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Abstract- In this paper, carbyne film applicable in gas 
sensors, was metallized by vacuum sputtering with 
different materials, aiming formation of Ohmic and 
Schottky contacts. The metal top layers were bonded by 
different metal wires and bonding conditions to prepare 
the samples for packaging. The effect of the bonding 
force and temperature on the penetration of metal 
particles in the carbyne was investigated. Silver was 
bonded by aluminum wire and palladium – by gold wire. 
The cross-section of the carbyne/metal interface was 
observed by scanning electron microscope and chemical 
analysis was made in depth across the layer thickness to 
explore the elemental profile of each layer. The sheet 
resistance variation was also used to confirm the results 
from the interface imaging and mapping. It was found 
that silver particles diffuse slowly in the carbyne, but the 
palladium ones diffuse strongly and significantly increase 
the conductivity of the carbyne material. A possible 
solution to prevent this process is nickel barrier thin film 
insertion under the palladium. It was proved that the 
Pd/Ni interface is stable at bonding and the properties of 
the carbyne were kept unmodified. The results are of 
great importance for the prototyping of novel carbon 
nanomaterials-based gas sensors.    
 
Keywords: Metallization, Bonding, Carbon 
Nanomaterials, Organic Chips, Carbyne Sensors. 
 

1. INTRODUCTION                                                                         
The hybridization type of carbon atoms determines 

the physio-chemical properties of the carbon-based 
nanomaterials. According to it, three basic forms are 
known – diamond, graphite and carbyne. Among them, 
some nanostructures, such as graphite derivatives (carbon 
nanotubes, graphene and fullerene) are among the most 
studied for engineering practice [1]. Recently, an 
allotrope of carbon, called carbyne, having one-
dimensional sp-hybridization and linear chain with 
alternating carbon-carbon single and triple bonds, has 
attracted the attention of the scientists [2]. Due to its 
mechanical stability and selectivity to certain chemical 
compounds, carbyne seems to be very appropriate for 
fabrication of different sensors for biomedical 
engineering, environmental monitoring and harmful gases 

analyzing [3]. Among the advantages that have been 
discovered for the carbyne gas sensors, is their ability to 
respond to small concentrations at room temperature and 
without light stimulation.  

The high temperatures or UV light exposure is usually 
applied to activate the process of detection at 
semiconducting metal-oxides or 2D nanomaterials [4, 5]. 
Carbyne nanocrystals were found to react to nitrogen 
dioxide gas at concentrations of below 50 ppm at room 
temperature [6], as well as to ethanol vapors at 
concentration 70-700 ppm at room temperature [7]. To 
avoid electrical losses and provide an accurate 
measurement, the interface conditions between the metal 
contacts and active (sensitive) layers should be well-
defined and controlled. The deposition of metal films 
plays a crucial role in enhancing the properties of carbyne 
in several ways. By choosing different metals and 
controlling the thickness of the metal layer, researchers 
can manipulate properties such as optical behavior, 
plasmonic effects, and surface-enhanced Raman 
spectroscopy (SERS) capability. Metallization of carbyne 
films with metals like gold and palladium ensures an 
Ohmic contacts formation. In addition, gold provides the 
bonding ability property and interconnects. Often, 
combination of double layers one over another is 
preferable - the underlayer provides adhesion strength at 
the metal/organic interface, or serves as an interdiffusion 
barrier, and the top layer provides the necessary electrical 
conductivity and bonding ability [8, 9].  

While carbyne is known for its incredible mechanical 
strength, metal films tend to be susceptible to damage. By 
metallizing carbyne films, a protective metal underlayer 
can be added, enhancing the mechanical stability and 
preventing interface degradation under various conditions 
[10]. Carbyne films typically exhibit poor adhesion to 
most substrates. Metallization of carbyne films can 
facilitate strong adhesion between the film and the 
substrate, improving the overall film quality and 
durability [11]. Metallizing carbyne films allows for their 
compatibility and integration with existing electronic 
devices and fabrication processes. This compatibility 
opens opportunities for incorporating carbyne films into 
various technological applications, including biomedical 
or consumer electronics. The metal films are typically 
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grown by vacuum deposition process or electrochemistry. 
However, in the case of nanomaterials, thin film 
technology, such as vacuum sputtering of single 
component metal, or vacuum electron-beam evaporation 
of metal alloys, have been used due to the precise control 
of the small thicknesses and high purity and uniformity of 
the resulting films [12].  

The aim of this work is to study the bonding ability of 
multilayer metal systems, forming Ohmic and Schottky 
contacts with carbyne coatings and to explore how the 
bonding process with its temperature and pressure affects 
the mutual interdiffusion of nanoparticles in depth in the 
underlaying materials. The cross-section of the metal-
carbyne interface was observed by scanning electron 
microscope (SEM) to check for delamination or peel-off 
phenomena of the metal films. Energy dispersive X-ray 
analysis (EDX) was conducted to determine the elements 
content of the depth profile of the multilayer stack. The 
chemical data was gathered in textural context by 
mapping to observe the variations in chemical composition. 
The sheet resistance of all films in the stack was 
measured to follow the electrical conductivity changes if 
metal particles diffuse into the carbyne and dope it. To 
the best of the author’s knowledge this is the first paper 
investigating practical problems of carbyne metallization 
and its quality after the bonding process is applied. 

 
2. MATERIALS AND METHODS 

Carbyne-enriched coating was formed on glass 
substrates, cleaned in standard detergent ammonia-based 
solution. For the carbyne deposition ion-assisted pulse-
plasma sputtering was used. The ion and plasma flows 
cross over the substrate surface. The ion beam power is 
responsible for bending in the carbon chains, resulting in 
stabilization of the formed linear chains. The evaporation 
of graphite disk is due to localization of e-beam energy, 
increasing the temperature to 3000 °C. The linear chains 
of the resulting carbyne are then transferred to the 
substrate surface to condense. The pulsed plasma energy 
should exceed the binding energy of the double and triple 
bonds in the carbyne but should be lower than the binding 
energy of the sp1 bonds. The deposition conditions were 
found to be a target to substrates distance of 1 m; number 
of carbon plasma pulses equal to 3000; an arc discharge 
voltage concentrated between the carbon target and the 
substrate holder of 300 V; capacitor charge forming 
plasma pulses equal to 2000 µf at 5 Hz; and power of the 
plasma formed from argon ions, 150 W.  

For the metallization of the carbyne, direct-current 
(DC) sputtering of 3-inches Pd, Ni and Au targets were 
used for the Ohmic contacts and Al and Ag wire were 
thermally evaporated for the Schottky contact. Bi-layer 
systems were designed and were compared before and 
after bonding. The following combinations were 
prepared, carbyne/Ag, carbyne/Ag/Al, carbyne/Pd, 
carbyne/Pd/Au, carbyne/Ni/Pd/Au. Nickel intermediate 
thin film (15 nm) was used as a barrier to prevent 
diffusion of Pd nanoparticles into the carbyne. The 
bonding process was conducted by a semi-automatic 
ultrasonic wire bonder F&S Bondtec.  

At the standard wire bonding ball-wedge, the second 
bond is low-strength. For this reason, “stitch-ball” 
method is used for it, which means preliminary formation 
of a ball for better stabilization of the bond. It should be 
also noted that the Pd film is easy bondable by Au wire 
only and the Ag film is easy bondable by Al wire. The 
combinations Au film-Au bond and Al film-Al bond are 
also favorable. The bonding parameters were optimized 
in term of mechanical strength and were as follows: for 
the Au bonding wire, bonding temperature 100 °C, 
bonding force 70 g, ultrasonic power 150 W and bonding 
time 50 s; for the Al bonding wire, bonding temperature 
100 °C, bonding force 50 g, ultrasonic power 120 W and 
bonding time 30 s. 

The sheet resistance measurements were conducted by 
four-point prober FPP-5000 Veeco. Scanning electron 
microscopy (SEM) and Energy dispersive X-ray analysis 
(EDX) were conducted by Lira/Tescan and Bruker AXS 
Microanalysis GmbH, Germany, respectively. 

 
3. RESULTS AND DISCUSSION 

Figure 1a shows a SEM image of a cross-sectional 
view of metallized carbyne with a silver film for a 
Schottky contact. The layer consists of flake-like silver 
clusters, forming irregular surfaces. The elemental 
analysis revealed that silver nanoparticles are not 
incorporated in the carbyne layer in depth due to the heat 
generated at deposition. This is evident from the curves 
corresponding to the distribution of each chemical 
element. Beyond the Ag film thickness, its corresponding 
signal attenuated sharply, and the dominant signal comes 
from the greatest volume of the glass substrate (i.e., the 
signal of silicon is dominant). Within the silver thickness 
its signal is the greatest. The sheet resistance of the 
carbyne measured in 10 points uniformly distributed over 
an area of 6 cm2 was average 0.22 kΩ/sq. The histogram 
of distribution of the sheet resistance in all positions of 
the probes is shown in Figure 2a.  

It can be noted a small deviation from the average 
values, although the flake-like structure of the 
metallization layer. This is an indication of a very good 
planarity and uniformity of the Ag coated carbyne 
material. After application of the bonding tool, and the 
bonding process finalize, a modification of the silver 
layer occurred. This is shown in Figure 1b, where it is 
seen (at the bottom side) columnar-granular 
transformation, resulting in local irregularities of the 
silver film. This is visible from the drops of the signal 
associated to this metal from the EDX analysis. 
Nevertheless, the silver didn’t peel-off and resisted at 
pull-off load of 50 g. There is negligible reduction of the 
carbyne’s sheet resistance to 0.20 kΩ/sq, or 
approximately 12% difference with the non-bonded 
system carbyne/Ag. The change of the film’s 
conductivity can be ascribed to surface poor enriching 
with silver nanoparticles because of the joint effect of 
temperature and pressure from the bonding tool, resulting 
in a small portion of Ag particles diffusing. Due to slow 
diffusion rate of the atoms [13]. As can be seen from 
Figure 2b, the bonding process deteriorates the 
uniformity of the film, according to the histogram bars.  
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Figure 1. SEM image of the cross-sectional view and elemental analysis 
in the cut for: a. carbyne/Ag (top); b. carbyne/Ag/Al bond (top) 
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Figure 2. Sheet resistance of the carbyne for the cases a) carbyne/Ag 
and b) carbyne/Ag/Al bond 

 
Figure 3a shows a SEM image of a cross-sectional 

view of metallized carbyne with a palladium film for an 
Ohmic contact. The layer consists of granular particles, 
forming multiple grain interfaces with similar size, 
organized in a uniform, flat surface. The average sheet 
resistance of the Pd/carbyne bi-layer system before 
bonding was ~0.87 kΩ/sq with small deviation across the 
sample area, as is visible from the flat histogram, shown 
in Figure 4a. The elemental analysis revealed that Pd 
nanoparticles tend to incorporate in the carbyne layer in 
depth due to the heat generated at deposition.  

According to the EDX, at a probing depth beyond the 
Pd film thickness, the corresponding signal indicating its 
concentration attenuates less than twice. This process is 
accelerated with the supplied bonding temperature and 
pressure, as is visible from the sheet resistance 
measurements (Figure 4b), indicating drop of the sheet 
resistance to average 0.49 kΩ/sq, which is almost twice 
decrease, as compared to the case before Pd metallization 
bonding. Similarly, as in the case of silver bonding, the 
deviation from the average value of the sheet resistance is 
deteriorated because of the bonding process, which 
confirms the results from EDX for doping of carbyne 
with palladium.  
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To prevent this phenomenon, a barrier thin film of 
nickel with a thickness of ~ 15 nm was inserted as 
intermediate (or diffusion blocking) layer. As a first 
result, the grown Pd film has no large sized granular 
structure (Figure 3b), making the surface flatter and more 
favorable for high-quality bonding with uniform 
distribution of the pressure and heat during the micro 
welding process. Secondly, the Ni was found to be a very 
efficient diffusion barrier, as the sheet resistance of the 
carbyne included in the bi-layer metallization system of 
Ni/Pd was measured to be ~ 0.94 kΩ/sq that is close to 
the carbyne single layer (Figure 4c).  

The bonding process results in a fine columnar 
growth of the Pd over the Ni, without granular 
microstructure. In addition, there is a sharp discontinuing 
of the Pd corresponding line in the elemental analysis 
beyond the Pd film thickness (Figure 3c). The Ni signal 
within the thickness of palladium is negligible and can be 
ascribed to contaminating particles incorporated due to 
the deposition of the two materials consequently in a 
common vacuum cycle of sputtering. The variation of the 
sheet resistance after bonding is ~ 0.85 kΩ/sq, which is 
less than 10% (Figure 4d) and confirms the results from 
the EDX suggesting that the carbyne is not doped by Pd 
in case of Ni underlayer. Therefore, the Ni materials can 
be considered as an efficient barrier blocking the 
diffusion of palladium.   
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Figure 3. SEM image of the cross-sectional view and elemental analysis 
in the cut for: a. carbyne/Pd (top), b. carbyne/Ni/Pd (top), c. 

carbyne/Ni/Pd/Au bond (top) 
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Figure 4. Sheet resistance of: a. Pd/carbyne before bonding, b. 
Pd/carbyne after bonding, c. Pd/Ni/carbyne before bonding,  

d. Pd/Ni/carbyne after bonding 

The limitation of the present study is the bonding 
temperature, which is expected to result in a lower 
contact resistance at the interface of carbyne with the 
metal contacts and to promote the mechanical strength of 
the bond due to improved adhesion. However, this may 
cause an acceleration of the particle’s diffusion even 
through the nickel barrier layers. This layer cannot be 
grown with a higher thickness, because the Ohmic 
characteristics of the contact will be modified. A possible 
avenue for further research to improve the metallization 
process and enhance film properties can be metal alloy 
composition. Conducting research on silver-palladium 
alloy compositions can offer insights into improving film 
properties. Exploring different ratios of silver and 
palladium in the metal film can help optimize 
conductivity, adhesion, corrosion resistance, and other 
desirable properties. It can also be interesting to 
investigate the effect of introducing other types of metals 
or metal nanoparticles into the alloy composition. 

 
4. CONCLUSION  

The combinations of silver and palladium films on 
carbyne have not been extensively explored in the 
literature. This is the first report on the microstructural 
properties, chemical analysis and electrical conductance 
measurement of the interfaces Pd/carbyne and 
Ag/carbyne. The bonding conditions affect the quality of 
this interface and accelerate the diffusion of particles for 
the case of Pd film. This problem can be overcome with a 
nickel barrier film, which prevents the deterioration of the 
interface and stabilizes the sheet resistance of the carbyne 
even after bonding procedure. In summary, metallization 
of carbyne films is significant for their connectivity to 
packaging for the needs of the electronic devices. Metal 
films can also promote adhesion, enabling tunable 
properties, and facilitating integration of new carbon-
based nanomaterials with existing technologies. These 
advancements broaden the potential applications of 
carbyne films in various fields, ranging from electronics 
and sensing to energy storage and beyond. 

Future direction of research might be doping of 
carbyne with metal particles and investigate this 
phenomenon as a useful tool for realization of carbyne-
metal nanocomposite with tuning properties. 
Investigating the structural changes and interactions that 
occur when metal films are deposited on carbyne could 
provide insights into the structural stability, strain 
distribution, and electronic properties of metal-carbyne 
composites. The interface between metal films and 
carbyne is expected to play a vital role in determining the 
overall performance of these hybrid systems. 
Investigating the interfacial properties, charge transfer 
mechanisms, and the influence of different metal species 
could provide insights into optimizing the interaction and 
improving the overall performance of metal-carbyne 
composites and the metal/carbyne interfaces. 
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