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passivation layers. These films can be deposited by several 
techniques, such as Hot Filament Chemical Vapour Depo-
sition (HF CVD), Microwave Plasma CVD (MP CVD), 
Plasma Jet CVD, or Flame CVD [2].

The film characteristics depend on several different 
deposition process parameters, such as the gas composition 
and pressure, the substrate temperature, the energy of the 
impinging ions, etc [3]. The presence of hydrogen in the 
gas phase promotes the formation of sp3 C structures but 
co-deposition of sp2 carbon phase, as detected by Raman 
spectroscopy, also takes place [4].

Due to its superior physical and chemical properties, 
diamond can be used as an electronic or optoelectronic 
material because of its high Johnson and Keyes figures of 
merit values [5]. However, the electrical and optical prop-
erties of diamond films strongly depend on the film prepa-
ration conditions. Compared with natural diamond, CVD 
diamond is usually polycrystalline and contains various 
defects produced during the deposition procedure. There-
fore, it is necessary to establish the relationship between 
the preparation conditions and the structural and electrical 
properties of diamond films for electronic or optoelectronic 
applications.

In general, polycrystalline diamond films can be con-
sidered as composed from diamond microcrystals oriented 
in different direction with respect to the substrate surface. 
The quality of diamond layers increases as the grain size 
increases starting from the substrate nucleation side to the 
top of the diamond layer [6].

The larger grains induce a decrease of GB phase in the 
film what results that diamond layer will have smaller con-
tent of the sp2-hybridized carbon phase.

The sizes of grain boundaries and thus concentration of 
sp2 carbon phase eventually can lead to limitations in elec-
tronic performances of polycrystalline diamond layers.

Abstract  In this paper, we report results of impedance 
measurements in polycrystalline diamond films depos-
ited on n-Si using HF CVD method. The temperature was 
changed from 170 K up to RT and the scan frequency from 
42 Hz to 5 MHz. The results of impedance measurement of 
the real and imaginary parts were presented in the form of 
a Cole–Cole plot in the complex plane. In the temperatures 
below RT, the observed impedance response of polycrystal-
line diamond was in the form of a single semicircular form. 
In order to interpret the observed response, a double resis-
tor–capacitor parallel circuit model was used which allow 
for interpretation physical mechanisms responsible for 
such behavior. The impedance results were correlated with 
Raman spectroscopy measurements.

1  Introduction

Polycrystalline diamond films have several applications 
in different industrial areas, because of their high density, 
hardness, chemical inertness, etc [1]. In the microelectronic 
industry, these chemical vapor deposited (CVD) films have 
a great potential as gate dielectric, intermetal dielectric, and 
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The impedance spectroscopy is a very sensitive tech-
nique to study electrical conduction path in polycrystalline 
materials and allows for better understanding the role of 
grain surface and GBs on charge transport mechanisms.

In present work, the diamond samples were grown by 
hot filament HF CVD technique, and frequency dependent 
admittance was measured as a function of temperature in 
the 42 Hz–5 MHz frequency range.

The diamond film quality was checked using Scanning 
Electron Microscopy (SEM), Raman spectroscopy, and 
X-Ray Diffraction (XRD).

2 � Experimental

The diamond films were grown at the rate of 0.2  μm/h 
on ultrasonically cleaned, monocrystalline n-Si wafers 
[(10 × 10) mm, 0.2  mm thickness] as substrates by HF 
CVD technique. The stainless-steel chamber was water-
cooled. The total pressure during growth was 80  mbar. 
Deposition was carried out using methane as the carbon 
containing gas, diluted in H2. The total gas flow rate was 
fixed at the 100 sccm, and the percentage flows for CH4 
and H2 were changed from 2.3 to 3 vol%. Prior to growth, 
the substrates were seeded with 1 μm diamond powder in 
an ultrasonic bath. The growth temperature was estimated 
to be ~750 °C, and the thickness of the films are 10.02 and 
11.5 μm, respectively. Further details of the deposition sys-
tem are available from an earlier publication [7].

The Raman spectra were recorded at room temperature 
in back scattering geometry using Renishaw in Via Raman 

spectrometer. A tunable Ar ion laser was used for 488 nm 
as an excitation source. The Raman scattering spectra were 
investigated in the spectral range of 1000–2000 cm−1. All 
data collection were analyzed using Renishaw WiRE 3.1 
software using curve fitting method.

X-ray diffraction patterns were recorded at room tem-
perature by DRON-4a, Θ-2Θ XRD diffractometer using a 
Cu Kα X-ray source.

The impedance measurements were recorded in fre-
quency range of 42  Hz to 5  MHz using HIOKI 3532-50 
LCR HiTester. The measurements were performed in tem-
perature range of 167–300  K in N2 atmosphere and with 
electrode configuration as shown in Fig. 1.

The results analysis was performed using homemade 
software and EIS Spectrum Analyser program [8].

3 � Results and discussion

The Fig. 2 presents the morphology of diamond film depos-
ited at the same reaction pressure of 80 mbar. The surface 
morphology of the investigated diamond films was found to 
depend on the concentration of methane vapor in the work-
ing gas. With increasing methane, concentration from 2.3 
to 3% did not change drastically.

The changes in diamond film qualities are clearly seen in 
their Raman spectra presented in Fig. 3.

The diamond Raman lines for both samples are peaked 
at about 1331.6  cm−1 which is very close to the value of 
1332.5  cm−1, characteristic for diamond monocrystal [9]. 
The diamond Raman lines are presented in (Fig.  3).The 
both spectra are characterized, except sharp diamond at 
around 1331.6  cm−1, by broad luminescence background, 
with different slopes m, and G-band at around 1530 cm−1, 
better pronounced in the sample deposited at higher meth-
ane concentration.

The broad luminescence background (see Fig.  3) 
may arise from hydrogen in amorphous a-C:H carbon 
being admixture of CVD diamond layer. The slope m of 
luminescence background is proportional to hydrogen Fig. 1   Electrode system used in the ac-measurements

Fig. 2   SEM picture of diamond 
layers deposited at methane 
concentrations of : a 3.0% and 
b 2.3%
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concentration in CVD diamond film [10]. Because of 
higher slope m, the samples are characterized by higher 
hydrogen content which is mainly associated with existence 
of sp2 carbon phase admixture which was also confirmed 
by earlier observation [11–15]. The influence of methane 
concentration on diamond quality is shown in Table 1.

The sp2/sp3 ratio was calculated using procedure 
described in our earlier paper [3], and residual stress was 
calculated from the shift of diamond Raman peak from its 
1332.5 cm−1 ideal position using formula proposed by Ral-
chenko et al. [16]. The calculated residual stresses in both 
samples have very similar values of about 0.2 GPa.

The average grain sizes were estimated on basis of X-ray 
diffraction measurements using Debye–Scherrer equation 
[3, 17]. The crystallites preferred orientation in the layers 
can be quantitatively evaluated using texture coefficient, 
TC(hkl) [17, 18]. The diffraction spectra of the studied dia-
mond layers, together with texture coefficients, are pre-
sented in Fig. 4.

The differences between samples are not detected by 
SEM but are clearly seen in X-ray diffraction and Raman 
spectroscopy measurements.

The most pronounced differences between presented 
diamond layers are seen in the values of their preferred ori-
entations (see Fig.  4). Additionally, the layer deposited at 
higher methane concentration is characterized by higher 
value of Full Width at Half Maximum (FWHM) which 

is an indication of diamond quality. The decrease of dia-
mond layer quality may be caused by higher concentra-
tion of sp2 (higher value of sp2/sp3 ratio)-hybridized car-
bon phase which leads to higher slope of the luminescence 
background.

3.1 � Impedance spectroscopy

The electrical conduction path in polycrystalline diamond 
films can be realized by grain boundaries, grain interiors, 
and amorphous carbon phase admixture situated mainly on 
grain boundaries. The details of Impedance Spectroscopy 
can be found elsewhere [19]. This techniques allows to 
propose equivalent circuit for studied materials which give 
possibility to compare the experimental data with simulated 
data by changing the parameters of the equivalent circuit.

The obtained results show that for the conduction paths 
in polycrystalline diamond films the both grain boundaries 
and grain interior are responsible as well.

As it is seen in Fig. 5, a Coole–Coole plots have a single 
semicircular shape at all studied temperatures. The diam-
eter of the semicircular signal is decreasing with increasing 
temperature. For theoretical simulation, two parallel RC 
circuits, describing contribution to electrical conduction of 
diamond films from both grain interior and grain bounda-
ries, in series were used.

Fig. 3   Raman spectra of the diamond films presented in Fig. 2

Table 1   Quality parameters of the studied diamond layers

Pressure 
(mbar)

CH3OH/H2 (%) Average grain 
sizes (μm)

The thickness of 
layers (μm)

sp2/sp3

ratio (%)
FWHM (cm− 1) slope (cm)

DPK25 (a) 80 3.00 0.58 11.50 24.22 9.4 9.98
DPK26 (b) 80 2.30 0.73 10.02 9.43 7.8 3.71
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The used fitting procedure was similar as that described 
by Kleitz and Kennedy [20] and allows the determination 
of resistance and capacitance with a very good precision.

The symbols Rgi, Rgb, Cgi, and Cgb are resistance and 
capacitance of grain interior (gi) and grain boundaries (gb), 
respectively. The resistor represents electronic conduction 
mechanisms, and capacitor is responsible for the diamond 
polarizability.

As it shown in Fig. 5, both samples show similar tem-
perature dependence impedance characteristics.

The performed simulation, using EIS software, showed 
that temperature dependent is only one resistor, i.e., Rgi, 
while both capacitors did not change with temperature and 
are equal: Cgi ~ 1.5  ×  10− 9 F, Cgb ~ 1.8  ×  10− 10 F for sam-
ple Dkp25 and Cgi ~ 1.6   × 10− 10 F, Cgb ~ 1.4   × 10− 9 F for 
sample Dpk26. The second resistors Rgb were very weakly 
temperature dependent and have average values of 400 and 
1450 Ω for Dpk25 and Dpk26 samples, respectively.

Our results are in good agreement with those obtained 
by Ye et. al [21]. According to their work, the contribution 

to impedance from grain boundaries becomes significant at 
higher temperatures even above 250 °C.

The dependence of Rgi versus temperature for both sam-
ples is shown in Fig. 6.

Such behavior seems to be understandable because the 
structure of grain bound should not change with tempera-
ture, while conduction mechanism inside grain should be 
thermally activated because hydrogenated diamond shows 
semiconducting properties [12]. However, for Dpk26 sam-
ple at even lower temperatures are visible both mechanisms 
(two overlapping semicircles) which may be associated 
with an preferential orientation of diamond microcrystal 
(see texture coefficients in Fig. 4) and with an inhomogene-
ous spatial distribution of sp2 carbon in diamond layers. It 
is known that the most defective diamond crystal planes are 
(111) planes [6, 22]. The differences in preferred orienta-
tions (TC(hkl) shown in Fig. 4) in both diamond layers may 
have an influence on conduction mechanisms.

As it is seen from Fig. 6, both samples show slightly dif-
ferent slopes of the plot log(Rgi) versus 1/T, which can be 

Fig. 4   The XRD spectra of the 
diamond layers shown in Fig. 2
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caused by different hydrogen concentrations, as it is indi-
cated by the slope m of the corresponding Raman spectra.

4 � Conclusions

For synthesis of diamond films, the hot filament CVD 
method was used. The obtained layers have been character-
ized using SEM, XRD, Raman spectroscopy, and imped-
ance spectroscopy. The impedance measurement were per-
formed in the temperature range of 160–290  K and have 
been presented in the form of a Cole–Cole plot. The grain 
interior and grain boundary contributions to the electrical 

mechanisms were identified. It was found that only grain 
interior electrical conduction has thermally activated char-
acter. As it is seen from Fig.  6, the activation energy can 
be dependent on hydrogen content in diamond films. More 
detailed investigations for much broader temperature range 
may help more directly explain the suggested mechanisms.

Open Access  This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
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