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Regardless of used metal contact combinations, bulk-limited electrical behaviors were observed in
metal/hydrogenated diamond-like carbon (DLC)/metal (MSM) devices through the study of I-V
curves and temperature dependence of conductivity. For MSM devices with DLC deposited at a
substrate bias of —50V, the I-V curves exhibited ohmic electrical behaviors in the range of 0—1V
and followed the Poole-Frenkel mechanism in the range of 1-5 V. Moreover, the carrier transport
was dominated by the thermally activated process with an activation energy of 0.1576eV in the
temperature range of 160-400 K. The bulk-limited behaviors of MSM devices could be attributed
to the relatively high bulk resistance of the DLC layer. This result offers the fundamental insight
into DLC based electrical devices and brings forward the concept to fabricate functional carbon
based materials. Published by AIP Publishing. https://doi.org/10.1063/1.5003297

As amorphous semiconductor materials, diamond-like
carbon (DLC) films have attracted much attention, since their
optical gap can range from 1 to 4 eV and their electrical resis-
tivity can span 14 orders of magnitude by adjusting the sp*/
sp® ratio in the carbon matrix."> Nowadays, many efforts
have been dedicated to explore their novel functional and
electrical applications, such as piezoresistive sensors,” solar
cells,* and potential memory devices.”® Usually, the metal/
semiconductor (DLC)/metal (MSM) structure would be fabri-
cated for the cells or modules, which will significantly domi-
nate the performance of electrical devices.””'? Unfortunately,
due to the feature diversity of the DLC films deposited by dif-
ferent processing and the complexity of the interfacial interac-
tion between metal and C elements, various mechanisms
involving DLC/metal interface-limited and bulk-limited
electrical behaviors were achieved for such MSM structured
devices. Allon-Alaluf er al® reported that the DLC/metal
interface-limited electrical behaviors originated from the for-
mation of an interface barrier, when Al was used as upper and
bottom contacts, which was conflicted with the bulk-limited
electrical behaviors with the Al or Cr upper contact reported
by Egret and co-workers."? In addition, Paul and Clough'?
found that for the MSM structure with the Cr bottom contact,
both interface-limited and bulk-limited electrical behaviors
appeared, depending on the area of the upper metal (Al, W,
Ni, and Au) contacts. Since the electrical behavior of struc-
tured MSM plays a key role in the whole performance of
carbon-based devices, the contradictory of electrical experi-
mental results makes it important to reveal the inherent carrier
transport mechanism of the DLC MSM devices.

In this work, hydrogenated DLC films were prepared by
a linear ion source (LIS)14 at various bias voltages of —50V,
—100V, —150V, and —200V. C,H, gas with a flow rate of
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38 sccm was introduced to the LIS to obtain the hydroge-
nated carbon ions, and the working pressure was kept at
2.6 x 10> Pa. The power for LIS was about 260 W, with a
DC of 0.2 A and a voltage of 1100-1450 V (more details can
be found in the supplementary material). A series of MSM
devices with 4 different metal contact combinations were
fabricated. Two common metal elements were selected as
contacts for comparison. Namely, one is Al, a typical weak-
carbide-forming metal and inclined to form an interface bar-
rier.® The other one is Cr, a typical strong-carbide-forming
metal and inclined to form conductive carbides.'* The MSM
structures [as shown in Fig. 1(a)] were fabricated as follows.
First, the metal (Al 80 nm/Cr 390 nm) bottom contact film
was sputtered onto the p-type silicon wafer (100), and then,
DLC films with a thickness of 470 = 50 nm were deposited
at room temperature (RT). Finally, the upper metal (Al
280 nm/Cr 200 nm) contact dots (with a diameter of approxi-
mately 200 um and a contact area of 3.1 x 10~® m?) were
fabricated with the same sputtering system through a shadow
mask. Raman spectroscopy (Renishaw inVia-reflex, 532 nm)
was used to measure the carbon atomic bonds from 800 to
2000 cm ™' wavenumber. A field-emission transmission elec-
tron microscope (TEM, Libra 200 FE, Zeiss, Germany) at an
operating voltage of 200kV was used to investigate the film
morphology. A Lakeshore probe station equipped with a pre-
cision semiconductor parameter analyzer (Keithley 4200) in
the DC sweep mode was applied to measure the current-
voltage (I-V) characteristics of the MSM devices. Here, sym-
bol D, was used to evaluate the I-V asymmetry, which was
defined as the absolute value of the ratio of I, to I,, which
was D,y = |Io/I,|, where I, and I, are the negative current
and positive current at the corresponding negative and posi-
tive applied voltages, respectively. We focused the tempera-
ture dependence of dark electrical conductivity (o) of the
DLC in the range of 160—400 K. Before the measurement of
o, all samples were heated to 400 K to minimize the possible

Published by AIP Publishing.
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FIG. 1. The schematic diagram of the MSM structure (a), typical Raman
spectra of the DLC (b), the cross-sectional HRTEM image, corresponding
SAED pattern of the representative DLC deposited at —100V (c).

adsorbates on the surface, and the cooling rate was kept at
about 3 K/min.

Figure 1(b) shows Raman spectra of the DLC films with
different bias voltages. All spectra exhibited a broad asym-
metric Raman scattering band in the range of 800-2000 cm ™",
and no distinct change was visible for the spectra. The fitted
data from D and G peaks [G peak position, the intensity ratio
of the D-peak to G-peak (Ip/Ig) and the full width at half
maximum (FWHM) of the G-peak can be found in the supple-
mentary material] revealed that the carbon atomic bond was
similar regardless of bias changes. Figure 1(c) presents the
representative cross-sectional high-resolution TEM image and
the corresponding selected area electron diffraction (SAED)
pattern of the DLC film deposited at —100 V. A dense and
diffused diffraction halo was obtained, which implied the typ-
ical amorphous structure for DLC films, the H content of the
sample at —100 V was also measured by elastic recoil detec-
tion analysis (ERD), and C;o0qsH, ¢ was identified, with H/
C+H around 20.6% (supplementary material S1). Besides,
XPS confirmed that the O content was less than 1.2at. % in
those deposited films, and sp’/sp® + sp” was in the range of
44.59%-48.1% (supplementary material).
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Figure 2 presents the I-V characteristics of the MSM
devices with different contact metal combinations at room
temperature. For four MSM devices with the same DLC
films, the current intensity varied greatly with different metal
contact combinations; at least two factors should be consid-
ered for this variance: first, the local inhomogeneity between
DLC and metal contact;’ in addition, the actual film thick-
ness between metal contacts could be quite different since
some energetic metal atoms can penetrate deep into the
DLC. Noted that as shown in Figs. 2(a)-2(d), all I-V curves
of the MSM devices at both positive and negative applied
voltages were almost the same in the range of —5 to 5V,
with D,y around 1 [typically shown in Fig. 2(e)]. This highly
symmetric current transport process indicated that the DLC/
metal interface made slight contribution to the transport pro-
cess, which could originate from the rich sp® regions in the
DLC film (more than 50%, as seen in supplementary mate-
rial, S2) and a large area of upper metal contacts (contact
area 3.1 x 107® m?) to DLC.”"'?

Considering the similar microstructure of the DLC
films and the current transport process regardless of the
DLC/metal interface, we selected the typical I-V curves of
the MSM device with structured Al/DLC(—50V)/Al to
gain insight into the electrical properties and carrier trans-
port mechanism. As shown in Fig. 2(f), in the lower applied
voltage range of 0-1V, the I-V curve exhibited a linear
dependence, which indicated the ohmic behavior and could
be explained from the hopping conduction at the low elec-
trical field."' However, in the higher voltage range of
1-5V, the I-V curve was well plotted based on the bulk-
limited Poole-Frenkel (PF) mechanism as shown in Fig.
2(g).12’13’]5 The I-V relationship could be described as
follows:

Ln(I/V) ~ V!/2, (D

where I and V are the current and voltage, respectively.
Actually, independent of the type and thickness of the con-
tact metal, all I-V curves of the MSM devices with DLC
deposited at —50 V matched the PF mechanism well in the
voltage range of 1-5V (as seen in supplementary material
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FIG. 2. The I-V curves of MSM structures with DLC deposited at =50V (a), —100V (b), —150V (c) and =200V (d), the I-V asymmetry of MSM structures
with DLC deposited at =50V (e) and the I-V curves of the MSM device with Al/DLC/AI structure in the range of O~1 V (f) and the corresponding Poole-

Frenkel plots in the range of 1~5 V (g).
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ductivity and the temperature (a), and
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CY 1000/T of the DLC film deposited at

—50V (b). In Fig. 3(b), the black solid
dots were experimental data and the
red line was the fitting result according
to the Arrhenius law.
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S3), indicating that the current followed the PF mechanism
and was limited by thermally assisted hopping at bulk traps
in the DLC films."*"

In order to figure out the carrier transport mechanism,
the temperature dependence of the dark conductivity (o) of
the MSM device with DLC deposited at —50V was also
studied. As shown in Fig. 3(a), ¢ increased from the mini-
mum value 7.7 x 107" Q"' ecm™" at 160K to 1.2 x 10~ "
Q' cm™! at 300K and reached the maximum value of
6.0x107""Q 7" cm™" at 400K, revealing the typical semi-
conducting behavior of DLC films. Besides, the temperature
dependence on the dark conductivity in the range of

160400 K was consistent with the Arrhenius law,m_18 with
the following o-T relationship:
a(T) = oo exp(—AE/(kT)), )

where o is the pre-exponential index, AE is the activation
energy, k is the Boltzmann constant, and T is the absolute tem-
perature. The Arrhenius-type o-T relationship suggested that
AE was 0.1576 eV, and the carrier transport was dominated by
thermally activated process,'>'® which was also observed in
some other weakly conducting carbon films.'>'%8

These results can be explained on the basis of the MSM
structure and the electric resistance involved. In MSM devi-
ces, the contact resistance (R;) in the metal/semiconductor
interface!”?° and bulk resistance of the semiconductor (Rp)
will determine its performances, as shown in Fig. 4, and the
I-V should follow a simple relationship

V =I(Riy +Rg + Rig), 3)

where R; y and Ry g are the upper metal/DLC contact resis-
tance and the DLC/bottom metal contact resistance, respec-
tively. In this work, the DLC was highly insulated and its

Equivalent circuit

Upper Metal Current (I)

U=I(R; ;*Rg+R; p)~IRy (If Rg>>R;)

FIG. 4. Equivalent circuit diagram of the MSM device.

31 1 " " " " " " i i
25 30 35 40 45 50 55 60
1000 (k)

RT resistance surpassed the upper limit of a digital multime-
ter (UNI-T UT39A, 200 MQ), suggesting a quite large Rg.
Then, the situation that R; is negligible compared with Ry
becomes quite possible, and in this case, the electrical behav-
iors of the MSM devices will mainly depend on Rp since a
small voltage drop across the contact resistance and the I-V
relationship could be approximately described as V ~IRg; in
other words, the electrical properties of the highly insulated
DLC between the metal contacts will determine the bulk-
limited and typical semiconducting behaviors of the MSM
devices.

In conclusion, independent of metal combinations, all
MSM devices with high-resistance DLC exhibited highly
symmetrical I-V behaviors in the range of —5 to 5V, sugges-
ting bulk-limited electrical properties. For MSM devices
with DLC deposited at =50V, the I-V curves exhibited the
ohmic behavior from 0-1V and followed the Poole-Frenkel
mechanism in the range of 1-5V. Besides, the temperature
dependence of the dark conductivity from 160 to 400 K con-
firmed that the carrier transport was limited by thermally
assisted hopping at bulk traps with an activation energy of
0.1576eV. The bulk-limited and typical semiconducting
behaviors of the MSM devices could be explained from the
relatively high resistance of bulk DLC.

See supplementary material for the deposition condi-
tions, thickness, O content, sp3 concentration, the fitted
G-peak position, Ip/Ig and FWHM of the G-peak of the
DLC, supplementary material S1 for the ERD test of the
DLC deposited at —100V, supplementary material S2 for
XPS spectra of the DLC and supplementary material S3 for
I-V curves, and corresponding PF plots of the MSM struc-
tures for DLC deposited at —50 V.
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