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Abstract

Thin films of bis(dimethylglyoximato)palladium(II) complex of polycrystalline structure were prepared by sublimation in a vacuum at
140 �C, on glass and p-Si substrates. The films were characterised by spectral optical absorption, energy dispersion X-ray fluorescence
(EDXRF), and X-ray diffraction (XRD) methods. After characterisation, metal–insulator (complex)–semiconductor MIS devices were
fabricated to measure the frequency dependence of ac-conductivity in a range of 5–100 kHz. Data of ac-measurements follow the cor-
related barrier-hopping CBH model, from which one of the fundamental absorption peaks, the minimum hopping distance, and other
parameters of the CBH model were determined, connecting and relating the optical, structural, and electrical measurements. The dielec-
tric properties of the complex were studied through Debye model, from which the relaxation time for the dipoles (2.45 · 10�6 s) and the
molecular dipole moment (3.63 · 10�30 C m) were determined.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The studies of electrical, structural and optical proper-
ties of metal-substituted organic complexes (MSO), based
on different metallic ions, have attracted much attention
due to their possible applications in electronic and opto-
electronic devices. Among MSO are the bis(dimethylglyox-
imato) of d8 transition metals (II) like Ni, Pt, or Pd of
identical planar molecular configuration discussed in Ref.
[1,2]. The strong covalent bonds between metal ions and
ligand in bis(dimethylglyoximato)metal enhance the stabil-
ity of the molecules [1] that permits the sublimation in
some temperature range without thermal decomposition.
In crystalline state, the dioxime planar molecules of d8

transition metals stack face-to-face, forming a one-dimen-
sional columnar structure in c-direction, in which the cen-
tral metal ions of adjacent molecules separated by about
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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0.325 nm [1–3] interact strongly with each other forming
a linear metal chain [2–4]. This interaction provides elec-
tronic delocalisation that is responsible for many remark-
able physical, electronic and optical properties [3,5–7],
like strong optical absorption in the visible region [8,9].

The aim of the present investigation is to study the optical,
structural and ac-electrical properties of the vacuum-depos-
ited bis(dimethylglyoximato)palladium(II) [Pd(dmgH)2]
thin films. For optical study, films were deposited on glass
substrate and for electrical study, samples were fabricated
in form of metal–Pd(dmg)2–Si MIS structure.

2. Experimental details

The bis(dimethylglyoximato)palladium(II) compound
was prepared from a solution that contains not more than
0.1 g of Pd: [Pd(NO3)2 Æ 2H2O,GPR,BDH] in 250 mL of
0.25 M with respect to nitric acid (Puriss, Fluka Chemica)
and a 1% solution of dimethylglyoxime in 95% ethyl
alcohol (Puriss, Fluka Chemica) was added. The detailed
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procedure of the synthesis is discussed in Ref. [10]. The
orange-yellow precipitate of bis(dimethylglyoximato)palla-
dium(II) was washed with cold deionised water and then
with not deionised water and dried at 110 �C to constant
weight. It was weighted as [Pd(C4H7O2N2)2].

Thin film samples were slowly deposited (0.1 nm/s) by
thermal sublimation at about 140 �C in a vacuum system
of about 10�3 Pa on Si and glass substrates held at room
temperature. Thermal sublimation must take place in a
temperature interval of 100–160 �C in order to avoid ther-
mal decomposition [11]. The p-Si wafer substrates were
thermo-chemically cleaned with 50% potassium hydrox-
ide. The samples were post-annealed at 90 �C for
30 min. For construction of metal–insulator–semiconduc-
tor MIS structure for electrical investigation, aluminum
films of about 150 nm were deposited to form gate of area
4p mm2 and back contacts. The samples thickness was
monitored by a thickness monitor and then measured
by Gaertner 117 ellipsometer of k = 632.8 nm to be
183.7 nm.

The Pd composition of the film samples and the constit-
uent powder were probed by energy dispersion X-ray fluo-
rescence (EDXRF) method with Ni-filtered Cu Ka
radiation and Amptek XR-100CR, X-ray detector of
energy resolution 180 eV at 5.9 keV. The crystal structure
was investigated by a Philips PW 1729 X-ray diffractometer
with Cu Ka radiation. The electrical measurements were
done with a Keithley 614 electrometer and a Keithley
3330 LCZ instrument of a signal 50 mV.

3. Characterisation of the prepared thin film sample

Fig. 1 shows the EDXRF spectrum of Pd(dmg)2 powder
and thin film grown on Si substrate. As seen, Pd L band
signal of energy range 2.84–3.17 eV radiated from thin film
sample appears with a Si Ka signal of energy 1.74 keV
from the substrate (the energies of signals in Fig. 1 were
determined by the spectrum of pure elements and using
Bearden X-ray tables [12]). The appearance of the Pd signal
Fig. 1. XRF spectrum of bis(dimethylglyoximato)palladium(II) powder
and thin film grown on Si substrate. The exciting line was Ni-filtered Cu
Ka line.
from the prepared thin film demonstrates the stability of
Pd(dmgH)2 molecules during the vacuum sublimation at
about 140 �C.

The X-ray diffraction (XRD) pattern of thin film and
powder of Pd(dmg)2 are depicted in Fig. 2. The powder dif-
fraction, which was analysed with Crystal-Cracker (build
186) X-ray program [13] shows that the crystal structure
is orthorhombic of Ibam space group of a = 1.676 nm,
b = 1.049 nm, and c = 0.650 nm, as information given in
Ref. [14]. However, there were some reflections (302 and
113) identified from orthorhombic structure of primitive
space group rather than Ibam. The XRD pattern of thin
film shows the appearance of only Ibam reflections, indicat-
ing a unified space group film, which was nearly textured in
[110] direction. The average grain size (gs), as defined in
Ref. [15] was calculated from the most intense (220) peak
to be about 48.9 nm. The annealing of the film at 70 �C for
30 min did not introduce changes in the structure or gs of
the as-prepared film.

The prepared films were characterised by a spectral opti-
cal absorption method. The normal spectral absorbance
A(k) of films grown on glass substrates in the transparent
and absorption region (200–1100 nm) are shown in
Fig. 3. Two films were optically studied, the as-deposited
film and the post-annealed film at 70 �C for 30 min. The
absorbance data were corrected relative to the optically
identical uncoated glass substrate. All the investigated sam-
ples have high transparency T > 0.90 in the transparent
region. The absorption spectrum of the post-annealed film
shows more absorption features than that of the as-pre-
pared film. Generally, the absorption peaks in the visible
region, at 465 nm for the as-deposited film and at
(465 nm and 425 nm) for annealed film arise from d! d
transitions in Pd ions. The appearance of these two energy
bands is due to the splitting of the 4d-band of Pd(II) under
Fig. 2. X-ray diffraction of bis(dimethylglyoximato)palladium(II) powder
and film. The X-ray beam was Ni-filtered Cu Ka and the scan speed was
0.01 �/s.



Fig. 3. The spectral absorbance of the prepared bis(dimethylglyoxi-
mato)palladium(II) thin film grown on glass substrate. Squares refer to as-
deposited film of absorption peaks at (465 nm, 295 nm, and 265 nm) and
circles refer to the annealed (at 70 �C for 30 min) film of absorption peaks
at (465 nm, 425 nm, 310 nm, and 280 nm).

Fig. 4. The gate–voltage dependence of the capacitance and corrected
conductance of bis(dimethylglyoximato) palladium(II) film as insulator of
MIS device measured at 1 MHz.
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the influence of the intermolecular field [1]. The absorption
peaks in UV region at (295 nm and 265 nm) for the as-
deposited film and at (310 nm and 280 nm) for the
annealed film are more intense than the visible peaks,
assigned as metal-to-ligand charge transfer (CT) band
[16], and its energy location is more sensitive to the field
surrounding the Pd(dmg)2 molecule than the visible band.
The difference between the spectra of the two films reflects
the changes in the stoichiometry and crystal-structural
relaxation due to the usual annealing effects, which influ-
ence the inter- and intra-molecular interaction field. Such
effects can influence on the 4d-band splitting energy
distribution.

The constructed metal–insulator-Si MIS structure used
for electrical measurements was characterised by a stan-
dard known method of measuring the capacitance and con-
ductance as a function of gate voltage at 1 MHz [17,18] as
shown in Fig. 4, which shows the capacitance–gate voltage
(C–Vg) and the corrected conductance–gate voltage (Gc–
Vg) dependence carried on the sample. The correction of
the parallel conductance (Gc) for the series resistance was
done according to the theoretical relations given in Ref.
[19] applied for a certain (1 MHz) frequency. From data
of Fig. 4 it was estimated the fixed charge density (Qins)
of about 1.1 · 1011 cm�2 and the interface trap density
(Dit) of about 1.8 · 1012 eV�1/cm2.

The capacitance and dielectric loss measurements of
MIS device in accumulation state that is controlled by
the dielectric properties of the bulk insulator [17,18] are
used to calculate the dielectric properties of the insulator
like the real part e 0 and the imaginary part e00 of the relative
permittivity (RP) in addition to the electrical conductivity
rac.
4. Electrical measurements

The ac-conductivity of insulators can be expressed as a
sum of two contributions [20], rac = rdc(0) + rac(x), where
rdc(0) is the dc-conductivity and rac(x) is the frequency-
dependent part of the conductivity, which usually
expressed in a power dependent [21,22],

racðxÞ ¼ Arx
s ð1Þ

where Ar is the pre-exponential and the exponent s is of va-
lue s 6 1 depending on the insulating film microstructure.
This power law is essentially due to the hopping of charge
carriers [20], which based its universality. The appropriate
theoretical model that describe the conductivity rac(x) is
the correlated barrier hopping (CBH) model, according
to which the pre-exponential Ar is given by [23,24]
Ar ¼ CðaN LSÞ2=sb

0e
5
insW

6
M, where C ¼ e6=24p3e5

0 ¼ 0:415�
10�60 C V5 m5, WM is the maximum barrier height for hop-
ping in eV, NLS is the trap (or localised states) concentra-
tion in m�3, a ¼ n7=2

el , nel is the number of simultaneously
hopped electrons between centres, so is the effective relaxa-
tion time (approximately 10�13 s), and b = 1 � s. The
exponent s is given at operating temperature T for ran-
domly distributed hopping centres by: s = 1 � 6 kBT

[WM + kBTln(xso)]�1.
Fig. 5 shows the room-temperature frequency depen-

dence of the ac-conductivity rac in a frequency range of
5–100 kHz. We mention here that, for lower frequencies
a larger influence of the interfacial charges on the electrical
measurements would defect the results [25]. The analysis
shows that the CBH model is convenient to explain the
experimental data and the fitting value of s was 0.96, which
corresponds to WM � 4.2 eV. This value is equal to the



Fig. 5. Frequency dependence of the ac conductivity rac measured at
room temperature under accumulation gate voltage (�3.0 V) for poly-
crystalline Pd(dmg)2 film grown on Si substrate.

Fig. 6. Variation of real part e 0 and corrected imaginary e00 part of the
relative permittivity measured at room temperature under accumulation
gate voltage (�3.0 V) for polycrystalline Pd(dmg)2 film grown on Si
substrate.
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energy of one of the absorption peaks (at 295 nm for as-
deposited and 310 nm for annealed film), as seen in
Fig. 3. According to the original CBH theory [23], the value
of WM is equal to the energy of the absorption edge for bi-
polaron conduction. This result should not be applied in
the present case as long as we deal with molecular crystals
of complicated structure, which cannot be considered hav-
ing electronic or mobility energy spectrum of same nature
as that of normal atomic insulator: valence and conduction
band. However, the fitting of the experimental data to
CBH model yields the value of density of localised states
or hopping centres (aNLS) of 1.4 · 1021 cm�3, which is
comparable to the concentration of Pd ions (3.47 · 1021

cm�3) calculated from bulk data. This means that the con-
duction is realised by mono-polaron hopping process
(a = 1). The minimum (cutoff) hopping jump (Rmin) [26]
was calculated to be about 0.5 nm (which is close to the
ion–ion separation in the linear metal chain 0.325 nm),
which must equal to the effective intermolecular separation,
as stated by Bruetting et al. [27]. In addition, the applica-
tion of the power law gives the value of rdc (1.1 · 10�9 S/
cm), which is almost identical with that value measured
directly by dc technique.

Real and imaginary parts of RP: the real part of the rel-
ative permittivity (RP) e 0 calculated from the capacitance
measurement at accumulation gate voltage of �3 V, is
slowly decreasing function of frequency, e 0 � f�0.04 and get-
ting the value 2.75 at 100 kHz, as shown in Fig. 6. This var-
iation is consistent with the Kramers–Kronig (KK)
relations that the power-law following of the ac-conductiv-
ity of an insulator causes the RP to follow the relation
[28]:e 0 � xs 0�1, where s 0 = s in the present case. The small
values of e 0 suggest to use the bis(dimethylglyoximato)pal-
ladium(II) as low-k material in construction of microelec-
tronic devices.
The measured imaginary part of RP was corrected due
to the transfer of electrical charges from one electrode to
the other. The correction is related to dc-conductivity (or
rdc/eox) and the corrected e00 can be obtained using the fol-
lowing equation [29]:

e00ðxÞ ¼ ðrac � rdcÞ=e0x ð2Þ

Therefore, the dielectric loss e00 in Eq. (2) computes the con-
tribution from dipoles, defects, and localised or bound
charges. The frequency dependence of e00 is depicted in
Fig. 6, where one can observe a resonance peak at about
f0 = 65 kHz corresponding to a relaxation time s of about
2.45 · 10�6 s. Such dependence e00(x) is appropriate to the
polarisation resonance associated with the lattice vibra-
tions. Then, it is possible to calculate the molecular dipole
moment p by applying the well-known Debye equation for
e00 [30,31]:

e00 ¼ A=T
1þ x2s2

xs ð3Þ

where T is the operating temperature in K. The dipole
strength A is given by: A = Np2/3e0kB, where N is the di-
pole concentration (3.47 · 1021 cm�3), kB is the Boltzmann
constant, and e0 is the permittivity of free space. The fitting
of the e00(x) data around the peak to Eq. (3) gives
A = 124.5 K at 293 K and p = 3.63 · 10�30 C m, which
has an ordinary order on magnitude. Fig. 7 shows the
Cole–Cole plot of e00 against e 0 for data points around the
resonance peak f0. According to Debye theory, the Cole–
Cole plot is a semicircle with centre at (1/2(es + e1), 0)
and of radius 1/2(es � e1), where es and e1 are the low-
and high-frequency limits, respectively, of the real part of
the RP [30]. The calculation gives 2.98 and 2.56 for es



Fig. 7. The Cole–Cole plot of e00 versus e 0 for Pd(dmg)2 film grown on Si
substrate.
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and e1, respectively. These values are consistent with those
obtained from Fig. 6, where (es � e1) = A/T.
5. Conclusions

It was found that the prepared Pd(dmg)2 polycrystalline
film by sublimation method has an orthorhombic structure
of Ibam space group. The ac behaviour of the prepared film
shows that it follows the power-law and CBH model for
conduction by a single polaron hopping inter-molecules.
The concentration of hopping centres (1.4 · 1021 cm�3)
and the effective intermolecular separation (0.5 nm) were
determined from the application of a CBH model. The
obtained RP is very slowly dependent on the frequency
and getting only 2.75 at 100 kHz. The small values of e 0

suggest to use the bis(dimethylglyoximato)palladium(II)
as low-k material in construction of microelectronic
devices. The dielectric properties of the complex were stud-
ies through Debye model, from which the relaxation time
for the dipoles (2.45 · 10�6 s) and the molecular dipole
moment (3.63 · 10�30 C m) were determined.
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