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A B S T R A C T

Amorphous carbon (a-C) films have garnered considerable attention as promising semiconductor materials for 
next-generation electronic devices owing to their exceptional electrical properties. However, the carrier transport 
mechanism of amorphous carbon films remains poorly understood, primarily attributed to their atomic structural 
complexity and diverse electrical behaviors. In this study, hydrogen-free amorphous carbon films were fabricated 
via high-power impulse magnetron sputtering. By precisely controlling the applied bias voltage, a stable sp2 

content of approximately 52% was maintained while the sp2 cluster size (La) was varied from 1.63 to 1.93 nm. 
This approach enabled a systematic investigation of the correlation between the nanostructure and the resultant 
electrical properties. All a-C films exhibited n-type conduction with a stable electron concentration of 2.1 × 1018 

cm− 3. Their resistivity spanned 0.3–8.7 Ω⋅cm, and films with larger La values and higher structural ordering 
demonstrated reduced resistivity, attributed to enhanced electron mobility. Electrical transport measurements 
conducted over a temperature range of 100 to 350 K confirmed that charge transport is governed by a three- 
dimensional variable range hopping mechanism. Electron hopping between adjacent sp2 clusters predomi
nantly dictates the electrical properties. This work provides critical insights into the structure-property re
lationships of a-C films and offers important theoretical and experimental support for the design and 
development of next-generation carbon-based electronic devices.

1. Introduction

Owing to their exceptional combination of properties, amorphous 
carbon (a-C) films and their hydrogenated counterparts (a-C:H) have 
emerged as important protective and multifunctional coating materials. 
These include high hardness, superior chemical inertness, exceptional 
smoothness, and excellent wear resistance [1–6]. In addition, as amor
phous semiconductor materials, their electrical properties are tunable 
from insulators to conductors, which renders them promising candidates 
for next-generation electronic devices, such as wearable strain sensors, 
resistive random-access memory (RRAM) devices, and micro
electromechanical systems (MEMS) [7–15].

Significant research efforts have recently been devoted to elucidating 
the underlying charge transport mechanisms in these materials. Based 
on analyses of temperature-dependent conductivity, Bhattacharyya and 

Silva [16] comprehensively reviewed the charge transport mechanisms 
operative in various a-C and a-C:H films, which include the Arrhenius 
type, variable range hopping (VRH), multiphonon tunneling, activated 
type or a combination of extended state plus hopping. Subsequently, 
many researchers also confirmed that variations in the H content, the 
sp2/sp3 ratio, and the sp2 cluster size can cause various transport be
haviors [17,18]. For example, in the a-C:H film, Katamune et al. [19]
observed that increasing the H concentration induced a transition from 
semi-metallic to semi-conducting properties. Zhai and co-workers [20]
further noted that increasing the sp2/sp3 ratio led to a monotonic 
enhancement in conductivity. However, Dwivedi et al. [21] reported 
contradictory results showing that the conductivity of the a-C:H film 
initially decreased and then increased as the sp2/sp3 ratio increased 
from 0.42 to 0.67. Compounding this complexity, even in the H-free a-C 
film, the conductivity is also influenced by the sp2 cluster size and the 
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sp2/sp3 ratio [22]. Additionally, both p-type [20,23–25] and n-type 
conduction [25–27] were identified in a-C and a-C:H films, which were 
often overlooked in carbon-based electronic devices.

Overall, prior studies have proposed that at least three key fac
tors—the H content, the sp2/sp3 ratio, and the sp2 cluster 
size—significantly influence the electrical properties of amorphous 
carbon (a-C) films. To date, however, the transport mechanism of a-C 
films remains poorly elucidated; limited progress has been made in 
understanding the roles of these individual factors, which has emerged 
as a major bottleneck for designing advanced carbon-based electronic 
devices [7,10,16].

In the present study, H-free a-C films were fabricated using high- 
power impulse magnetron sputtering (HiPIMS). Stable sp2 content and 
varying the sp2 cluster size (Lₐ) were tailored by adjusting the applied 
bias voltage. The electrical behaviors and related transport mechanism 
of a-C films were investigated. Herein, the underlying relationship be
tween the sp2 cluster size (Lₐ) and the electrical behavior of a-C films is 
elucidated, providing both theoretical and experimental support for the 
design of high-performance carbon-based electronic devices.

2. Experimental details

2.1. Sample preparation

The a-C films were deposited by a DC-superimposed high-power 
impulse magnetron sputtering technique (HiPIMS, P600–1) [28–30]. 
This system is equipped with a 99.99% pure graphite target, which can 
provide a significantly higher ionization fraction of sputtered vapor 
compared to that of traditional sputtering systems.

P-type Si (100) wafers, quartz plates, and Al2O3 (0001) substrates 
were used for specific characterizations. Specifically, Si (100) wafers 
were utilized for the analysis of thickness, surface morphology (AFM and 
SEM), chemical composition (XPS and Raman), microstructure (TEM). 
Meanwhile, quartz plates were primarily employed for electrical mea
surements under room temperature conditions, including resistivity and 
Hall-effect, Al2O3 (0001) substrates were used for I-V characteristics and 
temperature-dependent conductivity tests (100 to 350 K).

Prior to a-C film deposition, all substrates were ultrasonically 
cleaned sequentially in acetone and alcohol for 15 min, then fixed in the 
deposition chamber.

When the base pressure was evacuated to approximately 3 × 10− 3 

Pa, all substrates were etched with Ar+ ions for 30 min to remove surface 
contaminants.

During deposition, the DC magnetron sputtering current was main
tained at 1.0 A. The pulse frequency, pulse width, and voltage of the 
HiPIMS unit were 300 Hz, 65 μs, and 1000 V, respectively. Pulsed bias 
applied to the substrates was maintained at 0 V (floating state), − 50 V, 
− 100 V, − 200 V, and -300 V.

2.2. Characterization

Their thickness was measured from step edges using the surface 
profilometer (Alpha-Step IQ, US). Their surface topography and 
roughness were characterized by the atomic force microscopy (AFM, 
Dimension 3100 V, Veeco, US), the images (1 μm £ 1 μm) were recorded 
in tapping mode, and corresponding root-mean-square roughness (Rq) 
values were calculated.

The chemical composition was characterized by X-ray photoelectron 
spectroscopy (XPS, Axis Ultra DLD, Japan) using monochromatic Al 
(mono) Kα radiation at a pass energy of 160 eV. Prior to measurement, 
the analyzed area was cleaned via 2 keV Ar+ ion sputtering for 3 min to 
remove impurities and surface adsorbents. The sp2 content was deter
mined from the C 1 s XPS spectra, with a mixed fitting of a Gaussian 
(20%) function and a Lorentzian (80%) function used to fit the sp2-C 
peak and sp3-C peak after Shirley background subtraction [29,30]. The 
structural characterization of the a-C films was investigated by the 

multiwavelength Raman spectroscopy (Renishaw in Via Reflex, 532 nm 
and 325 nm) with a detection range of 900 to 2000 cm− 1. The micro
structure of the a-C film deposited at − 50 V was characterized by the 
high-resolution transmission electron microscopy (TEM, Tecnai F20, 
US) at an acceleration voltage of 200 kV. The sample for cross-sectional 
TEM analysis was prepared using the focused ion beam (FIB, Carl Zeiss, 
Auriga) with electron imaging and Ga-ion milling capabilities.

The carrier concentration and mobility of the a-C films were 
measured by the Hall-effect measurement (Nanometrics, HP-5500C, US) 
in a Van der Pauw configuration [32]. All samples were deposited on 
square quartz glass substrates, with Pt films around 15 nm deposited as 
contact electrodes at four corners via electron beam evaporation. Their 
room-temperature resistivity and current-voltage (I-V) characteristics 
were tested by the semiconductor parameter analyzer (Keithley 4200 
SCS, US). The temperature dependence of the electrical properties of the 
a-C films was measured by physical property measurement system 
(PPMS, Quantum Design, Model-9) using a standard four-probe method, 
with the test temperature range of 100 to 350 K.

3. Results and discussion

3.1. Thickness, morphology and mechanical properties

Table 1 presents the detailed deposition parameters, including 
thickness and Rq of the a-C films. From 0 to − 100 V, the average growth 
rate was approximately 3 nm/min, and the thickness of the a-C films was 
maintained around 200 ± 30 nm.

Fig. 1 illustrates the 1 μm £ 1 μm 2D-AFM images and the corre
sponding 3D-AFM images of the a-C films at various substrate biases. 
Overall, all a-C films showed a smooth surface, with Rq (Table 1) less 
than 1.5 nm. As the bias increased from 0 to − 300 V, the surface became 
flatter and more featureless. At the lower bias range of 0 to − 100 V, 
many cauliflower-like structures with lateral sizes of approximately 
40–100 nm were observed. With further increasing bias to − 300 V, these 
coarse grains became smaller and scrubbier, and the corresponding Rq 
exhibited an obvious decreasing trend from around 1.2 nm to 0.19 nm. 
The evolution of the surface morphology can be explained as follows. At 
the lower bias, the growth of a-C film took place under diffusion limited 
conditions, resulting in its relatively rough surface [31]. Then, with the 
increase of the bias voltage, the incoming ions had a higher energy, 
which induced an efficient lateral transport process during film growth, 
resulting in its ultra-smooth surface [5,34,35].

3.2. Chemical composition and structure

For all a-C films, only argon, carbon, oxygen and nitrogen elements 
were detected with XPS, as shown in Fig. 2a. The small amounts of N and 
O atoms (less than 2.8 at.%) may originate from the oxidization or 
adsorption of water vapor on the sample surface during or after film 
deposition [34,36]. Fig. 2b presents the fitted sp2 content from XPS C1s 
spectra. After deconvoluting the XPS C1s spectra (insets in Fig. 2b) into 
two peaks [32], the C––C peak at 284.6 eV (sp2 bond) and the C–C peak 
at 285.8 eV (sp3 bond) were identified. The sp2 content in a-C films can 
be empirically derived based on the ratio of the corresponding peak 
areas [33]. Different from the previous results [2,34,37], the sp2 content 
of the a-C films remained approximately 52% regardless of substrate 
bias variations within the 0 to − 300 V range.

Fig. 3 shows two-wavelength (visible-ultraviolet) Raman spectra of 
the a-C films. At both 532 nm and 325 nm, a broad asymmetric peak was 
observed for each sample, demonstrating typical features of amorphous 
carbon. To gain insights into the bond arrangements, the spectra were 
fitted with two Gaussian peaks corresponding to the D and G peaks 
[38,39]. The G peak position, the full width at half maximum of the G 
peak (G FWHM), the integrated intensity ratio (ID/IG) and G peak 
dispersion can be deduced.

Table 2 presents the fitting results of the Raman spectra obtained at 
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532 nm. As the bias varied from 0 to − 300 V, the G peak position 
remained at approximately 1547 cm− 1, implying a stable sp2 content, 
which was consistent with XPS results. The G FWHM increased evidently 
from 178.5 to 191.4 cm− 1, indicating the rise of structural disorder. It 
was noted that ID/IG first increased from 1.73 to its maximum value of 
2.05 at − 50 V, then declined to around 1.5 with further increase of the 
applied bias. For visible Raman spectra, clustering in the a-C films is the 
primary factor that influences the ID/IG; consequently, the sp2 cluster 
size (La) can be roughly estimated via the following equation, on the 
premise that La is under 20 Å [39–41], 

ID

/
IG = C'(λ)2 (1) 

where λ is the excitation wavelength (532 nm), and C' is the variable 
scaling factor (~0.55 nm− 2) in this case. The corresponding La values 

were 1.77 nm at 0 V, 1.93 nm at − 50 V, 1.87 nm at − 100 V, 1.63 nm at 
− 200 V, and 1.72 nm at − 300 V, respectively.

From the visible and ultraviolet (UV) excitation measurements, the G 
peak position of all samples increased as the excitation wavelength 
decreased. Furthermore, the G peak dispersion, defined as the rate of 
change of the G peak position and change of the excitation wavelength, 
ranged from 0.09 to 0.23 cm− 1/nm, as shown in the Table 2. Since the G 
peak dispersion increases with disorder, the sample deposited at − 50 V 
had the highest ordering and the sample at − 200 V exhibited the largest 
topological disorder. Besides, all a-C films had a similar G position in 
visible Raman spectra but differed in the UV Raman spectra. Conse
quently, the two samples deposited at − 100 V and 300 V with the mild G 
peak dispersion also had more sp2 clustering. [39–41].

Fig. 4a and b display the typical cross-sectional TEM image, high 
resolution transmission electron microscopy (HRTEM) and the 

Table 1 
Deposition parameters, thickness and Rq of the a-C films.

HiPIMS Direct-current (A) Ar flow 
(sccm)

Deposition time (min) Substrate bias (V) Rq (nm) Thickness (nm)

Pulse voltage 1000 V 
Pulse frequency 300 Hz 

Pulse width 
65 μs

1.0 50 65 0 1.0 176
− 50 1.3 197
− 100 1.3 231
− 200 0.5 198
− 300 0.2 200

Fig. 1. The tapping mode 2D-AFM images (a), (b), (c), (d), (e) (the right scales represent the height), and the corresponding 3D-AFM images (f), (g), (h), (i), (j) of the 
a-C films at 0, − 50 V, − 100 V, − 200 V and -300 V.

Fig. 2. (a) XPS spectra of the a-C films at various biases and (b) fitted sp2 content from XPS C1s spectra. The inset in Fig. 2 (b) exhibits C1s peak of the a-C films.
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corresponding selected area electron diffraction (SAED) pattern of the a- 
C film deposited at − 50 V. TEM analysis revealed that this sample had a 
thickness of approximately 200 nm, no nanocrystals were observed 
(Fig. 4a), and the corresponding SAED pattern just exhibited a diffusive 
ring (Fig. 4b), which was the characteristic of amorphous carbon films 
and agreed well with the aforementioned Raman spectra.

According to XPS, Raman and TEM, it is safe to deduce that typical a- 
C films with a stable sp2/sp3 ratio were prepared, and the size of sp2 

clusters can be adjusted by changing the applied negative bias from 0 to 
− 300 V.

3.3. Electrical properties

First, I-V characteristics of a-C films were investigated, as shown in 
Fig. 5a. All I-V plots exhibited linear dependence, suggesting typical 
ohmic behavior in a-C films. Then, based on Hall-effect measurements, 
n-type conduction was identified in all a-C films, indicating that the 
carriers were negatively charged (i.e., electrons). Besides, the electron 
concentration and mobility of the a-C films were also investigated. 
Interestingly, in the bias range of 0 to − 300 V, the electron concentra
tion of the a-C films remained stable at approximately 2.1 × 1018 cm− 3, 
which was 1 or 2 orders of magnitude larger than that of amorphous Si 
(1016–1017 cm3) [27].

Considering that the distribution of sp2 cluster can influence the 
electrical properties of a-C films, La, the room temperature resistivity 
(ρRT) and electron mobility were compared with various applied bias, as 
shown in Fig. 5b. Although La and ρRT of the a-C films showed irregular 
variations in the bias range of 0 to − 300 V, they exhibited an obvious 
negative correlation. At − 50 V, La reached its maximum value of 1.93 

Fig. 3. Raman spectra of a-C films at wavelength of (a) 532 nm and (b) 325 nm.

Table 2 
The fitting G peak position, G FWHM, ID/IG, estimated La of the a-C films at 532 
nm, and G peak dispersion with varying excitation wavelength.

Substrate 
bias (V)

G peak 
position 
(cm− 1)

G FWHM 
(cm− 1)

ID/ 
IG

La 

(nm)
G peak dispersion 

(cm− 1/nm)

0 1549.5 178.5 1.73 1.77 0.19
− 50 1544.0 180.3 2.05 1.93 0.09
− 100 1544.7 182.0 1.92 1.87 0.15
− 200 1546.2 190.0 1.46 1.62 0.23
− 300 1544.3 191.4 1.63 1.72 0.16

Fig. 4. (a) Cross-sectional TEM image, (b) HRTEM image and corresponding 
SAED of a-C film deposited at − 50 V.

Fig. 5. (a) I-V characteristics, (b) sizes of sp2 cluster, room temperature resistivity and electron mobility of a-C films deposited at various biases.
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nm, while the corresponding ρRT reached its minimum value of 0.3 
Ω•cm. As the bias increased to − 300 V, La showed a decreasing trend, 
whereas ρRT increased monotonically. Additionally, the electron 
mobility in the samples changed remarkably from 0.4 to 11.4 cm2V− 1 

s− 1 and exhibited a positive correlation with La. It was assumed that by 
adjusting the applied bias during deposition, the change of ρRT was 
caused by the variation of the electron mobility in the a-C films. This 
irregular variations of La and ρRT [52] may be explained from the 
HiPIMS [51], its higher degree of ionization and high-density plasma 
can result in various densification process in the subplantation deposi
tion mechanism [53] and sp2 cluster size.

To explore the dependence of their electrical properties on the test 
temperature, the I-V characteristics from 100 to 350 K were tested. Here, 
the resistances of the samples deposited at 0 V, − 200 V and -300 V 
exceeded the upper limit of the PPMS, so their I-V characteristics were 
not present. In Fig. 6, both the two samples at − 50 and -100 V showed 
the symmetric and linear I-V behaviors. As the temperature increased 
from 100 to 350 K, the corresponding voltage of each sample at a given 
excitation decreased evidently. For example, the voltage of sample at 
− 100 V was 3.7 V at 350 K and dropped to 0.14 V at 100 K, as shown in 
Fig. 6b.

Then, the temperature dependence of dark resistivity (R-T) of the 
samples was investigated. In Fig. 7a, their resistivity monotonically 
decreased with increasing temperature, for instance, the resistivity of 
the sample at − 50 V decreased evidently from 2.4 Ω•cm at 100 K to 0.1 
Ω•cm at 350 K. At a certain temperature, the sample at − 50 V exhibited 
a lower resistivity compared with the sample at − 100 V, which was 
consistent with their room-temperature resistivity.

Generally, the R-T behaviors can reflect inherent transport properties 
in a-C films. Depending on their characteristics of the conductivity- 
temperature relationship, the dominant conduction mechanisms may 
involve Arrhenius-type conduction, VRH, or a combination of extended- 
state and hopping conduction [16,20,42,51]. Arrhenius behavior is 
common and can be judged from its activation energy, according to the 
following relation [16,43,44], 

Eact = − k[dln(σ)/d(1/T) ] (2) 

where Eact is the activation energy of a-C films, σ is the conductivity (that 
is, the multiplicative inverse of the resistivity), k is the Boltzmann 
constant, and T is the test temperature. As shown in Fig. 7b, Eact of the 
two samples evidently increased with increasing temperature: from 
0.029 eV at 100 K to 0.065 eV at 350 K for the sample at − 50 V, and from 
0.032 eV at 100 K to 0.069 eV at 350 K for the sample at − 100 V, 
respectively, suggesting that the temperature dependence of conduc
tivity deviated from the Arrhenius behavior over the test temperature 
range from 100 to 350 K [16,42].

Referring to a classical cluster model [2,45,46] in a-C films, sp2 

clusters tend to be arranged in clusters embedded in the sp3 matrix, and 
hopping between neighboring sp2 clusters will determine its electrical 
behaviors [45–47]. In this work, the size of sp2 clusters in those a-C films 
is less than 2 nm, while their thicknesses are around 200 nm. Thus, the a- 
C films can be treated as a three-dimensional (3D) composite material, 
with conductive sp2 clusters distributed in the insulating sp3 matrix. 
Furthermore, the 3D VRH transport mechanism may work under this 
condition.

The curves of Fig. 7a were replotted on a T-1/4 temperature scale, as 
shown in Fig. 7c, and the measured data exhibited evident linear 
dependence on T-1/4, which indicated a typical 3D VRH transport 
mechanism in the a-C films, with the following relationship [2,48,49], 

Ln(σ) ∼ T− 1/4 (3) 

3.4. Related carrier transport mechanism

Based on the above-mentioned analysis, the electrical behaviors of a- 
C films can be explained as follows. During deposition, with the applied 
negative bias increasing from 0 to − 300 V, the stable sp2/sp3 ratio and 
the variable sp2 cluster size were obtained in those a-C films, as proved 
by previous XPS and Raman measurements. This indicated that, at this 
lower energy range of the C particle, the sp2 site can diffuse or condense 
into the sp2 cluster in the sp3 matrix [50]. From the Hall-effect mea
surement and R-T behaviors, both electronic conduction and the 3D 
VRH transport mechanism were confirmed. Thus, it was plausible that 
the resistivity of the a-C films was mainly controlled by electron hopping 
between neighboring sp2 clusters, as shown in Fig. 8. For a-C films, the 
larger La and the higher degree of ordering can maximize the overlap 
integral of the wavefunctions, thereby achieving the higher electron 
mobility. So, the lowest resistivity of the a-C film at − 50 V can be 
explained by the shortest average hopping distance between its largest 
sp2 clusters and highest ordering, which may correspond to the largest 
electron mobility. With the applied bias increasing to − 100 V and -300 
V, though the La decreased, the more sp2 clustering in the samples may 
be beneficial for electron hopping process, and result in their relatively 
higher electrical conductivity.

4. Conclusions

In summary, by precisely regulating the pulsed bias voltage with the 
high power impulse magnetron sputtering (HiPIMS) deposition method, 
we prepared a-C films with tailored sp2 cluster sizes (Lₐ) ranging from 
1.63 to 1.93 nm while maintaining a stable sp2 content of approximately 
52%. Comprehensive characterization revealed that all films exhibited 
n-type conductivity with a remarkably stable electron concentration of 
approximately 2.1 × 1018 cm− 3. The resistivity of the a-C films spanned 
0.3–8.7 Ω⋅cm, where films with larger La values and higher structural 

Fig. 6. I-V characteristics of a-C films deposited at − 50 V (a) and -100 V (b), in the temperature range of 100 to 350 K.
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ordering demonstrated reduced resistivity, attributed to enhanced 
electron mobility. The electron mobility exhibited a remarkable varia
tion from 0.4 to 11.4 cm2V− 1 s− 1 and showed a positive correlation with 
the sp2 cluster size (La). The temperature dependence of dark resistivity 
(R-T) measurements further elucidated the transport mechanism. Their 
resistivity monotonically decreased with increasing temperature from 
100 to 350 K. Critically, the linear dependence of Ln(σ) on T-1/4 was 
observed. Additionally, the sp2 cluster size (<2 nm) and the film 
thickness of approximately 200 nm enabled three-dimensional connec
tivity. The three-dimensional variable-range hopping (3D VRH) mech
anism was confirmed as the dominant charge transport mechanism. This 
work not only addressed a critical gap in understanding their variable 
transport mechanisms but also provided new pathways for designing 
high-performance carbon-based electronic devices, such as MEMS sen
sors, resistive random access memory, and high-sensitivity 
photosensors.
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Fig. 7. (a) R-T behaviors of a-C films deposited at various biases, (b) variation of activation energy with temperature and (c) the relationship between Ln (σ) and T-1/4 

based on R-T data. And the dashed lines are inserted to guide the eyes in Fig. 7(c).

Fig. 8. Schematic diagram of VRH transport mechanism in a-C films.
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