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1. Introduction
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Ultrathin undoped tetrahedral amorphous carbon films:
Thickness dependence of the electronic structure and
implications to electrochemical behaviour

Vera S. Protopopova**, Niklas Wester', Miguel A. Caro®?, Pavel G. Gabdullin®,
Tommi Paloméki®, Tomi Laurila? and Jari Koskinen®

In this paper we show that the electronic properties of ultrathin tetrahedral amorphous carbon (ta-C)
films are heavily dependent on their thickness. By using scanning tunnelling spectroscopy, Raman
spectroscopy, and conductive atomic force microscopy, it was found that a decrease of ta-C thickness
from 30 to 7 nm leads to (i) a narrowing of the band gap; (ii) appearance of shallower monoenergetic
traps as well as the increase of their concentration; (iii) the increase of the equilibrium concentration of
free charge carriers and their mobility; which were caused by (iv) the increase in the sp® fraction.
However, beyond a certain ta-C thickness (7 nm) the electronic properties of the studied samples start to
deteriorate, which is highly likely related to titanium oxide formation at the Ti/ta-C interface. The same
tendency is observed for the sample with beforehand air-formed native titanium oxide at the interface.
With respect to the last point, it is suggested that the ta-C layer has not uniform coverage if its thickness
is small enough (less than 7 nm). The experimental results were rationalized by detailed atomistic
simulations. By using the so-called "Tauc plot" we introduce the possibility of the coexistence of bulk and
surface band gaps originating from the large increase in sp> bonded carbon atoms in the surface region
compared to that in the bulk ta-C. The results from the simulations were found to be consistent with the
experimental measurements. The previously stated variation in the electronic properties of the layers as
a function of their thickness was also exhibited in the electrochemical properties of the samples. It
appears that the thinner ta-C layers had more facile electron transfer kinetics as determined with a
ferrocenemethanole (FcMeOH) outer sphere redox system. However, if the ta-C layer thickness were
reduced too much, the films were not stable anymore.

crucial role in electron transfer reactions taking place at the
electrode—solution interface. Ideally, by knowing the molecular

Accurate detection of biomolecules is a challenging issue in
modern medical research because it may help in revealing the
mechanisms of many biochemical processes that are not
understood completely yet. For instance, abnormal
concentrations of the neurotransmitter dopamine are associated
with several neurological disorders: e.g., Parkinson's disease,
schizophrenia, and Huntington's disease [1]. In the case of
electrochemically active molecules such as dopamine, which
electrochemical oxidation leads to the release of two protons
and two electrons [2], they can be feasibly detected by means of
special electrodes and cyclic voltammetry [3, 4]. Requirements
of the electrode material include sensitivity, selectivity, long-
term stability, biocompatibility, and ability to detect the
released electron. From an electrochemistry point of view [5—
7], band structure, distribution and concentration of vacant and

occupied states, and free charge carrier concentration play a

This journal is © The Royal Society of Chemistry 2014

orbital structure of the detected biomolecule and the electronic
structure of the electrode material, it is possible to predict or
simulate the process of electron transport between the electrode
and analyte [8], as well as to design the best electronic structure
of the electrode material for the detection of a certain
biomolecule.

Carbon-based electrode materials are widely used and
intensively studied for biosensor applications [3, 9-19]. One
such material is boron-doped diamond (BDD) [12-16] because
of its excellent electrochemical properties such as wide water
window, small background current, uniform surface, and
biocompatibility. The main limitation factors of BDD electrode
usage are the high deposition temperature required, which leads
to incompatibility with integrated circuit processing, and
limited range of substrates. An alternative prospective material
is nitrogen-doped diamond-like carbon (N-DLC) [16-19],
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which has the electrochemical properties that are almost as
good as those of BDD [16, 18]. The benefit of using N-DLC is
the possibility to deposit it under room temperature: for
instance, by filtered cathodic vacuum arc (FCVA) deposition
technique [20]. Nitrogen doping is needed for improving film
electrical conductivity due to a higher amount of sp®, when
such an electrode is used for sensor applications [16-19]. In
addition, nitrogen incorporation leads to obtaining of narrower
band gap and decrease of internal stress and hardness in
comparison to undoped DLC with the same thickness [21, 22].
However, N-DLC is not an ideal electrode material due to its
high
significant amount of pinholes, which typically does not permit
the use of N-DLC films thinner than 100 nm [17]. Typical
utilized thicknesses are in the range from 60—70 nm [23] to 1.5
pm [19].

Another way of increasing of sp? fraction without the

limited electrical conductivity, internal stress, and

pinhole number raise is to use ultrathin layers of undoped DLC.
It should be mentioned that undoped hydrogen-free DLC is
called tetrahedral amorphous carbon (ta-C). On the one hand,
avoidance of nitrogen incorporation allows for a reduce number
of pinholes. On the other hand, thickness decrease leads to
increase of sp® fraction in ta-C thin films [24-26]. Only
samples that were thicker than 60—70 nm maintain properties of
bulk ta-C (Young's modulus, density, sp> fraction) [25, 26]. In
addition, it was determined that there is a critical thickness for
the ta-C layer (around 8-10 nm) that is needed for the
stabilization of the sp’ matrix structure [24]. The electronic
properties of DLC layers have been studied relatively widely,
including band gap determination with different methods [22,
27-30], investigations of the conduction mechanism [31-33],
photoconductivity [34], and field emission properties [35].

The aim of this work is to study the electronic properties of
ultrathin undoped ta-C thin films as a function of thickness and
the possible implications for their electrochemical behaviour.
Samples consisted of ta-C layers of different thickness
deposited on top of highly-conductive p-type silicon with a 20-
nm Ti interlayer. The band gap was measured by means of
scanning tunnelling spectroscopy [27—30]. Raman spectroscopy
was utilized for indirect indication of the sp*/sp’ ratio change
by I(D)/I(G) ratio observation and shift of the G peak position,
which also correlates with the band gap value [26, 36-38]. The
conduction mechanism through the samples was analyzed in
terms of space-charge-limited (SCL) currents theory [39] and
was investigated by means of current—voltage curves obtained
from atomic force microscopy operated in contact mode [32,
33]. Those measurements allowed for the study of electron
transfer through the amorphous dielectric in order to specify the
band gap structure of the samples, i.e. to find energy of traps or
localized states, their concentration [40, 41]. In addition,
electron transfer at the electrode—solution interface was probed
by utilizing the redox molecule ferrocenemethanol (FcMeOH)
by means of cyclic voltammetry [42]. Finally, to support the
experimental work and rationalize the results, computational
simulations using a combination of different levels of theory
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within the density functional theory framework [43, 44] were
carried out.

It should be mentioned, that some preliminary experimental
[11, 45, 46] and computational [49, 53] results have been
obtained by our group in that field. We started [11, 45] from
testing of electrochemical properties (water window, electron
transfer at the electrode-solution interface with FcMeOH,
sensitivity towards dopamine) of one kind of layered structure
based on ta-C (VTT technical research centre of Finland). Then
we compared one of those coating with new one [46], which
demonstrated faster electrode kinetics and two orders of
magnitude less detection limit to dopamine. Here, we continue
that study focusing on new type of electrode structure.

2. Experimental details

2.1 Sample fabrication

The ta-C thin films were deposited on top of silicon with a
20 nm Ti underlying layer. The thickness of ta-C was varied in
the range of 2-30 nm. Pieces of highly conductive (0.001—
0.002 Q cm) p-type boron-doped (100) silicon wafers with
beforehand-deposited aluminium contact pad were utilized as
substrates. Before the deposition, Si wafers were cleaned by
standard RCA-cleaning procedure and acetone ultrasonication.
Ti and Al layers were deposited by means of direct-current
magnetron sputtering (DC-MS); whereas ta-C layers were
obtained via filtered cathodic vacuum arc (FCVA) deposition.

All used deposition setups were installed in a 125-1
cylindrical stainless steel deposition chamber. The chamber
vacuum was pumped down by a dry-scroll vacuum pump
(Edwards XDS10) and by a cryo pump Cryo-Torr (Helix
Technology corporation). In order to get the low vacuum level
needed for DC-MS, a high-vacuum throttle valve was used.
Two magnetron sputtering systems were equipped with two
circular water-cooled magnetron sputtering sources with 2-inch
Ti and 4-inch Al targets (Kurt J. Lesker Company),
respectively, and by a DC generator (DCO2 BP) as well. The
shutters were utilized for sputtering time control. The crystal
oscillator film-thickness monitor (SQM 242) was used for
thickness control during the process. Pre-sputtering of 120 s
was carried out for the target surface cleaning. Titanium layers
were deposited under the following deposition conditions:
discharge power was fixed at 100 W, total pressure was 0.67
Pa, Ar gas flow rate was 28 sccm, and deposition time was 350
s. Deposition rate was 0.57 A/s when the distance between the
substrate holder and the target was about 20 cm. The FCVA
system was equipped with a 60° bent magnetic filter for
macroparticle contamination reduction. Two 99.997 % graphite
rods (Goodfellow) of diameter 6.35 mm were used as the
carbon cathodes, which were surrounded by a cylindrical
anode. The arc current pulses had the amplitude of 0.7 kA and
0.6 ms pulse width. Each pulse was triggered at 1 Hz
frequency. The 2.6 mF capacitor bank was charged to 400 V.
The total pressure during the deposition process was no more
than 1.3-10* Pa. The deposition rate was 0.2 A/pulse in the
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case when the distance between the substrate holder and the
filter border was about 20 cm. Samples were placed in the not-
heated, grounded rotating holder (rotational velocity used was
20 rpm).

Besides desired bilayer structures, sets of single metal and
single ta-C layers with various thickness values were fabricated
on Si to determine the deposition rates. The real thickness
values of such single layers were measured by means of
profilometer Dektac XT with 6 A step height repeatability.
Calibration curves of the single layer thickness wvs the
deposition time for the DC-MS process or pulse numbers for
FCVA were determined (not presented here) and were used for
the previously mentioned deposition rate value determination.

2.2. Physical methods of sample characterization

Scanning probe multimicroscopes Ntegra Aura (NT-MDT
Company) and SMM 2000 Vac (Proton-MIET) were utilized
for scanning tunnelling microscopy (STM) and spectroscopy
(STS) in ambient air and under high vacuum (10 Pa)
conditions, respectively. With the use of STS, investigation of
the density of states (DOS) near the Fermi level was carried out
by measuring the differential conductivity di;yp/dUpiys of the
tunnel current depending on voltage applied to the sample
surface. Registration of the I7yy—Upyys characteristics of the
tunnelling current was done for different randomly chosen
surface areas of studied samples by the interrupted-feedback
technique. At least ten measurements were obtained for each
point to reduce the possible error due to tip—sample spacing
variation. All measurements were carried out under such
conditions, when I7yx—Ups characteristics did not depend on
tip voltage, in order to prevent the influence of tunnel contact.
It means that resistance of tip—sample spacing was negligibly
small in comparison to the effective resistance of sample and
obtained /7yn—Ugiys characteristics related to the DOS of the
studied sample. The measurement conditions, such as tip
current and tip voltage, were 0.2 nA and 0.5 V and 1 nA and 1
V for the Ntegra Aura and SMM 2000 Vac microscopes,
respectively.

Visible spectroscopy  (WITec 300
spectrometer) was used as an effective way to investigate the

Raman alpha
bonding structure of ta-C films. For all kinds of amorphous and
nanocrystalline carbon films, Raman spectrum typically shows
a G-band peak centred around 1550 cm™ and a D-band peak
centred at 1360 cm! [26, 36-38, 47]. Nevertheless, it was
demonstrated that both peaks are caused by sp? fraction, while
the intensity ratio of D-band to G-band /(D)/I[(G) and shift of
the G peak are correlated to the sp’/sp® ratio, the band gap
value, and film density [26]. The following spectra-acquisition
parameters were used: laser wavelength was 532 nm, exposure
time was 0.5 s, number of accumulation is ten, and spectrum
wave number was in the range of 450 to 3900 cm™. All
obtained spectra were processed by an averaging of 50 spectra
and a background subtraction.

Besides performing STM and STS measurements, scanning
probe multimicroscope Ntegra Aura (NT-MDT Company) was
used for contact atomic force microscopy (AFM) and spreading

This journal is © The Royal Society of Chemistry 2014
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resistance microscopy (SRM or conductive-AFM). The
measurements were carried out in ‘scanning by sample’ mode
with the use of universal measuring head equipped with the
special probe holder designed for current measurements.
Diamond-coated conductive probes (DCP10) with a typical
curvature radius of 100 nm and nominal force constant of 11.5
N/m were used. Conductive-AFM was performed in single-pass
mode, which permitted the acquisition of simultaneously
topography maps,
distribution, and the average current Jgz flowing through the

roughness data, current maps, current
studied sample area under the voltage Ugy applied to the probe,
which value was 0.5 V in most cases. Bitmap images were
processed using the free software Gwiddion 2.34.

In addition, current—voltage spectroscopy, which allows the
acquisition of Jgz—Ugp characteristics in point, was used for
investigations of the conduction mechanism in terms of space-
charge-limited (SCL) currents theory. The presence of defect
states or traps in the band gap can be found as well. During the
measurements, the range of the applied voltage values varied
from sample to sample and was limited by the maximum
of +25 nA. All obtained Jgp—Ugsg
characteristics were the average of ten measurements in

measured current

different points.

2.3. Cyclic voltammetry

The electrochemical properties of the fabricated electrodes
were measured with cyclic voltammetry. A Gamry Reference
600 Potentiostat/Galvanostat/ZRA
configuration measurement cell were used. The reference

and a three-electrode
electrode was a Ag/AgCl skinny reference electrode (Sarissa
Biomedical Itd., Coventry, UK) and the counter clectrode was
glassy carbon. The backside of the samples was contacted to a
copper plate. The copper plate and sample were covered with
Teflon tape, with a pre-made hole with a 6 mm diameter. The
tape covered the sample and copper plate in such a way that the
solution could make contact with the sample surface only
through the hole. Water windows were measured both in 0.15
M sulfuric acid and phosphate buffered saline (PBS) solution at
sweep rates of 50 and 400 mV/s. The pH values of the PBS
solution and sulfuric acid were 7.4 and 0.90, respectively.

The
(FcMeOH) was used to define the electron transfer rate of the

outer-sphere redox system Ferrocenemethanol
electrodes. The 1 mM FcMeOH solution was prepared by using
Ferrocenemethanol (Sigma-Aldrich, St. Louis, USA) in 100 mL
of 0.15 M sulfuric acid (Merck kGaA, Darmstadt, Germany).
FcMeOH measurements were carried out at sweep rates of 50
and 400 mV/s for each electrode. Prior to measurements, the
solutions were saturated with N, for 5 min and during
All
measurements were carried out at room temperature and the
FcMeOH the day of the
measurement to prevent its oxidation.

measurement the cell was kept at N, atmosphere.

solutions were prepared on

Physical Chemistry Chemical Physics, 2014, 00, 1-3 | 3



Physical Chemistry Chemical Physics

2.4. Band gap prediction by density functional theory

The Tauc gap is determined from the onset of linear
absorption, obtained as the intersection of a linear fit to the
absorption curve in the region where it behaves linearly [48].
From the computational point of view, the absorption
coefficient o can be obtained as a function of photon energy
from the product of the square of the dipole matrix element for
interband absorption M and the joint density of states (JDOS)
[49, 50]:

(1) = M (1) [ dEpyy (E)pea(E-+ 1) (1)

where Aw is the energy of the absorbed photon, pyp(E) and
pcp(E) are the density of states at energy E for the valence and
conduction bands, respectively, and the result of the integral is
what is known as the JDOS. The evolution of the square root of
the JDOS as a function of photon energy is the quantity used
for the Tauc gap determination [50]. The computational
samples used in this study were generated following the
guidelines given in our recent paper [51] using the PBE [52]
functional within the frame of density functional theory (DFT)
[43, 44]. The samples chosen for the present study are the bulk
structures from Ref. [51] with sp3 content above 50 %. Given
the inherent issues of standard DFT with respect to band gap
determination [53], we used the HSE hybrid functional [54] for
accurate prediction of the energetic positions of electronic
states for one of the samples (density 3.03 g/cm3 and sp3
fraction of 72.4 %). The calculation scheme is described in
detail elsewhere [55]. All the DFT simulations were carried out
with the VASP package [56] using the PAW method [57, 58].
Given the high computational cost of hybrid functional
calculations, only one sp® fraction value could be explored.
Future work shall extend the present computational band gap
calculations to a wider range of sp® values.

3. Results and discussion

3.1 Experimental determination of band gap and bonding
structure

Figure la shows dependencies of tunnelling current /7y
and differential conductivity dlyyn/dUpus on sample voltage
obtained from the sample surface with a 30-nm thick ta-C layer
measured in ambient air (dot line) and under vacuum conditions
(solid line). The DOS of the studied sample is proportional to
the differential [59].
importance of several factors, such as the effect of electric
fields on the surface DOS, the influence of the tip DOS, and the
tunnelling transmission probability, is suspected. It is to be

conductivity However, negligible

noted that both dependencies obtained in ambient air and under
(1) Firstly,
valence and conduction band edges have significant tails caused

vacuum conditions agree within uncertainties.

by amorphous structure of samples. For example, in the case of
amorphous silicon [60], the valence tail is due to structural

disorder, while the conduction tail is sensitive to temperature

4 | Physical Chemistry Chemical Physics, 2014, 00, 1-3

and originates from thermal disorder (in our case,
measurements were carried out at room temperature). This is
the reason why the tails are not symmetrical. (ii) Secondly, the
fine structure related to local maxima and minima reproduce
each other quite well. Because of unsharp band gap edges and
extensive tails, it was difficult to find the actual band gap value.
Therefore, mobility edges were found as the energy levels
separating extended (non-localized) states of valence and
conduction bands from localized states of exponential tails. We

will discuss further the mobility gap value.

20

Eyc = 2.39 6V

Tunneling current |, nA

8 | . X o
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Bias voltage, V
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o 151 q
=
i
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J A in vacuum
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ta-C thickness, nm

Figure 1. (a) lwun—Usnus characteristics (left vertical axis) and differential
conductivity dlryn/dUgis (right vertical axis) obtained at ambient air (dot line)
and vacuum (solid line) conditions for the sample with 30 nm top ta-C layer. (b)
Dependence of the mobility gap value on ta-C thickness.

The dependence of the mobility gap values on ta-C
thickness is presented in Figure 1b. This plot has a clear
minimum around 7 nm thickness of the ta-C layer. The smallest
value of mobility gap is 1.19+0.2 or 0.76+£0.2 eV according
STM measurements carried out at ambient air or vacuum
conditions, respectively. The band gap value reduces from
2.39+0.12 or 2.16%0.12 eV (air, vacuum) to the minimum value
with a decrease in thickness from 30 to 7 nm, which correlates
well to results published [24-26] and can be associated with a
greater amount of sp” fraction [22, 24, 61]. The gap value of
2.39+0.12 eV is also consistent with the results presented in the
literature for the bulk ta-C [27, 28]. However, further decrease
of ta-C thickness to 2 nm leads to the drastic increase of the gap
value to 2.12+0.1 eV (air). An increase of the band gap value

This journal is © The Royal Society of Chemistry 2014
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with the decrease of the layer thickness is often observed for
nanocrystalline thin films [62-64], due to the quantum
confinement effect, when the grain size diminishes with the
thickness decrease. In a contrast, in the case of amorphous
layers, their thickness decrease [65—67] usually leads to the
band gap narrowing. Moreover, the decrease of DLC layer
thickness causes higher sp® fraction and wider band gap [24—
26]. Therefore, another explanation should exist for the band
gap broadening with ta-C thickness decrease from 7 to 2 nm.
We suggested that the change of properties of Ti underlying
layer can play a crucial role. For instance, titanium oxide layer
formation at the Ti/ta-C interface can induce the observed
behaviour. The latter change is expected to occur due to
nonuniform coverage of ta-C layer. It should be mentioned that
both the surface and bulk DOS contributed to the resulting
Irun—Ups spectra of tunnelling current. Contribution of each
depends on tip height in a way that the bulk DOS is prevalent in
the case of lower tip height, while the surface DOS dominates
at larger tip height [68]. Therefore, it is assumed that STS
results give an average representation of the overlying surface
and bulk DOS. In the case of ultrathin ta-C layers, the DOS of
the underlying layer, especially if it is an oxide layer with a
wider value of band gap, can affect the resulting spectra.

In order to study the ta-C bonding structure, the samples
were characterized by means of Raman spectroscopy. Raman
spectra and results of their analysis are presented in Figures 2a
and 2b. Samples containing 2- and 3-nm thick ta-C were too
thin to get reasonable signal. Figure 2b indicates that the value
of the I(D)/I(G) ratio increases monotonically with the ta-C
thickness decrease. This behaviour is most likely to be
connected with the observed trends in the magnitude of the
band gap and the sp*/sp” ratio [36-38] in such a way that when
the 1(D)/I(G) ratio decreases and there is a simultaneous shift in
the G-peak wave number to lower values; the band gap and the
sp’/sp” ratio both increase. Those results correlate well with the
data presented in [24-26], where the amount of the sp? fraction
is reported to decrease as the film thickness increases for all
of ta-C STS
measurements indicate that the band gap value for the sample

ranges thickness values used. However,
with the 4-nm top ta-C layer is wider than for the sample with
the 7-nm ta-C layer. This result is understood in terms of
Raman results correlating with change of ta-C band gap values
only and excluding the influence from the underlying layer
because of the investigation of specific wavelengths distinctive
to carbon bonds.

Thus, comparison of STS and Raman results indicates that
the ta-C band gap decreases as thickness decreases. However,
the titanium oxide layer starts forming in the Ti/ta-C interface
when ta-C layer becomes thinner than 7 nm, which leads to
appearance of wider band gap values. This can influence
electron transfer properties of the whole multilayer structure
during electrochemical measurements, which will be described

later.

This journal is © The Royal Society of Chemistry 2014
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Figure 2. (a) Raman spectrum of ta-C with different thicknesses and (b)
dependences of /(D)/I(G) ratio and G-band position on ta-C thickness found from
analysis of (a).

3.2. Conductive AFM and space-charge-limited currents

In order to investigate the electron conduction mechanism
conductive AFM and
current-voltage spectroscopy were carried out in contact

throughout the electrode structure,

(spreading resistance) mode. The results from conductive-AFM
are presented in Figure 3.

The analysis of the topography maps (Figures 3a—f) shows
that all the samples have approximately the same roughness of
1 nm and that the surface features are also of similar diameter
(approximately 150 nm). Preliminarily results obtained by
means of AFM shows that the topography of top ta-C layer
repeats the topography (roughness and the surface features size)
of the underneath Ti layer. Thus, it is likely that the uniform top
ta-C layer covers the rough Ti underneath layer almost
conformally.

The analysis of the current maps (Figure 3a'-f") indicates an
uneven distribution of the current Jg; flowing through the
samples under the applied probe voltage Ugz. Round or oval
local spots that are less conductive are surrounded by a more
highly conductive net. The average diameter of such spots is
around 150 nm, which agrees with the features size seen in the
topography maps (Figures 3a—f). Comparison of topography
and current maps confirms that the less conductive spots relate
to hills from topography, while the highly conductive net
coincides with the valleys. Such behaviour can be caused by

Physical Chemistry Chemical Physics, 2014, 00, 1-3 | 5
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Figure 3. (a—f) Topography maps, (a'—f') maps of current Jsz and (a”—f") distribution of current Jsz for samples with different ta-C thicknesses (under 0.5 V).

different values of mechanical contact area of a real granular or
rough surface (in cases of hills or valleys) as has been
previously demonstrated [69].

Distributions of current Jgi presented in Figure 3a”—f” are
used in order to obtain the dependence of the average current
(as it correlates to the maximum current in the distribution)
flowing through the sample on the ta-C thickness shown in
Figure 4. A particular feature of this dependence (Figure 4) is
the presence of the current extreme for the sample with 7-nm
thick ta-C. The average current Jg increases from 0.07 to 12.3
nA (measured under 0.5 V of applied voltage) and the specific
resistance decreases from 4.02:10* to 200 ©Q cm (Table 1)
simultaneously with mobility gap reduction (Figure 1b) with a
ta-C thickness decrease from 30 to 7 nm. Further ta-C thickness
decrease to 2 nm leads to a rapid fall of the value of average
current to 2.5 pA (Figure 4); specific resistance increases to
1.13-10° Q cm (Table 1) at the same time as the mobility gap
increase (Figure 1b). The values of specific resistance p were
found from equation (2) for voltage between the probe with
hemisphere shape and the collecting contact of radius 7¢, where
Usy and Jgp is measured voltage and current. Contact radius r¢
was calculated from Hertz elastic contact theory [69] for ball—
ball contact and was found to be 7.5 nm.

Ugp =7—"" (4)

In order to determine an explanation for why samples with
thinner ta-C layers (2—4 nm) and samples with thicker ta-C (7—
30 nm) have such different electrical behaviour, the clectrical
conduction mechanism through the samples must be further
considered. The system under study included a metal (Ti
deposited on Al pad), (ta-C), and
semiconductor (nitrogen doped diamond coating of AFM

contact dielectric

6 | Physical Chemistry Chemical Physics, 2014, 00, 1-3

probe). The substrate presence (Si) can be neglected from
consideration as it does not participate in the current transport.
Thus the only parameter that was changed was the ta-C layer
thickness. However, titanium oxidation should be taken into
account as we suggested above.

10

J

Measured current Jerr nA
o
2
T
!

1E-3 L
1 2 3 4 7 10 14 30

ta-C thickness, nm

Figure 4. Dependences of the average current Js flowing through the sample on
ta-C thickness at the probe voltage of 0.5 V.

The mechanism of electrical conduction in dielectric thin
films can be described and investigated in terms of space-
charge-limited (SCL) injected currents model [32, 39—41]. The
studied current—voltage characteristics are plotted in log—log
coordinates and presented in Figure 5, where linear regions
relate to J ~ U™ dependence (N values are marked near all linear
regions). It should be noted that typically a current—voltage
curve plotted in log—log coordinates contains at least three
regions indicative of the different conduction mechanism; these
are:

This journal is © The Royal Society of Chemistry 2014
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Figure 5. Current—voltage curves obtained from samples with different ta-C
thicknesses plotted in log—log coordinates. (Sample '7 nm & ox' contains air-
formed native titanium oxide at Ti/ta-C interface. See paragraph 3.3) The
numbers placed along the lines of approximations represent the slopes at those
locations.

1. Ohm's law region (equation 3), which is usually observed
at low applied voltages. Unit slope (N=1) appears in log—log
coordinates. If the applied voltage becomes bigger than a
certain transition voltage Uz (4), the linear dependence (N=1)
changes to a quadratic law (N=2). Under voltages less than Ug,
the thermally generated carrier density (n,) dominates over the
injected carrier density; therefore, equation (4) can be used for
no estimation. In the case, when resistance (conductance) is
known, carrier mobility ¢ can be found using equation (5).

In the case of samples with ta-C thickness in the range of 4—
30 nm (Figure 5), Urg values are very low. Ohm’s law is not
readily observed in the case of samples with 4, 7, and 14 nm ta-
C thicknesses, therefore n, and mobility values (presented in
Table 1) can be overestimated. For samples with the thinnest ta-
C layers (2 and 3 nm), Ohm’s law smoothly transitions to the
first quadratic and then to a sharper law.

2. The first quadratic law is related to the presence of
monoenergetic traps (single carriers) in the band gap. In this
case, SCL current density is expressed by the Mott—Gurney law
(6). The first quadratic region is followed by the sharp increase
of measured current at the trap-filled limit voltage Uzr (7)

Physical Chemistry Chemical Physics

when all traps are occupied. Trap energy (trap depth from the
edge of conduction band) can be found from equation (8). It
should be noted that several (m) quadratic laws can be
observed, which means that the first (m—1) quadratic regions
correlate to presence of (m—1) levels of monoenergetic traps
with different depth and the last quadratic law relates to Child's
law (described below).

Current—voltage characteristics for samples with 4- and 7-
nm thick ta-C layers (Figure 5) contain two quadratic regions;
so one region relates to the presence of monoenergetic traps and
space charge formation due to trapped electrons. In the case of
samples with 14- and 30-nm ta-C layers, Jgz—Ugp contains three
and four quadratic regions; thus, two and three single traps can
be found. The presence of monoenergetic traps can be also
confirmed by the dependence of the average current on ta-C
thickness. According to equation (6), the measured current is
inversely proportional to thickness cubed. As is illustrated in
Figure 4, an inverse cubic dependence is observed for samples
with ta-C thickness in the range of 7-30 nm, while the point for
the sample with 4 nm ta-C layer is already out of this
dependence.

3. The second quadratic law (or the last, in case of (m)
quadratic laws) appears when all traps are filled and conduction
becomes space-charge limited (Child's law), which limits the
further injection of free carriers in the dielectric. Child's law is
expressed as (9). In certain cases, when a region with N > 3 is
found, it means that SCL currents are limited by exponentially
distributed traps. Characteristic trap energy for exponentially
distributed traps can be found from equation (10).

The current—voltage characteristics of samples with 2- and
3-nm ta-C layers (Figure 5) do not have signified or separated
regions with different slopes. However, the largest linear
regions correlate to N values of 3.3 and 4.7. In this case, the
conduction mechanism is defined by exponentially distributed
traps, which is also supported by the sharp fall of the average
measured current with thickness decrease.

(3)

U
JOhm = enoﬂg ’

Table 1. The results from analysis of current—voltage characteristics for samples with different ta-C thicknesses.

ta-C
. ps Urg, no, i, Urpy, ) N, E, . .
thlcrll<rrrlless, Qom v em! 2V s v om! oV Conduction mechanism
2 1.13-10° 2.6 2.0-10" | 2.8-107 - - - 0.095 SCLC with exponentially distributed
traps
3 8.79-10° 1.26 7.1-10" | 1.0-10° - - - 0.059 | SCLC with exponentially distributed
traps
4 443 <0.075 | 5.5-10" [ 2.5:10% | 0.163 0.85 2.7-10" 0.037 SCLC with monoenergetic traps
7 200 <0.07 1.7-10" 0.18 0.143 0.88 8.4-10" 0.067 SCLC with monoenergetic traps
7 nm & ox 3.22-10* 0.86 5.7-10" | 3.4-10* - - - 0.045 | SCLC with exponentially distributed
traps
14 2.07-10° <0.087 | 6.6-10" | 4.6:107 0.24 1 3.3-10" 0.086 SCLC with monoenergetic traps
0.49 1 6.9-10" 0.067
30 4.02-10* 0.117 | 1.9-10" | 8.1-107 0.39 1 1.2-10" 0.112 SCLC with monoenergetic traps
0.56 1 1.7-10" 0.103
0.77 1 2.3-10" 0.096

This journal is © The Royal Society of Chemistry 2014
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where e is electron charge, n, is equilibrium concentration of
thermally generated free charge carriers, u is electron mobility,
H is layer thickness, ¢ is relative permittivity, g, is the
permittivity of vacuum, 6 is the trapping parameter showing the
ratio of occupied and unoccupied traps, MV, is trap concentration,
N, is effective density of states in the conduction band (~ 10"
cm™ at room temperature), and (/+7) is equal to N. According
to equations (3—10) from SCL currents theory, the trap energy,
and their concentration, the number of free charge carriers and
their mobility are calculated and presented in Table 1.

The results from the analysis of measured current—voltage
characteristics (Figure 5 and Table 1) indicate that (i) shallow
traps exist in all cases; (ii) the conduction mechanism through
samples with ta-C thickness in the range of 4-30 nm relates to
monoenergetic shallow-trap presence in the band gap; (iii) ta-C
thickness decrease from 30 to 4 nm leads to the appearance of
shallower traps, the decrease of occupation level 0, the increase
of their concentration »,, as well as equilibrium concentration
of free charge carriers (ny); (iv) the sample with 7-nm thick ta-
C is characterized by the highest mobility of free charge
carriers; and (v) a decrease of ta-C thickness less than 4 nm
causes a change of conduction mechanism to SCL current with
exponentially distributed traps. The obtained data are in
accordance with mobility band-gap measurement results,
demonstrating that the band gap value reduces with the ta-C
thickness decrease to 7 nm, but further decrease of ta-C
thickness leads to a widening of the band gap.

We suppose that the above mentioned dependencies, in the
case of the samples with ta-C layer thickness in the range of 2—
4 nm, are most likely connected to the formation of a titanium
oxide layer at the Ti/ta-C interface as has been suggested

8 | Physical Chemistry Chemical Physics, 2014, 00, 1-3

earlier. We argue that the ultrathin ta-C layer has nonuniform
coverage. In fact, it was demonstrated [45, 46] by means of
EELS analysis that both interlayers of Si/Ti and Ti/ta-C contain
oxygen as a trace element. Furthermore, the slope values
between 3 to 6 are typical to oxide layers [70].

3.3. Influence of quality of underlying titanium layer

In order to confirm the suggestion about a possibility of
titanium oxidation, we studied the influence of underlying Ti
layer quality by comparing of two samples, which consisted of
20 nm thick as-deposited Ti layer and Ti layer with air-formed
native oxide; and 7 nm ta-C on top. In the first case, Ti and ta-C
were obtained in one deposition process. In the second case, as-
deposited Ti layer was sustained during one week at ambient air
to form native surface oxide layer [71, 72].

STM measurements, conductive AFM and current-voltage
spectroscopy were carried out with both samples. The presence
of native air-formed titanium oxide at the Ti/ta-C interface
leads to:

1. A broadening of the band gap value from 1.19+0.2 and
1.92+0.1 eV (measured at ambient air). Thus, we confirm that
DOS of underlying layer can influence on the resulting STM
spectra.

2. A dramatic drop of the average current Jg; from 18.8 to
0.35 nA (measured under 2 V of applied voltage) and a sharp
increase of the specific resistance from 200 to 3.22-10* Q cm.
Figure 6 demonstrates comparison of topography maps and
maps of the current Jgp.

500 nm 500 nm

Figure 6. (a—b) Topography maps, (a'—b') maps of current Js; for samples without
(a, a') and with (b, b') air-formed native oxide at Ti/ta-C interface (under 2 V).

3. Change of conduction mechanism from SCLC with
monoenergetic traps to SCLC with exponentially distributed
traps. In a contrast with the current-voltage curve for the
sample without native titanium oxide layer at the Ti/ta-C
interface (called ‘7 nm’ in Figure 5), the Jgz—Ugr for the sample
with native oxide layer (called ‘7 nm & ox’) does not have
signified or separated regions with different slopes. The largest
linear region has the slope value N equalled to 3.

4. A decrease of mobility of free charge carriers (Table 1,
comparison of ‘7 nm & ox’ and ‘7 nm”’).

This journal is © The Royal Society of Chemistry 2014
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The same tendency of physical properties change was
observed with decrease of ta-C thickness from 4 to 2 nm.
Therefore, we suggested that titanium oxide layer can form at
the Ti/ta-C interface.

3.4. Band gap calculations

In order to rationalize the obtained experimental results,
detailed atomistic simulations were carried out. The resultant
JDOS for the samples studied is presented in Figure 7 where
the HSE result is compared to that of the same sample obtained
with the PBE functional method originally employed in Ref.
[51].

0.5
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Figure 7. Square root of the JDOS as a function of photon energy for ta-C systems
with 72.4 % sp® fraction. The straight lines and corresponding numbers give the
intercept of first order fits to the linear absorption regime.

The linear fit beyond %w = 4.5 eV indicates that the Tauc
gap at this sp® fraction lies at around 1.3 eV. The PBE
calculation severely underestimates this value. It is however
much cheaper to carry out PBE calculations, and this allows for
the establishment of a trend for the evolution of the Tauc gap as
a function of sp’ fraction, as displayed in the inset of Figure 7.
The fitting reveals a linear increase in the Tauc gap of
approximately 50 meV per sp> percent increase. It should be
noted that the suitability of the Tauc approach is limited to high
sp’ fractions; for low densities the states in the pseudogap
region of amorphous carbon tend to delocalize. However, the
trend clearly points towards a decrease in the band gap value as
the amount of sp” bonded atoms increases. Since the amount of
sp? sites is significantly higher in the uppermost 1-3 nm of the
experimental structures due to surface reconstruction, this
indicates a possible coexistence of a "surface gap" with a "bulk
gap". This should result in distinct changes in the electronic
properties of the ta-C films as a function of thickness as the
relative amount of "surface phase" is changed. Thus, the data
obtained from the simulations agree with experimental results.

The band gap prediction shown in Figure 7 is also
consistent with the Raman results that indicated that the band
gap narrows with decreased ta-C thickness. Simulation results
cannot predict that the band gap value starts again to increase
when the film thickness is further reduced because the possible
titanium oxide layer formation was not taken into account
during calculation.

This journal is © The Royal Society of Chemistry 2014
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3.5 Electrochemical behaviour

Electrochemical properties of the ta-C thin film electrodes
were studied with cyclic voltammetry. First, measurements
with cycling speeds of 50 and 400 mV/s was carried out to
determine and apparent double layer
capacitance. A current threshold of 200 pA was used as the
limit.

Figure 8 shows the cyclic voltammograms for the bare Ti
layer (20 nm) as well as for the electrodes with various
thicknesses of top ta-C layer (from 2 to 30 nm) measured at 400
mV/s cycling speed. One can see that potential window
measured on electrodes with 7-30 nm top ta-C layer is much
wider in comparison to electrodes with 2—4 nm top ta-C,
whereas the background current is lower. In addition, the shape
of cyclic voltammograms for electrodes with the thinnest ta-C
(24 nm) replicates the shape of cyclic voltammograms for a
bare Ti layer. Therefore, we argue that oxidization and
reduction reactions of titanium takes places during cycling.

In the case of electrodes with 7-30 nm thickness of top ta-
C, oxidization or reduction of the Ti underlayer was not
observed (Figure 8). These samples were stable and show a
wide water window as well as reasonably low apparent double
layer capacitance (Table 2). Capacitance values were calculated
at—1, 0, and +1 V and with cycling speeds of 50 and 400 mV/s.
The geometric area of the electrode was used in the calculations
and the difference between the anodic and cathodic current
densities was used (4i = 2 x C x v). As there was hardly any
real flat double layer region in the measured voltammograms, it
is highly probable that, in addition to pure charging currents,
also faradic reactions occur at the electrode surface, which
contribute to the calculated double layer capacitance value.
Therefore, the double layer capacitances are referred to as
pseudocapacitances.

water window

Current, pA

Potential [V vs Ag/AgCl]

Figure 8. Potential windows for bare Ti layer (20 nm) and electrodes with
different thicknesses of top ta-C layers (2-30 nm) in sulphuric acid measured
at 400mV/s cycling speed.

Table 2. Potential window and calculated pseudocapacitance values.

ta-C thickness, Potential window AEyccp, Capacitance,
nm \ uF/cm?
7 35 145+39
14 3.6 94+37
30 3.7 78+20
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Figure 9. Cyclinc voltammograms of different electrodes with various ta-C
thicknesses at cycling speeds of (a) 50 and (b) 400 mV/s.

Table 3. Separation of FcMeOH oxidation and reduction peak potential,
oxidation and reduction peak current ratio at cycling speeds for with different
ta-C top layer thickness.

ta-C AE, AE,
. (FcMeOH), Ipa/Ipc (FcMeOH), Ipa/Ipc
thickness,
am mV mV
50 mV/s 400 mV/s
2 91.6+26.7 | 1.01 £0.01 | 128.3+18.8| 1.02+0.01
3 62.4+1.5 | 1.03+0.01 | 71.2+2.6 1.04 +0.01
4 61.9+09 | 1.02+0.01 | 69.8+1.5 1.03+£0.01
60.6+1.0 | 1.01+0.01 | 699+7.0 1.03+0.01
14 75.7+4.0 | 0.94+0.01 |1244+29.5| 1.02+0.01
30 147.7+0.9 | 1.01 £0.01 | 282.7+3.4 1.06 + 0.04

The ferrocene redox couple was used to determine the
electron transfer properties of the electrodes as a function of ta-
C thickness. The ferrocene redox couple is known to be an
outer-sphere redox system (it stays at the outer Helmholtz
plane), and is therefore mostly insensitive to electrocatalytic or
adsorption steps [3]. In a system with reversible electron
transfer, the peak separation AE; is 59 mV regardless of the
applied sweep rate. In addition, the ratio of the anodic and
cathodic current peaks Ipa/Ipc should not deviate markedly
from unity. However, as the uncompensated resistance of the
electrodes can cause the peaks to shift and the AEp to grow
irrespective of the electron transfer kinetics. IR compensation
with 80 % of the uncompensated resistance was applied. All

10 | Physical Chemistry Chemical Physics, 2014, 00, 1-3

electrodes were measured three times with both cycling speeds
of 50 and 400 mV/s.

The FcMeOH cyclic voltammograms and results of their
analysis are shown in Figure 9 and Table 3 for both cycling
speeds. It can be seen that electrodes with ta-C thickness in the
range of 3 to 7 nm show the lowest AE,, which was close to 61
mV and 70 mV (within the error limits) when cycling speeds
were 50 and 400 mV/s, respectively. It should be noted that the
AE,, values increase as the sweep rate is changed from 50 to 400
mV/s. The peak current ratio is very close to unity for all
electrodes with both cycling speeds. The observed behaviour of
all the electrodes can be quantified as quasi-reversible with a
variable values of heterogeneous transfer coefficient, the latter
being highest for the electrodes with ta-C thickness in the range
of 3 to 7 nm.

Therefore, decrease of ta-C thickness from 30 to 4 nm leads
to the apparently faster electron transfer, which determined by
the ferrocene redox couple. This agrees well with the atomistic
spectroscopy
conductive-AFM results. It should be recalled that atomistic

simulations and scanning tunnelling and
simulations predicted that the band gap should diminish as the
sp” fraction increases (essentially as the films become thinner).
Experimental study demonstrated that this is satisfied until a
certain ta-C thickness (less than 7 nm), when ta-C has
nonuniform coverage. Appearance of a titanium oxide layer
near the Ti/ta-C interface causes a widening of the band gap
and a decrease of conductivity. The possibility of Ti oxidation
was demonstrated by means of cyclic voltammetry as well. It
was rationalized to be caused by the excessive oxidation of the
Ti layer underneath the ta-C thin-film electrodes. Even though
there appears to be a relation between the reported changes in
the electronic and electrochemical properties for the ta-C thin

films, the detailed correlation requires more extensive studies.

4. Conclusions

the combination of detailed atomistic

simulations and experimental measurements, we can show that

By utilizing

in the ideal case of ultrathin ta-C layers, (i) the sp*/sp* ratio will
decrease with a decrease in thickness, which leads to (ii) a
narrowing of the band gap; (iii) the increase in the current
(iv) the
presence of shallower monoenergetic traps and the increase of
and (v) the
concentration of free charge carriers and their mobility.

flowing through the thin-film layered structure;

their concentration; increase of equilibrium
However, in reality, characteristics of the underlying Ti layer
and, especially, the possibility of titanium oxide layer formation
influence the electronic properties of the entire layered structure
in the opposite way. Therefore, several special features
associated with the certain ta-C thickness value of 4—7 nm were
found. Firstly, there exists the narrowest band gap, the smallest
conductivity), the
monoenergetic traps, and the maximum mobility of free

resistivity (maximum of shallowest

chargers. Secondly, the conduction mechanism is shown to
defined by
monoenergetic traps to SCL current determined by the presence

change from space-charge-limited current

This journal is © The Royal Society of Chemistry 2014
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of traps with exponentially distributed energy for ta-C thickness
less than 7 nm. Such behaviour appears to be (a) due to the
formation of a titanium oxide layer at the Ti/ta-C interface and
(b) the increase of sp” fraction with the thickness decrease. The
formation of the titanium oxide layer was observed during the
potential window determination with cyclic voltammetry with
the samples with ta-C layers thinner than 7 nm, as processes
related to Ti in the
corresponding voltammograms. Based on the electrochemical

oxidation and reduction were seen

measurements with the FcMeOH outer sphere redox system,
the ta-C electrodes with film thickness between 3—7 nm had the
most facile apparent electron transfer kinetics. This was found
to be consistent with the experimental and theoretical
predictions of the electronic properties of the ta-C films as a
function of their thickness. However, further extensive
experiments and simulations are needed to explore the
behaviour observed here in more detail. Nevertheless, we have
demonstrated that electrodes based on ultrathin undoped ta-C

can be an alternatives to nitrogen-doped DLC electrodes.
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