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A B S T R A C T   

In this work, Cu-containing diamond-like carbon (Cu-DLC) films were deposited using a hybrid system combining 
an anode-layer ion beam carbon source and DC magnetron sputtering, where the Cu content in range of 1.0– 
67.7 at.% was controlled by varying sputtering current. The effect of Cu content on the electrical and piezor
esistive behavior of films was investigated. Increasing the Cu content from 1.0 to 67.7 at.% enhanced the 
conductive sp2 phases and caused the more Cu nanoparticulates dispersed uniformly in the insulate sp3 amor
phous matrix, which significantly reduced the gauge factor from 5.6 to 1.4. Meantime, the temperature coeffi
cient of resistance demonstrated the increase from − 3646 to +294 ppm/K with increasing the temperature from 
100 to 350 K, indicating the electrical properties were dominated from typical semiconductor to metal-like 
behavior. Particularly, increasing Cu content from 20.6 to 67.7 at.% led to the threshold voltage being identi
fied and gradually decreasing. The electrical and piezoresistive behavior of the Cu-DLC films was discussed in 
terms of the carrier tunneling process between conductive phases distributed in amorphous sp3 matrix.   

1. Introduction 

Metal-containing diamond-like carbon (DLC) films have attracted 
much attention because of their excellent mechanical, tribological, 
electrical, and optical properties [1,2]. Recently, combined with a 
strong piezoresistive effect, the metal-containing DLC films have 
exhibited great potential as advanced film sensors under harsh envi
ronments. To develop high-performance piezoresistive film sensor 
without additional temperature compensation circuit in a wide tem
perature range, many researchers have explored various metal- 
containing DLC to obtain both high piezoresistive gauge factor (GF) 
and low temperature coefficient of resistance (TCR), including Cu [3], W 
[4], Ni [5,6], Ag [7,8], Cr [9], Sn [10]. For example, Tamulevičius et al. 
prepared Ag-containing DLC by plasma assisted methods. Its maximum 
GF was 16, and TCR reached 2180 ppm/K when Ag content was 0.6 at. 
%. They pointed out that both GF and TCR depended partly on the Ag 
content [8]. Meškinis and co-workers observed that both TCR and GF of 
Cr-containing DLC relied on the size of sp2 clusters, sp2/sp3, and Cr/C 

ratio [9]. They also found that the Ni-containing DLC with Ni content 
less than 3.5 at.% showed a giant negative piezoresistive effect, with GF 
around − 3200 due to the conductive clusters rearranged to form new 
conductive paths under stress [6]. While Koppert et al. reported that Ni- 
containing DLC deposited in a wide range of process parameters had GF 
of 12. With 52 at.% Ni, its TCR was approximately zero in the temper
ature range of 80– 400 K because of the compensation effect of metal on 
semiconductor [5]. 

Essentially, GF and TCR reflect the change of material resistance to 
strain and temperature separately, both of them depend on carrier 
transport behavior. While, compared with the crystal semiconductors, 
amorphous semiconductors have the more complicated carrier transport 
mechanism because of the localized state of the electrons [11]. Wang 
et al. discovered that GF of DLC showed a strong dependence on the 
cluster size and sp2 content, where its bandgap width decreased with 
decreasing sp2 cluster size [12,13]. With the incorporation of various 
metals, the structure and carrier transport behavior of the metal- 
containing DLC became more intricate and complex. For instance, 
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Schultes et al. found that the electrical properties of Ni-DLC changed 
from semiconductor to metal characteristics when the Ni content 
reached 75 at.% [14]. Tibrewala et al. proposed the thick film resistors 
(TFR) model to explain the piezoresistive effect in DLC. Furthermore, 
Meškinis et al. pointed out that the percolation–tunneling model agreed 
well with the tendencies of GF in metal-containing DLC [3,15]. In gen
eral, the sp2/sp3 ratio, content, and distribution of conductive metal 
phase change greatly in various metal-containing DLC films. Their in
fluence on the carrier transport behavior and piezoresistive effect is 
ambiguous, which significantly restricts the development and applica
tion of carbon-based piezoresistive film sensors. 

In our previous work, we found that the bond characteristic of the 
highest occupied molecular orbital of Cu and C atoms was antibonding 
in Cu-containing DLC (Cu-DLC). And the Cu atoms would be dissolved or 
distributed as metal nanoparticulates in the amorphous carbon matrix 
[16,17], which meant a simple structure for electrical behavior analysis. 
In this study, a series of Cu-DLC films with various Cu contents were 
fabricated, their structural evolution, piezoresistive and electrical 
properties were studied, and the underlying carrier transport mecha
nism was also discussed. 

2. Experimental details 

2.1. Sample preparation 

Cu-DLC films were deposited by a hybrid plasma process combining 
an anode-layer ion beam source (ALIS) and DC magnetron sputtering 
(DCMS). Fig. 1 shows the schematic of deposition system. Acetylene of 
flow rate at 10 sccm was supplied to ALIS as carbon source. A copper 
target (400 × 100 × 7 mm with purity of 99.99 wt%) was employed for 
the Cu sputtering process, where 70 sccm argon was introduced as the 
sputtering gas. N-type silicon (100), n-type silicon (100) without 

diffraction peaks in the range of 20–110◦, n-type silicon (100) substrates 
with 300 nm-thick SiO2 film by dry oxidation, high-conductivity silicon, 
and Al2O3 (0001) were used as substrates for different characterizations. 
All substrates were positioned in the deposition chamber, and when the 
vacuum chamber's pressure reached 2 × 10− 5 Torr, the substrates were 
cleaned with Ar+ ions for 20 min to remove any surface contaminants 
and oxide, with a DC pulsed bias of − 100 V. During deposition, the 
working current and voltage of the ALIS was 0.2 A and 1200 V, 
respectively. The distance between ALIS and substrate was 130 mm. The 
DC pulsed bias of − 100 V was applied to the substrates during all 
deposition process. The working current of the DCMS was changed from 
0.8 A, 1.0 A, 1.2 A, 1.5 A, 2.0 A to 2.5 A to regulate the doped Cu content 
in amorphous DLC matrix. The deposition time was controlled to obtain 
the same thickness (200 ± 30 nm) of films. 

2.2. Characterization 

The thickness of Cu-DLC films was determined by measuring the step 
height using a surface profilometer (Alpha-Step IQ, US). Here, a mask 
was used to cover part of the Si substrate, so some uncoated area of the 
samples can be obtained. 

The chemical compositions and chemical bonds of Cu-DLC films 
were characterized by X-ray photoelectron spectroscopy (XPS, Axis 
ultradld, Japan); the test areas were first etched by Ar+ ion of 5 kV for 4 
min to remove any oxide from the surface. By integrating the sp2-C peak 
and sp3-C peak areas which were obtained by Gaussian and Lorentzian 
mixing functions, the carbon hybridization ratio of sp2/(sp2 + sp3) could 
be inferred [18,19]. The carbon atomic bonding structure of Cu-DLC 
films was analyzed by Raman spectroscopy (Renishaw in Via-reflex, 
532 nm). The phase structure of Cu-DLC films was characterized by X- 
ray diffractometer (XRD, D8 ADVANCE, Germany) with Cu Kα radiation, 
and samples deposited on zero background holders were selected for 

Fig. 1. A schematic diagram of hybrid plasma equipment.  
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analysis. Transmission electron microscopy (TEM, Talos F200X, US) 
with an operating voltage of 200 kV was used to study the microstruc
ture of Cu-DLC films. The sample for TEM observation was prepared by 
Focused Ion Beam (FIB) instrument (Carl Zeiss, Auriga). 

The Cu-DLC piezoresistors for test were deposited on silicon oxide 
substrates, with the dimension of 35 × 5 × 0.5 mm. The conductive 
silver paste was used at both ends of the test sample to lead out the 
copper wires, and the resistance was measured by a desktop multimeter 
(FLUKE, 8846A) during the test. The GF was measured by a home-made 
three-point bending equipment according to the following formula [20]. 
The specific conditions of the equipment were detailed in [21]. 

GF =
ΔR

R • ε =
l2

3t • ΔY
•

ΔR
R

(1)  

where R is the nominal resistance, ΔR is the change of resistance under 
applied strain, ε is strain measured by formula (3t • ΔY)/l2, t is the 
thickness of the pristine substrate sample, taken as 0.5 mm, l is the 
length between two fulcrums, ΔY is the deflection. 

The physical property measurement system (PPMS, PPMS-DynaCool, 
US) was used to measure the I-V characteristic and electrical resistivity 
of Cu-DLC films with a temperature range from 100 to 350 K. The test 
samples were deposited on Al2O3, with the size of 7 × 2.5 × 0.5 mm. 
Besides, their spatial distribution of current paths and local electrical 
properties were also characterized via a conductive atomic force mi
croscope (C-AFM), with scan rate 2.0 Hz, working voltage 1 V, scan area 
1 × 1 μm and resolution 512 × 512 pixels. 

3. Result 

3.1. Thickness, chemical composition and structure 

To eliminate the influence of film thickness on their electrical per
formance, the thickness of the Cu-DLC films was controlled at 200 ± 30 
nm by adjusting the deposition time. With the sputtering current 
increasing from 0.8 to 2.5 A, the deposition rate of Cu-DLC increased 
from 13.9 to 68.0 nm/min, this could be explained by the higher sput
tering yield of Cu at a higher incident energy of Ar+ [22]. 

Fig. 2 shows the XPS spectra and the fitting results of the Cu-DLC 
films with different working currents. In Fig. 2(a), with the working 
current increasing from 0.8 to 2.5 A, the Cu content increased from 1.0 
to 67.7 at.%, the sp2 content also increased from 31.3 to 69.1 %, which 
suggested that the doped Cu atoms were beneficial to the formation of 
sp2 phase, as reported in former research [23,24]. Fig. 2(b) shows the C 
1s spectra of the Cu-DLC films with different Cu contents. The C 1s peaks 
intensity decreased with increasing Cu content due to the reduction of C 
content. All the C1s spectra displayed asymmetric peaks, which could be 
fitted using three components corresponding to sp2-C, sp3-C and C-O/ 
C=O bonds, separately [16,25]. A few O element might be from the 
residual oxygen in the vacuum chamber or the atmospheric environment 
[16]. Besides, from Cu 2p spectra in Fig. 2(c), when the Cu content 
exceeded 9.4 at.%, Cu 2p3/2 peak around 932.8 eV and Cu 2p1/2 around 
952.6 eV appeared, which confirmed the existence of metallic Cu in the 
amorphous carbon matrix [26]. 

Fig. 3(a) illustrates the Raman spectra of the Cu-DLC films with 
different Cu contents. All films showed typical asymmetric peaks of 
amorphous carbon, in the wave number range of 800 to 2000 cm− 1 [27]. 
The Raman spectra could be fitted into the D and G peaks near 1360 and 

Fig. 2. XPS spectra of (a) Cu and sp2 content with different working current of Cu-DLC films according to Gaussian fitting of the C 1s peaks, (b) C 1s peak and (c) Cu 
2p on the surface of Cu-DLC films with different Cu contents. 

Fig. 3. (a) Raman spectra, (b) ID/IG, G peak position and GFWHM of Cu-DLC films with different Cu contents deposited on Si.  
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1550 cm− 1 respectively, with two Gaussian fitting method [28,29]. 
From the full width at half maximum of the G peak (GFWHM), the peak 
area ratio of D peak to G peak (ID/IG) and the G-peak position, the size 
and distribution of the sp2 clusters can be qualitatively analyzed 
[30,31]. Fig. 3(b) presents the GFWHM, ID/IG and the G-peak position 
with different Cu contents. As the Cu content increased from 1.0 to 67.7 
at.%, the ID/IG ratio increased from 1.3 to 2.85 and the G peak position 

showed a hypsochromic shift from 1543.9 to1553.8 cm− 1, which indi
cated the increase of the sp2/sp3 ratio and sp2 cluster size, separately 
[32]; meanwhile, the GFWHM decreased from 177 to 140.4 cm− 1, which 
indicated a reduced structural disorder. 

Fig. 4 presents the XRD patterns of Cu-DLC films with different Cu 
contents. No diffraction peaks appeared for samples with Cu content less 
than 9.4 at.%. With 20.6 at.% Cu, a weak diffraction peak near 2θ =
43.3◦ can be observed, which was identified as the (111) crystal plane of 
the face-centered cubic (FCC) copper phase (PDF 04–0836). With the 
increase of the Cu content to 67.7 at.%, the intensity of Cu (111) grad
ually increased. 

Fig. 5 shows the high-resolution TEM (HRTEM) micrograph and 
corresponding SAED of Cu-DLC with 9.4 and 20.6 at.% Cu. With 9.4 at.% 
Cu, a certain amount of nanoparticulates were distributed in amorphous 
carbon matrix, and most of the nanoparticulates were with the diameter 
of 5 to 10 nm, as shown in Fig. 5(a). Compared with the HRTEM and 
SAED, the interplanar spacing of the nanocrystal could match well with 
the FCC Cu, and the (111), (200), (220) and (311) reflections were 
identified. In Fig. 5(b), more and larger Cu nanoparticulates appeared 
with 20.6 at.% Cu. Similarly, Dai et al. proposed that the Cu nano
particulates could only emerge once the doped Cu content exceeded a 
threshold value. Otherwise, the doped Cu atoms would be dissolved 
uniformly in the amorphous DLC matrix [33]. This was consistent with 
the results obtained by Meškinis et al. reported similar results [3]. 
Combined with the previous XPS and XRD result, it can be concluded 
that in the Cu-DLC films with higher Cu content, Cu nanoparticulates 
will be formed and separated by the amorphous carbon matrix. 

Fig. 4. XRD patterns of Cu-DLC films.  

Fig. 5. HRTEM image and corresponding SAED of Cu-DLC film with (a) 9.4 at.% and (b) 20.6 at.% Cu.  

Fig. 6. (a) I-V characteristic plots and (b) electrical resistivity at 300 K of the Cu-DLC films deposited with different Cu contents.  
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3.2. Electrical properties 

Fig. 6 shows I-V characteristic plots and electrical resistivity (R) of 
Cu-DLC films. I-V of the sample with 1.0 at.% Cu was not displayed here, 
since its resistance exceeded the upper limit of the instrument test range. 
For samples with Cu content from 9.4 to 67.7 at.%, the voltage was 

positively linear correlated with the excitation from − 0.01 to 0.01 mA, 
suggesting their typical ohmic behavior. According to the I-V charac
teristic plots in Fig. 6(a), the corresponding R of Cu-DLC films was 
shown in Fig. 6(b). As the Cu content increased from 9.4 to 67.7 at.%, R 
decreased monotonically from 1044.8 to 9.3 × 10− 3 Ω⋅mm, due to the 
increase of conductive phase content. 

Fig. 7. I-V plots of the Cu-DLC films deposited with (a) 9.4, (b) 20.6, (c) 47.1, (d) 51.3, (e) 67.7 at.% Cu content from 100 to 350 K.  

Fig. 8. R-T behaviors of Cu-DLC films deposited with (a) 9.4, (b) 20.6, (c) 47.1, (d) 51.3, (e) 67.7 at.% Cu.  
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For Cu-DLC films with 9.4, 20.6, 47.1, 51.3, 67.7 at.% Cu content, 
their I-V plots from 100 to 350 K were also depicted in Fig. 7. Similarly, 
for some Cu-DLC samples, their resistance can exceed the upper limit of 
the instrument under certain temperature, some I-V plots are not pro
vided. All test samples displayed excellent linear I-V behavior. At a 
certain temperature, the sample with higher Cu content showed a 
smaller voltage value under the same excitation current, that was, the 
sample with higher Cu content exhibited a lower resistance. Besides, for 
each test sample with Cu content less than 67.7 at.%, under the same 
excitation current, its corresponding voltage value decreased with 
increasing the test temperature, which indicated their typical semi
conductor behavior, as shown in Fig. 7(a-d). While, for Cu content at 
67.7 at.%, the electrical resistance increased with the increase of the test 
temperature, suggesting a typical metal-like conductive behavior, as 
shown in Fig. 7(e). 

Fig. 8 presents temperature dependence of resistivity (R-T) of Cu- 
DLC films in the temperature range of 100 to 350 K. For the samples 
with Cu content less than 51.3 at.%, the resistance decreased mono
tonically with the increase of temperature, and for sample with lower Cu 
content, its resistivity showed stronger dependency on the test temper
ature. For example, the resistance of sample with 20.6 at.% copper 
increased significantly from 119.2 to 1349.4 Ω⋅mm, with the 

temperature decreasing from 350 to 100 K; for the sample with 51.3 at. 
% copper, its resistance only increased around three times, from 10.1 
Ω⋅mm at 350 K to 32.9 Ω⋅mm at 100 K. While, for the sample with 67.7 
at.% Cu, its resistance decreased slightly from 9.53 × 10− 3 Ω⋅mm at 350 
K to 8.83 × 10− 3 Ω⋅mm at 100 K. 

To further explore the underlying transport mechanism, their re
sistivity R and test temperature T of the samples with various Cu were 
fitted. First, their temperature dependence of conductivity was analyzed 
by activation energy via simple Arrhenius law [13,34]: 

E = − k[dln(σ)/d(1/T) ] (2)  

where E is the apparent activation energy, σ is the conductivity, that is 
the multiplicative inverse of resistivity, k is Boltzmann constant, T is test 
temperature. 

The ln(σ)-(1/T) curves of samples with typical semiconductor char
acteristics are shown in Fig. 9(a), and curves below 174 K for 9.4 at.% Cu 
sample is not displayed, due to its large resistance. Obviously, all ln 
(σ)-(1/T) curves exhibited nonlinear characteristic. From the slope of 
the curves, the E was calculated, as shown in Fig. 9(b). The sample with 
larger amount of Cu content displayed a smaller E value due to the 
compensation effect of metal on semiconductor. And all the E value 
evidently increased with increasing temperature. For instance, E 

Fig. 9. (a) Temperature dependence of conductivity and (b) apparent activation energy for Cu-DLC films deposited with different Cu contents.  

Fig. 10. Relationship between ln(R) and T-1/4 (a), (b), (c), (d) and T− 1 (e), (f), (g), (h) at different temperature ranges for the sample with 9.4, 20.6, 47.1, 51.3 at.% 
Cu content. The red lines are fitting results. 
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increased from 1.59 × 10− 6 eV at 100 K to 7.63 × 10− 6 eV at 350 K for 
the sample with 20.6 at.% copper. This change of activation energy with 
temperature suggested that the simple Arrhenius law cannot explain 
their transport behavior in the whole test temperature range. 

According to the previous XPS, XRD and TEM, Cu nanoparticulates 
were distributed in the amorphous carbon matrix, the Cu-DLC films 
could be simplified as composite where conductive sp2 cluster and Cu 
phase were separated by the insulating sp3 matrix [35,36], and their 
electrical properties could be explained from the tunneling process be
tween isolated conductive phase. The resistivity R and test temperature 
T of the Cu-DLC film were fitted at different temperature ranges, as 
shown in Fig. 10, according to the following formula [37]: 

R = R0exp(T0/T)n (3)  

where R0 is a pre-exponential index, T0 is a characteristic temperature 
which depends on the localization length and density of states, n {=1/(d 
+ 1)} taking different values is used to indicate the change of electron 
transport mechanism and the hopping dimensionality. And d is the 
hopping dimensionality, whose value can be taken as 1, 2 or 3, corre
sponding to one-, two- or three-dimensional tunneling process, respec
tively. Electron transport mechanism is thermal activation when n 
equals 1, or Mott-type variable range hopping (VRH) when n equals 1/2, 
1/3 or 1/4. 

Since the designed thickness of the Cu-DLC films was at least several 

ten times larger than the size of conductive Cu nanocrystal and sp2 

cluster [30], the three-dimensional tunneling process might be suitable 
in this case [38]. In Fig. 10(a), (b), (c), (d), the ln(R) exhibited an 
obvious linear relationship with T-1/4 in the temperature range from 
100 K to 270 K; and in the higher temperature range from 270 K to 350 
K, the ln(R)-(1/T) curve showed excellent linear relationship, as shown 
in Fig. 10(e), (f), (g), (h). The results indicated that thermal activation 
was the main transport mechanism in the higher temperature range 
from 270 K to 350 K, while in the low temperature range, three- 
dimensional Mott-type VRH conduction played a primary role. 

To explore their local electrical properties, three Cu-DLC samples 
with 20.6 at.%, 51.3 at.% and 67.7 at.% Cu content were characterized 
by C-AFM. In Fig. 11(a), (c), (e), the brightness of different areas in the 
images could reflect its conductivity, that was, the brighter area had a 
higher conductivity. With increasing Cu content, both the signal in
tensity and size of the local electrical area were enhanced significantly. 
Besides, the corresponding I-V behavior of the local electrical area for 
each sample was analyzed, as shown in Fig. 11(b), (d), (f). The I-V curves 
of the typical bright spots were obtained by ramping the bias voltage 
from − 2 to +2 V. In order to ensure the accuracy of the test data, both 
forward and reverse bias voltages were applied to the sample. All the I-V 
curves showed good repeatability and high symmetry. In Fig. 11(b) and 
(d), the threshold voltage (Vthr) at 0.5 V and 0.2 V could be identified in 
the I-V curves, separately, namely, nearly no current could be detected 
when the bias voltage was less than Vthr, and when the bias voltage 
exceeded Vthr, the current increased significantly. The decreased Vthr 
with the increase of Cu content from 20.6 to 51.3 at.%, indicated that the 
carrier transport mode can be the tunneling process and the energy 
required for carrier tunneling decreased with more conductive phase. In 
Fig. 11(f), no typical threshold voltage was present at 67.7 at.% Cu 
content. Meanwhile, for each sample, there was a limiting voltage Vmax, 
when the applied voltage was higher than Vmax, the current would 
exceed the upper limit of the equipment. And the Vmax decreased 
gradually from around 1.7, 1.0 to 0.8 V with the increase of Cu content 
from 20.6, 51.3 to 67.7 at.%, which could be explained from the 
decreased separation distance between neighbouring conductive phase 
and the gradual formation of conductive paths. 

3.3. Piezoresistive behavior 

Both TCR and GF of the Cu-DLC films depended on their chemical 
composition and microstructure. Based on the XPS and Raman results, 
both the sp2 content and sp2 cluster size in the Cu-DLC films increased 
with increasing Cu content. Besides, from the XRD and TEM, Cu nano
particulates were formed at higher Cu content, the Cu-DLC can be 
regarded as a composite, which was composed of insulating sp3 matrix 
and conductive sp2 phase and Cu phase. The carrier tunneling process in 
this system could be explained by percolation-tunneling theory [3]. The 
conductivity has a typical power-law relationship with the volume of 
conductive phase [38,39]: 

σ∝(x − xc)
t (4)  

where σ is conductivity, x is the volume fraction of conductive phase, xc 
is the threshold, and t is a universal transport exponent. For x < xc, 
isolated conductive phases existed in the insulating matrix, and the 
conductivity was attributed to interphase tunneling. While, for x > xc, a 
continuous network was formed through the connection of conductive 
phases. As a result, the electric current flowed the film through 
conductive paths, and the electrical properties could be changed from 
typical semiconductor to metal-like behavior. 

The TCR of the Cu-DLC films refers to the relative change of resis
tance value when the unit temperature changes, it can be evaluated 
according to the following formula [40], 

Fig. 11. The current images and corresponding I-V plots for the sample with 
20.6 at.% Cu (a), (b); 51.3 at.% Cu (c), (d) and 67.7 at.% Cu (e), (f). 
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TCR =
R1 − R0

R0
×

1
T1 − T0

× 106 (5)  

where R1 and R0 are the resistance of the sample at T1 = 350 K and T0 =

100 K, respectively, as shown in Fig. 12. 
With Cu content 9.4 at.%, the sample exhibited a large negative TCR 

about − 4980 ppm/K. With Cu content increasing to 20.6, 47.1 and 51.3 
at.%, the TCR was still negative, but its absolute value evidently 
decreased to − 3646, − 2971 and − 2766 ppm/K, respectively. While, at 
67.7 at.% Cu content, the sample showed a positive TCR value of 
approximately +294 ppm/K. The electrical properties were changed 
from the typical semiconductor to metal-like behavior, indicating the 
transport mechanism changed from tunneling to percolation. 

Besides, from the ln(R)-(1/T)n relationship, thermal activation and 
three-dimensional Mott-type VRH conduction were identified in high 
and low temperature ranges, respectively. Combined with the I-V curves 
from the C-AFM test, the threshold voltage Vthr was identified, which 
suggested the tunneling process between conductive phase at lower Cu 
content. And with 67.7 at.% Cu content, some conductive phase may be 
connected with each other and the Vthr also disappeared. 

In this case, a simple carrier transport model for the electrical 
properties and piezoresistive effect of the Cu-DLC films was proposed, as 
shown in Fig. 13. Since conductive sp2 phase and Cu phase were 
distributed in the insulating sp3 matrix, the reduced distance between 
the conductive phase might result in trivial change of the tunneling 
process under the applied strain. 

According to thick-film resistors (TFRs) and tunneling process, the 
gauge factor can be equivalently described by the following equation 
[41]: 

GF ≡
ΔR

R • ε ≃
2d
ξ

(6)  

where d is a mean distance of adjacent conductive phase, ξ is the 
localization length. GF decreased evidently from 5.6 to 1.4 with the 
increase of Cu content as shown in Fig. 14. Combined with the C content 
from XPS and carbon atomic bonding structure from Raman, it was safe 
to conclude that the GF of Cu-DLC was inversely proportional to the 
content of conductive phase. The mechanism of carrier transport was 
dependent on the distance d of adjacent conductive phases, where the 
percolation transport would become the dominated mechanism once 
d was less than 1 nm [42], causing the GF value similar to that of metal. 
With increasing d, the carrier transport was changed to the tunneling 
transport, and GF was proportional to d under the condition [43]. In this 
work, the Cu-DLC film with high Cu content will show a weaker pie
zoresistive effect, due to the reduced distance of adjacent conductive 
phase. 

Fig. 12. TCR of Cu-DLC films deposited with different Cu contents.  

Fig. 13. Schematic of carrier transport mechanism of Cu-DLC films with different Cu contents.  

Fig. 14. GF testing result of the Cu-DLC films with different Cu contents.  
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4. Conclusion 

With Cu content increasing from 1.0 to 67.7 at.%, more conductive 
sp2 phase and Cu phase appeared in Cu-DLC films. The GF decreased 
evidently from 5.6 to1.4, and their resistivity also decreased mono
tonically. Especially, from 9.4 to 51.3 at.% Cu content, the Cu-DLC 
exhibited the semiconductor behavior with negative TCR from − 4980 
to − 2766 ppm/K. They followed thermal activation transport mecha
nism within the higher temperature range from 270 K to 350 K, and 
three-dimensional Mott-type VRH conduction within the low tempera
ture range from 100 K to 270 K, respectively. At 67.7 at.% Cu, the 
sample showed the typical metal-like behavior, with a positive TCR of 
294 ppm/K. Combined with the threshold voltage Vthr identified by C- 
AFM test, the carrier tunneling process between conductive phase in the 
insulating sp3 matrix could explain the electrical properties and pie
zoresistive effect of the Cu-DLC. These results could provide new in
sights into the development of high-performance carbon-based 
piezoresistive film sensors. 
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