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Compared with silicon and polysilicon piezoresistive materials in MEMS, diamond-like carbon (DLC) films are
promising candidates for applications in harsh corrosive environment. However, the underlying mechanism
between piezoresistive properties and carrier behavior is still lacking study yet due to the complexity in atomic
bonds. To develop new carbon-based sensors for harsh environments, we synthesized the Cr-containing DLC films
with Cr content changed from 0.64 to 23.17 at.%. The results showed that increasing Cr content enhanced the
conductive phases distributed in the amorphous sp® matrix. Nevertheless, a small amount of Cr3Cy nanocrystals
formed when Cr content reached 11.05 at.%. All Cr-DLC films exhibited the semiconductor behavior in the range
of 150-350 K. However, the threshold voltage of I-V plot disappeared once the Cr content exceeded 11.05 at.%.
Similarly, the optical bandgap decreased from 3.55 to 2.49 eV as Cr content increased from 0.64 to 23.17 at.%.
The Fermi level was closer to the valence band edge, indicating p-type semiconductor characteristic. For the
sample with an appropriate Cr content of 1.38 at.%, it had the highest gauge factor of 22.8. Its minimum valence
band offset of 0.89 eV resulted in a significant change in the tunneling process under applied strain, which

explains its notable piezoresistive effect.

1. Introduction

Silicon and polysilicon are widely preferred and used as piezor-
esistive materials in microelectromechanical systems (MEMS) technol-
ogies [1,2], with stable gauge factor (GF) range from 8.6 to 175 [3,4].
However, with the rapid development of Hi-Tech, traditional silicon-
based sensors cannot operate well in harsh environments due to their
poor mechanical properties, low bandgap [5], increased p-n junction
leakage current [6]. Given potential for mechanical damage, corrosive
media, high radiation and high temperatures in such environments, it is
both important and challenging to develop new sensitive materials and
sensing technology with high stability.

Diamond-like carbon (DLC) films, which are widely used as protec-
tive and electronic materials, are mainly composed of C-sp> (diamond)
and C-sp? (graphite) structures [7,8]. In consideration of their
outstanding high-temperature resistance up to 680 °C [9], excellent
chemical stability [10,11], significant piezoresistive effects [12-15]

with GF up to 1000 ~ 3200 [16], and high compatibility with the
existing MEMS [14,17], DLC films are promising candidates for reliable
sensing in harsh environments.

In practical applications, various metal-containing DLC films, such as
Cr [18], Nb [19], W [20] and Ni [16], Cu [21,22] atoms, have garnered
significant attention due to their potential to achieve both high GF and
low temperature coefficient of resistance (TCR). Intrinsic DLC films are
amorphous semiconductors and typical exhibit high TCR values up to
8000 ppm/K [23]. For example, Koppert et al. [24] found that a DLC
film with a Ni content of 52 at.% showed a GF of 14 and near-zero TCR
within the temperature range of 90-400 K. Similarly, Yan et al. [22]
pointed out that with the increment of Cu content, the GF of DLC
decreased rapidly from 5.6 to 1.4, while TCR values changed from
—4980 to + 294 ppm/K. The doping of the metals resulted in an overall
decreasing trend in the TCR, but the GF did not show a clear regularity
with metal doping. Additionally, significant progress has also been made
in understanding the piezoresistive mechanism of metal-containing DLC
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films. Typically, Meskinis et al. [21] proposed percolation-tunneling
model, while Tibrewala et al. [13] proposed a thick film resistors
(TFR) model and suggested that applied strain can alter the carrier
transport paths. Yan et al. [22] confirmed both thermal activation
transport and three-dimensional Mott-type variable range hopping
(VRH) conduction in different temperature ranges, and explained the
electrical properties and piezoresistive effects of Cu-DLC through carrier
tunnelling processes between conducting phases in an insulating sp>
matrix.

While the existing theories provide general descriptions of the carrier
transport behavior and piezoresistive process in metal-containing DLC
films, they neglect at least three factors. First, the different bond char-
acteristics between various metal and carbon atoms can significantly
alter the bond structure and electronic states of the metal-containing
DLC films [25,26]. Second, the incorporated metal atoms can either
dissolve or aggregate into nanoscale metal/carbide particles in DLC
matrix, depending on their content, leading to diverse microstructures
and carrier behaviors [27]. Finally, as amorphous semiconductors, DLC
films are distinguished from crystalline semiconductors by the presence
of localized state conductance in addition to extended state conduc-
tance. However, the role of bandgap on their carrier transport behavior
and piezoresistive mechanism is often neglected and rarely discussed
[28]. Therefore, the design of high-performance DLC sensitive materials
is complex and lacks theoretical guidance.

In our previous study, Cr-DLC films exhibited lower residual stress of
0.46 GPa [29-31], excellent corrosion resistance [32] and superior wear
resistance [33]. Additionally, Cr have been found to catalyze the for-
mation of sp?-C bonds in DLC [34] and reduce the TCR [18]. Thus, in this
study, a series of Cr-DLC films were prepared using high power impulse
magnetron sputtering (HiPIMS) technique, since HiPIMS is better in
producing dense DLC films suitable for some corrosive environments.
The effects of Cr content on the structure, composition, electrical
properties, and energy band structure of Cr-DLC films were investigated.
Furthermore, we conducted an in-depth discussion on the carrier
transport mechanism and piezoresistive mechanism.

2. Experimental details
2.1. Sample preparation

Fig. 1 presents a schematic diagram of the HiPIMS system. A rect-
angular target, spliced with one chromium target (20 x 100 x 7 mm,
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99.95 % purity) and one graphite target (380 x 100 x 7 mm, 99.99 %
purity) was employed. To characterize microstructure, energy band
structure, electrical properties, and piezoresistive behavior of the Cr-
DLC films, various substrates were employed: n-type silicon (100), n-
type silicon (100) substrates coated with a 300 nm-thick SiO, film
through dry oxidation, high-conductivity silicon, and Al,Os (0001)
wafers. Before deposition, all the substrates were cleaned with anhy-
drous ethanol and fixed on the substrate holder positioned inside the
vacuum chamber.

Here, the chromium content was adjusted by varying the distance of
the substrates from the chromium target on the substrate holder. The
substrate holder was facing and 3.5 cm higher than the sputtering target,
and the horizontal distance from the target to the substrate holder was
about 11.5 cm. The small piece of Cr target was 10 cm in length and 2 cm
in width, had a distance of 2 cm away from the top of the rectangular
target. And the samples were named S1, S2, S3, S4, and S5, with a dis-
tance of 35, 28, 21, 14, and 7 cm from the top of the substrate holder in
that order, respectively. Since the sputtering rate of the chromium target
was higher than that of the graphite target, the Cr-DLC sample posi-
tioned closer to the chromium target had a higher deposition rate. To
exclude the influence of the thickness on their carrier transport and
piezoresistive behavior, the deposition times of S1 and S2 were set to
180 min and 140 min, respectively, while the deposition times of S3, S4,
and S5 were kept at 120 min, resulting in a similar film thickness of 170
+ 10 nm for all samples.

Once the base pressure of the chamber reached 2.0 x 10 Torr, all
the substrates were cleaned by Ar* ions for 20 min with a pulsed bias of
—200 V. Subsequently, 100 sccm of Ar precursor gas was introduced to
ignite the spliced target for the deposition of the Cr-DLC films. The
deposition process was carried out using HiPIMS power of 500 W and a
working pressure of 8 x 10°° Torr.

2.2. Characterization method

The cross-sectional morphology and thickness of the Cr-DLC films
were observed by scanning electron microscopy (SEM, Verios G4 UC,
USA). X-ray photoelectron spectroscopy (XPS, Axis Ultra DLD, Japan)
was used to characterize the chemical bonds and elemental content of
the Cr-DLC films, with Al (mono) Ka photon energy of 1486.6 eV. The
spot size for XPS test was 700 x 300 p m. Prior to the XPS test, the
samples were etched by Ar" ion with bias 5 kV for 1 min. Detailed XPS
test parameters are available in the Supplementary Information. The
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Fig. 1. A schematic diagram of Cr-DLC films deposition system.



W. Zhang et al.

carbon atomic bonding structures of the Cr-DLC films were investigated
by Raman spectroscopy (Renishaw inVia Reflex, UK, 532 nm). Their
microstructure was characterized by transmission electron microscopy
(TEM, Tecnai F20, USA), and the sp?/sp® ratio was studied by the
electron energy loss spectroscopy (EELS).

To investigate their optical bandgap of the Cr-DLC films, the trans-
mittance spectroscopy was measured within a wavelength range of
200-1600 nm using a UV-visible near-infrared spectrometer (UV/Vis/
NIR Spectrometer, Lambda 950, USA). The work function of the Cr-DLC
films was determined using ultraviolet photoelectron spectroscopy
(UPS, Axis Ultra DLD, Japan). The UPS spectrum was acquired using a
He I (21.22 eV) light source. The incident angle was 45°, and the
emission angle was 0°. The base pressure was 5 x 10" Torr, and bias
voltage on the sample was —9.33 V.

The I-V characteristic plots and electrical resistivity of the Cr-DLC
films were measured by the physical property measurement system
(PPMS, PPMS-EverCool, USA) within a test temperature range of 150 K-
350 K. Additionally, their spatial distribution and local electrical prop-
erties of the current paths were characterized using a conductive atomic
force microscope (C-AFM).

For GF test, the Cr-DLC samples were deposited on silicon oxide
substrate with dimensions of 35 x 5 x 0.5 mm. Copper wires were
attached at both ends of the test samples using conductive silver paste.
The applied strain was exerted using a homemade three-point bending
equipment [35,36]. The real-time resistance of the test samples was
measured with a desktop multimeter (FLUKE, 8846A), and the corre-
sponding GF was calculated using the following equation [35].

AR P AR
" Roe 3tAY R,

@

where Ry is the initial resistance, AR is the change of resistance under
applied strain, ¢ is strain measured by formula (3 +AY)/F. The total
thickness of the test sample was recorded as t, and the distance between
the two support points on the sample stage was assigned as the effective
length . The deflection was denoted as AY.

3. Experimental details
3.1. Microstructure and chemical composition of Cr-DLC films

Fig. 2(a—e) shows the cross-sectional morphology of Cr-DLC films
deposited on Si wafers. All samples exhibited similar thickness of
approximately 170 + 10 nm, dense morphology and a clear interface
with the Si substrate.

Their XPS spectra and the fitting results were shown in Fig. 3. The
content of each element was given in Fig. 3(a), and all Cr-DLC films were
composed of C, O, and Cr elements. The presence of a small amount of O
atoms might be due to residual oxygen in the chamber during the
deposition process [37,38]. The binding energy of the C—Cr bond

200 nm

Fig. 2. (a—e) SEM images of the cross-sectional morphology for S1-S5 films
with different Cr content.
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around 283.2 eV can be set as the binding energy reference in the Cls
spectra[39]. The peak position gap between spZ—C and spz—C was set to a
content of 0.9 eV in the fitting [40].As the distance of the samples from
the top of the substrate holder gradually decreased from 35 cm to 7 cm,
the Cr content increased from 0.64 at.% to 23.17 at.%. The C 1 s spectra
in Fig. 3(b) revealed the presence of C=0, C—0O, C—C (sp3) hybrid-
izations, C=C (spz) hybridizations, and Cr—C hybridizations at around
288.1 eV, 286.1 eV, 284.9 eV, 284.1 eV and 283.2 eV [39], respectively.
Notably, the Cr—C peak became more prominent with the highest Cr
content. Additionally, as the Cr content increased, the sp?/sp® content
also increased from 1.80 to 4.14, indicating that Cr doping was benefi-
cial for the formation of sp2-C, as shown in Fig. 3(c). XPS comprehensive
experimental details, including HiPIMS DLC, all the peak positions,
FWHMs, peak shapes, and background subtraction methods for each
sample are available in the Supplementary Information.

Fig. 4(a) presents the Raman spectra of Cr-DLC films. All the samples
showed two characteristic peaks of amorphous carbon near 1350 cm™!
and 1560 cm?, corresponding to the D and G peaks, respectively. The
position of the G peak position (Posg), the peak area ratio Ip/Ig and full
width at half maximum of the G peak (FWHM) were determined after
Gaussian fitting. In Fig. 4(b), as the Cr content increased from 0.64 at.%
to 23.17 at.%, the Ip/Ig ratio increased from 1.30 to 3.16, suggesting
that Cr doping can increase the size of sp? clusters [41]. It is not directly
feasible to quantify information about sp2/sp> from Ip/Ig in Raman tests.
Meanwhile, the FWHMg gradually decreased, indicating that Cr doping
increased the disorder of the film structure [42].

Fig. 5. shows the high-resolution TEM (HRTEM) micrographs,
selected area electron diffraction (SAED), and electron energy loss
spectroscopy (EELS) of Cr-DLC with low (4.27 at.%, S3), medium (11.05
at.%, S4) and high (23.17 at.%, S5) Cr content. In Fig. 5(a), the S3
sample exhibited a homogeneous and dense structure, its corresponding
SAED pattern also showed diffuse rings, indicating that the doped Cr
atoms were dissolved in the amorphous matrix. When the Cr content
reached 11.05 at.% (Fig. 5(b) and (e)), nanocrystals with a diameter of
approximately 1.4 nm begin to appear in the HRTEM fringes. The lattice
spacing 0.202 nm was obtained from the inverse Fourier transform of
their lattice fringes, corresponds to the Cr3Cs (240) (d = 0.199 nm). With
a Cr content of 23.17 at.% in the S5 sample, more Cr3Cy nanocrystals
with a diameter around 3.3 nm appeared, as shown in Fig. 5(c) and (f).
The lattice stripes became more obvious, and the diffraction rings in the
SAED pattern can be indexed as the Cr3Cy (111), (240), and (251)
planes.

Fig. 5(d) shows the EELS results of the three samples. The EELS
curves [43] yield n* peaks near 285 eV and ¢* peaks in the range of
290-305 eV, which can be used to compare the characteristics of C=C
(sp?) and C—C (sp®) hybrid bonds. The intensity ratios of the ©* and ¢*
peaks were found to be 0.11, 0.12, and 0.17 for S3, S4, and S5,
respectively. These results indicated that Cr doping can lead to a gradual
increase in the sp? content, which agreed well with the previous Raman
and XPS results.

3.2. Electrical properties

The I-V curves of S1-S5 samples in the temperature interval of 150 K-
350 K are displayed in Fig. 6. Overall, the I-V curves of all the samples
exhibited favorable linear characteristic and typical ohmic behavior. At
a certain temperature, samples with higher Cr content exhibited lower
voltages under the same excitation current, indicating their lower
resistance. This can be attributed to the increase in conductive Cr and
the sp? phase.

Fig. 7(a) shows the resistivity versus temperature curves (R-T plots)
of Cr-DLC films in the temperature range of 150 K-350 K. For all samples,
as the test temperature increased, their corresponding resistivity
decreased, exhibiting typical semiconductor characteristic [44]. More-
over, the sensitivity of resistivity to temperature decreased with
increasing Cr content. For example, the resistivity of the S1 sample
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decreased from 1.8 x 10° Q-mm at 150 K t0 9.27 x 10* Q-mm at 350 K,
showing a decrease of 94.8 %. Similarly, the resistivity of the S5 sample
decreased by 89.9 %. The TCR values were determined from the R-T
plots using the following formula [45].

1

16
7T17T0>< 0

TcrR =P1~"Po
Po

@

where p; and py are the resistances of the sample at T; = 350 K and Ty =
100 K, respectively. For all samples, the TCR values were negative, and
their corresponding absolute values decreased monotonically from
4743 ppm/K to 4498 ppm/K as the Cr content increased from 0.64 at.%
to 23.17 at.%, as shown in Fig. 7(b).

The carrier transport mechanism in Cr-DLC films can be analyzed by

fitting the R-T curve, which relates the resistivity R of the amorphous
semiconductor to the temperature T. The resistivity R and temperature T
should satisfy the following formula [46-48].

T n
R = Roexp (TO)

where Ry and Ty are constants. Tp is the characteristic temperature
associated with the activation energy, and Ry is pre-exponential index.
The value of n represents different electron transport mechanisms and
the hopping dimensionality. Specifically, n = 1 means that the electron
transport mechanism belongs to thermal activation, n = 1/2 corresponds
to Efors-Shklovskii (ES) type two-dimensional variable range hopping
(VRH), and n = 1/4 corresponds to Mott-type three-dimensional VRH.

3
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Fig. 8 presents the fitting results of Cr-DLC with test temperatures
range from 150 K to 350 K. For the S1, S2, and S3 samples with lower Cr
content, Ln(R) exhibited a linear relationship with T4 within the
temperature range of 150 K-350 K, suggesting that three-dimensional
VRH conduction was the primary transport mechanism, as shown in
Fig. 8(a). As for the S4 and S5 samples with higher Cr content, two
predominant transport mechanisms over the entire temperature inter-
val. As shown in Fig. 8(a) and (b), the Ln(R) and T1/4 of S4 and S5
samples had a linear relationship within 150 K-210 K, indicating the
three-dimensional VRH conduction. In the higher temperatures interval
210 K-350 K, Ln(R) exhibited a linear relationship with T}, suggesting
the thermal activation characteristic.

The local electrical properties of Cr-DLC films with Cr concentrations
of 4.27 at.%, 11.05 at.%, and 23.17 at.% were investigated by C-AFM. In
Fig. 9(a-c), the brightness of the regions in the images can reflect the
variation in their electrical conductivity, where brighter regions indi-
cated higher electrical conductivity. From a morphological point of
view, at a low Cr content of 4.27 at.%, the conductive phases in the
bright zones appeared small dots. With the increment of Cr content, the
proportion of conductive phases raised and their size enlarged at a Cr
content of 23.17 at.%, some of the conductive phases interconnected
with each other. In addition, the I-V curves of the bright spots were
obtained by ramping the bias voltage from —1 to + 1 V. The I-V curves of
all samples showed good symmetry, and a limiting voltage (Viax) was
observed for each sample. When the applied voltage was greater than
Vmax, the current exceeded the upper test limit of the equipment. As the
Cr content increased from 4.27 at.% to11.05 at.% and then to 23.17 at.
%, Vmax decreased in an orderly manner from 0.39 V, 0.29 V to 0.20 V. In
Fig. 9(d), at a low Cr content of 4.27 at.%, a threshold voltage (V) was
observed, and the current was barely detectable in the sample when the
applied voltage was below V.. When the applied voltage surpassed Viyy,
the current raised significantly. In contrast, Fig. 9(e) and 9(f) shows
when the Cr content exceeded 11.05 at.%, Vy,, disappeared, indicating a
change in the carrier transport mechanism.

3.3. Energy band structure

The optical bandgap of the amorphous carbon material can be ob-
tained using the Tauc plot method, which involves plotting the ab-
sorption coefficient (a) against the photon energy (hv) by the following
equation [49]:

(ahv) = A(hv — E,)" (C))
where A is a constant and Eg represents the optical bandgap. The
exponent n depends on the semiconductor material and the type of
transition, and it can take values of 1/2, 3/2, 2, and 3. For direct
bandgap semiconductors, such as DLC [50] the value of n is typically



W. Zhang et al.

15.0 nA

-3.0 nA

15

Applied Surface Science 691 (2025) 162663

14.9 nA

-2.8nA

10

Vthr

C-AFM Current(nA)
C-AFM Current(nA)

-15

C-AFM Current(nA)

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5

Applied DC bias to sample(V)

4.27 at.% Cr

0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Applied DC bias to sample(V)

11.05 at.% Cr

-15

Applied DC bias to sample(V)

23.17 at.% Cr

Fig. 9. The C-AFM images and corresponding I-V plots for the sample with 4.27 at.% Cr atoms (a), (d); 11.05 at.% Cr atoms (b), (e) and 23.17 at.% Cr atoms (c), (f).

taken as 1/2. The absorption coefficient « is defined as the fractional
decrease in incident light intensity per unit increase in distance. The
value of & can be calculated using Beer-Lambert’s law equation [51].

3

where d is the thickness of the film and T is the measured transmittance.

Electrical tests in Fig. 7 confirmed that the Cr-DLC films exhibited
typical semiconductor properties, and the samples can be considered as
semiconductors. Fig. 10(a) illustrates that the transmittance of the S1-S5
samples decreased with increasing Cr content. Their (ahv)? versus hy
curves are shown in Fig. 10(b). With the increase of Cr content, the
optical bandgap Eg of S1-S5 samples decreased from 3.55 eV at 0.64 at.%
Cr content to 2.49 eV at 23.17 at.% (Fig. 10(c)), which may be related to
the change of the sp-C/sp°-C ratio [52,53].

According to the band theory, the carrier transport is related to the
work function (Wp) of the sample, which can be measured using ultra-
violet photoelectron spectroscopy (UPS) [54]. As illustrated in Fig. 11(a)
and (b), by identifying the secondary electron cut-off (E.,) energy and
the position of the Fermi level, the Wf can be obtained using the
following equation [55].

WF =hv— (Ecut - EF) (6)

where hv is the energy of the photons (21.22 eV) emitted by the Helium
(He) I discharge lamp, E is the secondary electron cutoff energy, and
Ep is the Fermi level. The UPS test directly takes the Er as the energy
reference point, and no bias voltage was applied to the sample during
the test. Therefore, the binding energy Eg = 0 corresponds to the Eg. The
Wr of Cr-DLC was calculated to be in the range of 4.26 eV to 4.39 eV,
indicating that the doping of Cr had a slight effect on the Wr of the Cr-
DLC film. Fig. 11(b) shows the valence band offsets (Ep-Ey, where Ep is
the Fermi level and Ey is the valence band edge) for the S1-S5 samples
[56]. The valence band offsets exhibited a tendency to decrease and then
increase with the increase in Cr content. Combined with the measured
optical bandgap, the band alignment of the S1-S5 samples is shown in
Fig. 11(c) with vacuum energy level (0 eV) as a reference. The Er of the
S1-S5 samples were closer to the Ey, indicating that the Cr-DLC films in
this study were p-type semiconductors, with holes as majority carriers.

3.4. Piezoresistive properties and related mechanisms

As shown in Fig. 12. the GF of the S2 sample was the highest, with a
value of 22.8. However, as the increase of Cr content in the Cr-DLC film
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increased, the GF decreased rapidly, reaching a value of 1.6 for the S5
sample.

According to HRTEM analysis, when the Cr content was low, the
doped Cr atoms were dissolved within the DLC matrix. However, under

higher Cr content, Cr3C; nanocrystals were formed [57]. Therefore, Cr-
DLC films can be considered as a composite consisting of conductive sp?
clusters, dissolved Cr atoms or Cr3Cq nanocrystals embedded within an
insulating sp® matrix. Consequently, the carrier tunneling mechanism in
Cr-DLC films can be described by the percolation-tunneling theory [21].
The conductivity of these films and the volume fraction of the conduc-
tive phase satisfy the following relationship [58,59].

ox(x —x,)" )
where ¢ is the conductivity, x is the volume fraction of the conductive
phase, X, is the threshold, and t is the transport index.

Combined with the I-V curves obtained from the C-AFM test in Fig. 9,
it was observed that the Vy,, existed at low Cr content. This indicated
that carriers were transported between isolated conductive phases by
tunneling, in this case of x < x.. However, when the Cr content reached
11.05 at.%, the interconnection between the conductive phases led to
the disappearance of the Vy,,. In this case, percolation held a dominant
position in carrier transport, despite the fact that x < x.. Based on these
observations, a simple carrier transport model was proposed to explain
the electrical properties and piezoresistive effects of Cr-DLC films, as
illustrated in Fig. 13. In this model, the sp? phase and the Cr/CrsCy
conductive phase were distributed within the sp® insulating matrix.

In this particular scenario, the tunneling theory and the thick-film
resistors (TFRs) model can be employed to analyze their piezoresistive
behavior, and the GF can be characterized by the following equation
[60]:
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where d is the average distance between neighboring conductive phases
and ¢ is the localization length.

According to Raman and TEM analysis, when the Cr content was low,
the size of conductive sp? clusters and dissolved Cr atoms was smaller,
resulting in a larger average distance between the conductive phases.
Combined with the above-mentioned C-AFM in Fig. 9, carriers were
conducted between isolated conductive phases through tunneling.
Therefore, under a certain applied strain, the tunneling process can be
significantly influenced by the average distance, leading to a notable
change in resistivity—that is, a more pronounced piezoresistive effect.
Similarly, as the Cr content increased, more conductive sp2 and Cr3Cy
phases were distributed within the sp® insulating matrix. The reduction
in distance d resulted in the disappearance of the Vi, and their carrier
transport was dominated by percolation, showing a lower GF value.
Furthermore, with an appropriate Cr content, the Fermi level Ep of
sample S2 was much closer to Ey, indicating that the hole generation
became easier with external energy input [61]. Under applied strain, the
energy band structure of the semiconductor changed [62-64], which
may affect both the carrier concentration and the tunnelling process
between the conductive phases, resulting in the largest change in
resistance and demonstrating the most significant piezoresistive effect.

4. Conclusion

The doped Cr atoms exhibit catalytic effect on the generation of sp>
bonds in DLC film. As Cr the content increased from 0.64 at.% to 23.17
at.%, both the content and size of the conductive phase in the Cr-DLC
films increased. Notably, when the Cr content reached 11.05 at.%,
CrsC, nanocrystals emerged within the sp® matrix. In the temperature
range of 150 K-350 K, the resistivity of the films decreased with
increasing temperature, displaying semiconductor -characteristics.
Specially, the samples with Cr contents of 0.64 at.%, 1.38 at.% and 4.27
at.% exhibited three-dimensional Mott-type VRH conduction over the
entire temperature range. However, the samples with Cr contents of
11.05 at.% and 23.17 at.% exhibited three-dimensional Mott-type VRH
conduction from 150 K to 210 K, and thermal activation conduction
from 210 K to 350 K.

Furthermore, doping with Cr atoms modulated the bandgap of the
DLC films, causing the optical bandgap to narrow with increasing of Cr
content. With the Cr content of 1.38 at.%, the Fermi level of the Cr-DLC

film was closest to the Ey, resulting in the highest GF of 22.8. By
combining with C-AFM tests and the carrier tunneling process of the
conductive phase within the sp® matrix, a straightforward carrier
transport model was proposed to explain the piezoresistive effect and
electrical behavior of Cr-DLC films.
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