities) in the CdBr, samples, the
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Fermi level position is then centered at 0.20 eV above the
valence band ( £, — Er ). The expected work functions turn

outtobe, 4¢ =42 +Eg— (Ey — Ep)=6.37-6.27 V. For this
reason, coating CdBr, films onto a face centered cubic gold
whose work function is 5.34 eV'!" lead to the formation of
Schottky type rectifying contacts. In addition, one should work
with the warranty that the large lattice mismatches between
the cubic Au substrates and the hexagonal CdBr, is expected
to form a space charge layer at the ultrathin interfaces'>.
Interfaces due to lattice mismatches may also leads to the
construction of the nano-heterojunctions'>. Moreover, the
surface roughness’s of the stacked layers may also force to
the formation of an interface space charge region'. For these
reasons, in the following sections, we will consider the
structure, the surface morphology and then, the electrical
characterizations to check the Schottky property of the metal
sandwiched structure.

3.2. Structural and morphological analyses

Figure 1 illustrates the X-ray diffraction results for
the CdBr, coated onto Au substrates. The analysis of the
sharp XRD patterns were carried out using “Crystdiff”
and “TREOR 92” software packages in accordance with
the available crystallography open database (COD) cards
for Au (COD: 9008463) and for CdBr, (COD : 8104257)
The data analyses indicated that the sharpest peak of the
observed XRD patterns correspond to the hexagonal phase
of CdBr, being oriented along the ¢ —axis in the (002) plane
direction. The lattice parameters of the hexagonal phase
of CdBr, are found to be @=3.985 A and c=12.561 A
consistent with the published literature data'. It is also
noticed that, the XRD patterns contained peaks that are
assigned to cubic Au and the orthorhombic Au,O,'*. The phase
weight of Au,0; ( Phase% =% 44,203/ A1l peaks:4 1S area)
is 4.6%. The oxidation of gold could have resulted from
the humidity conditions before the gold evaporation. It is

Theoretical: Hexagonal CdBr,,
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Figure 1. The X-ray diffraction patterns for Au/CdBr, thin films. Inset- 1 shows the geometrical design of the samples and inset- 2 and
inset-3 illustrate the scanning electron microscopy images for the samples (grown onto glass) with images being enlarged 10,000 and
30,000 times, respectively. The dotted curve shows the theoretically estimated XRD patterns for the hexagonal CdBr,.
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also noticeable that the diffraction peak which appeared at

20=12.77° does not relate to the assumed crystal structure
with the lattice parameters be a=3.985 A and ¢ =12.561 A.
Various tests to explore the reason beyond the existence of
this peak were carried out. The tests included the crystal
structure of bromine, cadmium, CdO and Au,Br, None of
these crystal structures were related to the peak which is

detected at 20 =12.77°. Hence, we went to the belief that the
preferred crystal structure has grown with different unit cell
dimensions. We were able to execute an exact solution with
unit cell parameters of a=b=7.20 4, ¢=13.86 4 and space
group of P63mc. The reflection peaks of this unit cell which
reproduce the experimental data are shown by the red colored
dashed lines in Figure 1. The theoretically estimated crystal
data including diffraction angles with intensities and plane
orientations are illustrated in Table 1. In accordance with the
table, all the observed XRD peaks (shown by asterisks in the
table) are correctly indexed. The peak which is observed at
26 =12.77°now indexed in the (002) plane orientation and the
peak observed at 20 =14.20° is now indexed along the (010)
planes. As the lattice parameters for the cubic Au which is
best oriented along the (111) direction is 4.08 A , the lattice
mismatches'® between the substrate and CdBr, along ¢ —axis

‘chBrZ ~Cdu \
€CdBr2
along the a —axisis ~2.3%. These A% values are determined

assuming a=5b=3.9854 and ¢=12.561A4. On the other hand,
the lattice mismatches between Au and CdBr, assuming the
validity of the a=b=7.204, ¢=13.86 4 lattice parameters

are A,%=43.3% and A.% = 70.5%.

On the other hand, the surface morphology analysis
which was carried out with the help of scanning electron
microscopy (SEM) for CdBr, samples grown onto glass
substrates reveals none uniform random distribution of a rod
like grains. The grains which are illustrated in inset- 2 and
inset- 3 of Figure 1 exhibit length of 600-1500 nm and width
0f 60-130 nm. In general, grains are composed of collection of
small crystallites'®!. The crystallite sizes are determined from
the XRD patterns. Our investigations on the crystallites sizes

(A% =100. ) is 67.5%. The lattice mismatches

of the formed Au/CdBr, interfaces using Scherrer equation

(D :M; p peak broadening'"'”) revealed values of

Bcos(0)
28 nm. The microstrain (& =3/ (4tan(6)") is found to be

10.47x107> leading to a defect density (& =15¢/(cD)") of

7.86x10'! fines/cm?. Compared to other nanoscale materials'™'*,
the defect density of CdBr, films is comparable. The lower
the dislocation line density, the lower the defect density, the
higher the crystallinity'®.

Additional surface morphology test was carried out with
the help of a profilometer. The obtained average surface
roughness was 26 nm. The root mean square value along the
sampling length is 50 nm. The ratio of the average roughness
to the film’s thickness is 5.2%. This value indicate that the
film surface is smooth. Roughness percentages of 28.4% was
previously observed for Au/Bi O, interfaces''. This value
was large enough to block the formation of Schottky barrier
at the Au/Bi O, interfaces. While roughness percentages
of 10.9% allowed the formation of Schottky barriers at
Yb/Bi,0, interfaces''. Other studies have shown that
CdBr, usually exhibit, low roughness values. It is mentioned
that the uniform thickness and smooth flat surface along the
growth direction of the films provides a basis for the high-
speed migration of carriers in one dimension’.

3.3. Direct and alternating current conduction
mechanisms

For the Auw/CdBr,/Au devices whose geometrical design
is shown in inset-2 of Figure 1, the dc current-voltage
characteristics is shown in the inset of Figure 2a. The figure
display, weak rectifying nature of Schottky barriers. The lack
of well rectifying properties of the designed diodes is
assigned to the large number of surface defect centers

(7.86x10'" lines/cm?). In general, the surface effect on
metal/semiconductor interfaces are primarily attributed to
the ionic charges on or outside the semiconductor surface.
These charges induces image charges in the semiconductor,
and thereby cause the formation of the so-called surface
channels or surface depletion-layer regions'®. Once a channel

Table 1. the theoretical crystal diffraction data for hexagonal CdBr, being calculated for lattice parameters of a =b = 7204, c=13.86 4,

space group P63mc.

20(%) I/Imax hkl 26() I/Imax hikl 20(°) I/Imax hkl
*12.76 100.00 002 31.44 15.50 022 49.04 2.90 026
*14.19 77.50 010 35.94 9.60 1-24 50.79 1.30 220
*19.13 71.90 012 36.02 9.50 2-14 51.21 2.40 034
24.71 17.10 120 38.28 3.80 210 52.94 1.10 130
25.69 15.20 004 40.57 6.10 3-12 53.10 1.00 310
27.90 23.20 1-22 41.68 5.50 106 54.70 1.90 132
*28.61 10.70 020 *43.71 2.30 300 55.70 1.70 126
29.47 19.40 014 45.52 3.90 032 57.77 1.50 224
29.48 19.40 1-14 46.61 3.50 124 *59.16 1.40 118

*coincides with experimental data
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Figure 2. (a) the conductivity and (b) the capacitance spectra for Au/CdBr,/Au devices. The inset of (a) shows the dc current-voltage
characteristics curve and inset of (b) shows the frequency dependence of average hopping distance.

is formed, it modifies the Schottky depletion region and
gives rise to surface leakage current.

The alternating current measurements revealed the
conductivity (o) and the capacitance ( C ) spectra that
are shown in Figure 2a and b, respectively. The spectral
measurements are carried out in the frequency (/)
domains of 10-1800 MHz. It is clear from Figure 2a that
the conductivity sharply decreases with increasing signal
frequency. It decreases by more than two orders of magnitude
as the signal frequency increases from 10 MHz to 1800 MHz.
The decaying conductivity provide information about the
dominant current conduction mechanism in the samples.
Our trails which included tests for possible domination of
current conduction mechanisms arrived at the result that the
most preferable conduction is by correlated barriers hopping
(CBH) in which the conductivity takes the form'*?!,

o(L)-o(H)

()

ocpy \(w)=0c(H )+ 3
(w)=o(#) (7]

In CBH conduction, the frequency dependent hopping
distance is given by,

P -LIH[L] )

=
2a wr,

Here, 7, is characteristic relaxation time which is the inverse
of the phonon frequency (v =71 ¢! is the spatial decay
parameter which describes the localized states at each site
and is constant for all sites (¢! ~104) . In Equation 1;

E
Thop = ToXP [ﬁj with £H being the height of potential

Table 2. alternating current conduction parameters for CdBr, thin films.

Parameter Value
7o (ps) 0.23
™= T,,p (1S) 5.0
v (cm™) 148
o(L) x (10° Q'em™) 5.5
o(H) x (10° Q'em™) 1.0
Eg(eV) 0.26
C, (pF) 3.0
a, (F/s) 7.5
w, (MHz) 90

barriers that the holes hope over. (L) and o(H) are the
low and high frequency conductivity values, respectively.
Inserting the value of the phonon frequency as 148 cm™',

with appropriate (L) and o(H) and other related
parameters. It is possible to reproduce the experimental
conductivity spectra. The excellent correlation between the
experimentally observed and theoretically produced using
Equation 1-Equation 2 is shown by black solid circles in
Figure 2a. The related fitting parameters are listed in Table 2.

The value of the phonon frequency being 148 cm™ which
was able to reproduce the experimental data was taken
from the Raman spectroscopy measurements for CdBr,>.
The phonon oscillation which is assigned to 4g1 modes was
obtained from the observed first-order Raman and infrared
lines in CdBr,”. As the table shows, the hopping time constant
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which is reached by this fitting procedure is 5.0 ns. Hence,
the average correlated barrier heightis 0. 26 eV. In addition,
the average hopping distance which is frequency dependent
is calculated with the help of Eqnation 2 and is displayed
in the inset of Figure 2b. The higher the propagating signal
frequency, the shorter the average hopping range. It indicates
that the lack of long-range order will negatively affect the
response of the CdBr, when used as time based sensors like
microwave filters?.

3.4. Negative capacitance effect

The first practical application for the Au/CdBr,/Au layers
appears in the measured capacitance spectra. The capacitance
spectra which are illustrated in Figure 2b is negative indicating
that the device under study could be employed as negative
capacitance effect device. These classes of devices play
important roles in communication technology. The negative
capacitance (NC) effects devices are used as noise reducers,
parasitic capacitance cancellers and as signal amplifiers'*2024,
NC effect is reported resulting from the depolarization field
that produces a decreasing voltage across the capacitance
while the induced charge is increasing®. It is also believed
that the NC effect could have resulted from a minority charge
injections caused by the accumulation of minority carriers
at the crystallite boundaries®. Available models which
take into account the minority carrier injection includes
the Ershov-Qasrawi approach!'®2*2728 In this approach, the
interpretation of NC is based on the analysis of the time-
domain transient current in response to a small voltage
step or impulse that includes a self consistent treatment of
carrier transport, carrier injection and recharging. The total
capacitance take the form,

a,r, 4ptp
C(w)=C,+C=C,+—21
( ) ’ ’ 1+(W_Wn)27r% _1+(W_WP)2T1%7 ®)
60
(a)

40 1

g

N

0 500 1000

f (MHz)

1500 2000

In the above equation, the capacitance is composed of

as the geometrical capacitance, and a relaxation part ( C})
that is caused by the electron transport, carrier injection,
trapping, impact ionization, and other physical processes. In
Equation 3 7, and 7, are the relaxation times of electrons
and holes, respectively. a, and a,, are fitting parameters for
the capacitance response resulting from dipole orientations
during the electron-plasmon coupling process and hole-
plasmon coupling processes, respectively. Since the hot probe
technique showed p-type conductivity for CdBr, and the
capacitance remained negative in all the studied frequency
domain, the effect of minority carriers (electrons) on the NC
effect is of less significance (cannot be observed). For this
reason a, =0F/s is assumed. Thus, the capacitance spectra
are reproduced from the dynamical part of holes. The good
fitting of the experimental data which appears (black circles)
in Figure 2b was achieved with the data listed in Table 2.
The rate of change of capacitance due to holes injections

with time (4p ) is 7.5 F/s. The hole-plasmon coupling
frequency is found to be ~ 90 MHz. The relaxation times for
holes being 5.0 ns is the same as that determined from the
hopping mechanism of conductivity. This value represents
the inverse of the electronic friction damping constant

(reer ;1 ). This value is lower than the one we previously
observed as 10 ns for CdS/Sb, Te, heterojunction devices.
The shorter the relaxation time constant, the larger the
electronic friction. Electronic friction arises from interfacial
electronic interactions®. It could also arise from the excitation
of electron- hole pairs in the metal (Au substrate)®.

3.5. Microwave band filter characteristics

Figure 3a illustrates the impedance ( Z ) spectra for
the Au/CdBr,/Au devices. The impedance of the device
smoothly increases with increasing signal frequency in
the frequency domain of 10-1000 MHz. As the frequency
exceeds 1000 MHz, the impedance sharply increases by

z=500 [(b)
R=500
L=16.0 nH
038 C=0.42 pF
06
@ 04
7500
021 |r=s00
L=16.5 nH
C= 0.405 pF
0 T
0 1000 2000 3000
f (MHz)

Figure 3. (a) the impedance and (b) the magnitude of the reflection coefficient parameters for Au/CbBr,/Au thin films.
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more than 10 times. The instrumental limitations (impedance
analyzer work in the range of 10-1800 MHz) prohibited
observation of the highest reachable impedance value.
Recalling that the high impedance mode indicates that
the device in the circuit allows a relatively small amount
of current to pass through (per unit applied voltage at that
point), then the device can be employed as band filters?'.
The type of band filters can be more visible though

calculation of the magnitude of reflection coefficient

Zsource ~ Z Au/ CdBr2/ Au

) or calculation of the so
Zsource ¥ Z Au/CdBr2/ Au

(p=

1+ 5
called St1 (' Zqu/carasau = I—Sii

ZSource ) parameter31_

The spectral representation of this parameter is shown in
Figure 3b. Values of S} =0 indicate perfect math between
the device and the source, while on the other hand values
of §;1=1.0 means the impedance of the device is much
larger than that of the source and the circuit is open. For the
Au/CdBr,/Au devices, S; parameter exhibits values of
~1.0 in the frequency domain of 10-1200 MHz. When the
propagating signal frequency exceeds this 1200 MHz, §;;

spectra follow a decreasing trend of variation reaching
minimum value at 1800 MHz which is the limit of our
impedance analyzer. The lower the value of S}y, the better
the match between sources and device. To explore the notch
frequency of the proposed Au/CdBr,/Au band filters which
is beyond our instrument facility, we have reproduced the
experimental spectra of S} assuming a series RLC circuit.
In this circuit, Z4,/cdBr2// 4u =R+ jwL— jwC. To reproduce
the experimental data a simple simulator based on this equation
was created. The simulator establish fitting parameters
that relate to good correlation between the theoretical and
experimental data. As can be seen from the Figure 3b, the
values of R, L and C which reproduce the S;; spectra are
50 @, 15 nH and 0.42 pF, respectively. However, to reach
an exactly zero value of S);, the respective values of R,
L and C should be 50 Q, 15.5 nH and 0.405 pF. Using
these values, the notch frequency of the Au/CdBr,/Au band
filters is 2.0 GHz. When the device exhibit R, L and C
of values of be 50 @, 15.5 nH and 0.405 pF , respectively,
perfect matches between the source and device can be
achieved®. In addition, the microwave cut off frequency
( Sop =1/ (2zRC)) for the Au/CdBrz/Au at the notch frequency
is 7.86 GHz. Both of the notches and the cut off frequency
values are promising as they indicate the possibility of
using the device under study as band stop filters suitable
for 4G mobile technologies. Recent developments in the
4G technology indicated the production of band filters
and microstrips®2. In these designs, two varactor diodes
and biasing circuit components were selected to produce
tunable filters. The impedance bandwidth of this structure
is kept between 95 and 115 MHz with measured return
losses of more than 17 dB and measured insertion loss of
less than 1 dB. In addition, the features of the currently
reported Au/CdBr,/Au devices are combatable with band
stop filters (notch filters) proposed for fourth generation
long term evolution (4G LTE) technology?*. The anticipated
conditions for the LTE band included a frequency domain
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0f'1.92-1.98 GHz. This system which is nominated for use
in mobile phones is based on series-cascaded absorptive
band stop filters that are adapted in the radio frequency
spectrum to create the desired passband and out of band
responses. The system included transmit and receive
filters with low insertion loss (2.8-4.9 dB)**. Our band
filters display characteristics close to those reported for
compact planer openloop bandpass filters designed for 4G
applications. These microstrip band pass filters use four
open-loop ring resonators with 50 Q tapped lines for input
and output ports®*.

Itis worthy of notifying that one may attempt to interpret the
NC effect in terms of conventional inductance. This approach
is not physically meaningful when the impedance resulting
from inductance (|Z| = oL) increases with frequency and,
therefore, should dominate at high frequencies. The increase
in Z values with increasing signal frequency is read from
Figure 3a. In our samples, the high-frequency capacitance
is negative indicting the possible dominant of the parasitic
inductance?’. It is mentioned that when a negative capacitance
is used instead of an inductance in the shunt circuit, the
whole circuit are capacitive without resonance. However
the voltage on the device can still be inverted effectively.
The magnitude of voltage on the device terminals depends
on the difference between the inherent capacitance of the
device and the negative capacitance. Selecting proper negative
capacitance values can lead to large magnitude of voltage
allowing good control of the device*.

4. Conclusions

In this work, we have reported the possible design of band
pass/stop filters that suits 4G technology. The band filters
employ CdBr, thin layer as dielectric media between two Au
electrodes. It is observed that the Au/CdBr,/Au devices could
handle dual operations presented by negative capacitance
effect and microwave band filter at the same time. The notch
and cut off frequency value of the Au/CdBr,/Au band pass
filters reaches 2.0 and 7.86 GHz, respectively. The easy
fabrication method, the small size of the thin film device
(A4=3.14x10"2¢m? ) and the critical electrical parameters
of the device nominate it for use in microwave technology
employed in mobiles and communication technology.
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