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Abstract- Carbon nanotube (CNT) network devices are 
useful in integrated circuits and display drivers, particularly in 

applications that make use of thin film transistors. However, in 

such devices, the performance is usually limited by high 

electrical and thermal resistances at the inter-tube junctions. 

The current research presents a novel method to improve such 
resistances using a localized chemical vapor deposition (CVD) 

process. As these junctions are the most-resistive regions, we 
are able to locally heat and selectively deposit metals at the 
junctions by passing currents through the CNT network in the 
presence of metal CVD precursors in a vacuum environment, 

thereby nanosoldering the inter-tube junctions. We show that 
the metals indeed start to form at the junctions, which directly 
indicates that the inter-tube junctions are indeed the spots of 
high thermal resistance. We also show that the effects of 

nanosoldering are dependent on the types of metals deposited, 
and furthermore, our nanosoldering technique can effectively 
improve the overall device performance by more than an order 

of magnitude. 

I. INTRODUCTION 

C
NTS are rolled cylinders of monolayer graphene with 

high electron mobilities and potentially a large 

semiconducting bandgap, which make them a promising 

candidate for future nano-scale devices. However, one of the 

issues related to practical realization of high-performance 

applications exploiting CNTs is that as-grown CNTs are 

composed of both metallic and semiconducting tubes, which 

lead to a tradeoff between ION/loFF ratio and charge carrier 

mobility. Despite this tradeoff, random networks of as-
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grown CNTs are easy to fabricate and are of great interest, 

especially for applications such as integrated circuits and 

display drivers on flexible or transparent substrates where 

their performance can exceed those of organic or amorphous 

silicon thin-film transistors [1]. 

Another challenge associated with such CNT network 

devices is that the performance may be limited by high 

electrical and thermal resistances due to the charge carrier 

percolation paths formed by inter-tube junctions. Depending 

on the gap and the overlapping area of such junctions, the 

charge carriers' hopping probability will dramatically 

change, and the junction resistance will change accordingly 

[2, 3]. The current transport is further limited by Schottky 

barriers when the junctions are formed between metallic and 

semiconducting CNTs [4]. Studies indicate that these 

junction resistances are at least an order of magnitude higher 

than those of individual CNTs [5], and since the heat 

exchange is limited at the inter-tube junctions, these 

junctions cause increased power dissipation and thus 

degrade the overall device reliability [6]. 

In our work, we take advantage of this high junction 

resistance in order to improve the current transport in CNT 

networks. Estrada et al. experimentally showed that the 

average temperature at the breakdown of a CNT network 

device during operation is significantly lower than the 
expected breakdown temperature of individual CNTs, 

indicating that the actual temperature at the inter-tube 

junction is much greater [7]. We utilize this higher 

temperature increase at the inter-tube junctions to locally 

deposit metal via CVD, thereby nanosoldering the junctions 

in order to improve the overall device performance. 

II. MATERIALS AND METHODS 

A. CNT Device Fabrication 

CNT devices of two different geometries were used for 

our experiments. The CNT network devices were grown by 

CVD of CH4 gas with ferritin catalysts on 300 nm Si02 film 

on highly n-doped Si, which was used as a backgate. After 

annealing at 900 °C in an Ar environment followed by CNT 

growth for 15 minutes under CH4 and H2 flows, the CNT 

networks were patterned by standard photolithography and 

O2 plasma etching. For electrodes, Pd was evaporated with a 

thin layer of Ti to improve the adhesion to the Si02 film, and 

patterned by lift-off [8]. For crossbar CNT devices, aligned 

CNTs were grown on quartz substrates and then transferred 

onto 200 nm Si02 film with perpendicular directions to 

achieve well defined junctions [9]. The individual devices 



Fig. I. (a) A photo of the CNT device chip mounted on a chip carrier. 
(b) SEM image of wire bonded device. Scale bar is 200 /lm. (c) SEM 
image of CNT network bridging the two electrodes of the device 
shown in (b). Scale bar is 5 /lm. (d) SEM image of crossbar CNT 
device. Scale bar is 5 /lm. 

were then wirebonded to the metal leads of a chip carrier 

(See Fig. 1). 

B. Precursor Preparation 

Two single-molecular precursors, Hf(BH4)4 and 

CsHsPdC3Hs were used to deposit metallic HtB2 and Pd 

metal [10, 11], respectively. The CVD reaction of each 

precursor to deposit metallic HtB2 and Pd is given by the 
following equations [10, 12]: 

Hf[BH4]4 (g) -7 HtB2 (S) + B2H6 (g) + 5H2 (g) (1) 

CsHsPdC3Hs (g) -7 Pd (s) + CSHSC3HS (g) (2) 

Due to the precursors' sensitivity to air and relatively high 

vapor pressures (�15 Torr at 25 °C for Hf[BH4]4 and �30 

Torr at 25 °C for CsHsPdC3Hs) [10, 13], the precursors were 

kept in sealed stainless steel and glass containers under 

argon and stored in an ice bath or in a refrigerator at -20 °C. 

C. Nanosoldering CNT Junctions 

After wirebonding to individual devices is completed and 

their ION/IoFF ratios are measured, the entire sample was 

loaded in our home-built vacuwn chamber and pumped 

down to high vacuum (P � 1 x 10-7 Torr or lower) for several 

hours or overnight. Prior to actual local CVD of metals at 

the junctions, the entire sample was vacuum annealed at T = 

600 K for five minutes to desorb oxygen molecules from the 

CNTs and the metal electrodes. After the entire sample is 

cooled to room temperature, the individually wirebonded 

devices were additionally heated by applying various 

voltages between the source and drain electrodes, thereby 

flowing currents through the CNT device to desorb all the 

oxygen molecules. Once all the oxygen molecules are 

desorbed from the device, the background pressure of about 

1 x 10-6 Torr was achieved by manipulating the gate valve to 

a turbo pwnp before the precursor was introduced in the 

chamber. The cylinders containing the precursors were kept 

either in an ice bath or at room temperature depending on the 

vapor pressure of the precursor. Needle valves were used to 

control the flow rate of the precursor into the chamber to 

achieve the total pressure of about 1 x 10-
4 

Torr. Once the 

pressure was stabilized in the chamber, various voltages 

were applied for a given period of time to deposit HtB2 or 

Pd at the locally heated junctions, and ION/IoFF ratios were 

subsequently measured to monitor the changes in the device 

transfer characteristics. Finally, the device was taken out of 

the vacuum system and was exposed back to air for 

sufficient time to allow read sorption of oxygen molecules 

before ION/IoFF ratios were measured to assess the effects of 

nanosoldering. 

III. RESULTS AND DISCUSSION 

A. Nanosoldering with HjB2 

Initially, the precursor Hf(BH4)4 was chosen to perform 

local CVD onto CNT junctions because the resultant HtB2 is 

known to be highly corrosion-resistant in air and moisture at 

room temperature. HtB2 is also known for its high melting 

point (3250 0C), and is an excellent electrical conductor with 

resistivity value of �15 /lQ'cm [13]. In order to verify the 

presence of metallic HtB2 on the CNT junctions, we used 

scanning electron microscopy (SEM), atomic force 

microscopy (AFM), X-ray photoelectron spectroscopy 

(XPS), and energy dispersive X-ray spectroscopy (EDS). 

Transfer characteristic curves (IDS vs. V G) of the devices 
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Fig. 2. (a-d) SEM images of CNT networks after HfB, deposition. 
Scale bar is 5 /lm. (g) EDS spectrum from a HfB, island deposited on 
CNTs (left panel) and on CNTs in the same device where no HfB, 
was deposited. (t) Hf 5p3/2 peak (left panel) and Boron 2p peak (right 
panel) in the XPS from CNT network after HfB, deposition. 



along with the information acquired from different analysis 

techniques mentioned above were used to assess the effects 

of the metals deposited on CNTs. 

Fig. 2a-d show SEM images of a CNT network device 

after HtB2 deposition. V G was applied up to 40 V in order to 

flow current through both metallic and semiconducting 

CNTs to heat the junctions, and VDS was applied up to 20 V. 

As figures show, HtB2 has been deposited primarily at the 

junctions. We also observed HtB2 coating along some CNT 

pathways which correspond to the most resistive pathways 

containing the most resistive junctions. In order to verify 

that deposited material is HtB2, we have performed EDS and 

XPS. In Fig. 2e, the left panel shows EDS spectrum obtained 

from a bright island formed at a CNT junction while the 

right panel shows EDS spectrum obtained from CNTs in the 

same device away from the bright island with the same 

acquisition conditions. The EDS data indicate that the 

deposited material is indeed HtB2 and the obtained Hf 

spectrum is not simply from physisorbed precursor onto the 

CNTs. Fig. 2f shows XPS data on the same device, which 

verifies the presence of hafnium and boron. 

In order to better understand the effects of nanosoldering 

with HtB2, a CNT device with different geometry was used. 

Instead of multiple CNT networks bridging source and drain 

electrodes, a single CNT network device was used. Fig. 3a 

shows SEM images of such device before (left panel) and 

after (right panel) HtB2 deposition with similar conditions 

used above. The yellow circles indicate regions where HtB2 

nanoparticles were deposited on CNT junctions. Fig. 3b 
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Fig. 3. (a) SEM images ofCNT networks before (left panel) and after 
(right panel) HfB, deposition. Yellow circles indicate inter-tube 
junctions where HfB, was deposited. Scale bar is 5 J.Im. (b) Linear 
(left panel) and log (right panel) scale transfer characteristics of the 
CNT device before and after HfB, deposition with VDS = 50 mY. 

shows the transfer characteristics of this device before and 

after HtB2 deposition where the ION was improved by 20% 

while the IOFF remained about the same. 

B. Work/unction Matching Between CNTs and Metals 

While the ION/IoFF ratio was improved by 20% by 

improving the ION without any appreciable change in the IOFF 
using our nanosoldering technique with HtB2, the degree of 

improvement is lower than expected. Assuming the most

resistive junctions whose resistance is at least an order of 

magnitude higher, we expect the current transport 

improvement should be about the same order of magnitude 

when these junctions are soldered. For several other tested 

devices with similar geometries, the device performance 

either showed less improvement or was even degraded. We 

believe that the difference in the workfunction of the 

electrode metal, Pd, and deposited metal, HtB2, plays a role 

here. 

While the workfunction of Pd is relatively high (<PPD � 5.2 

eV [14]), the workfunction of HtB2 is much lower (<pHtB2 � 

3.5 eV [15]). When a lower workfunction metal comes in 

contact with a semiconducting CNT, charge transfer occurs 

from the metal to the CNT and creates a Schottky barrier at 

the valence band edge, inducing n-type behavior at the 

contact. In the devices we studied, Pd is used for source and 

drain electrodes, with CNTs fonning percolation paths 

between the two electrodes. While the contacts to Pd 

electrodes induce p-type behavior because Pd has high 

workfunction, the nanosoldering of the junctions with HtB2 

will induce n-type behavior in the middle of the percolation 

paths. The schematic band diagram for such case is shown in 

Fig. 4a. This mismatch of work functions will create back-to

back pnp junctions between source and drain for HtB2 and 

can degrade the current transport of the device. On the other 

hand, if the junctions are connected by nanoparticles with 

high workfunction, such as Pd, the junctions will be also 

induced to behave as p-types (see Fig. 4b), and the overall 

device performance should be much improved upon 

nanosoldering. 

(a) 

Back-to-Back pnp Junctions 
(b) 

Back-to-Back p-type Junctions 

Fig. 4. Energy band diagrams at the metal-CNT interface showing (a) 
back-to-back pnp junctions when low workfunction metal, HfB" is 
used to contact two semiconducting CNTs at the junctions with Pd 
electrodes and (b) back-to-back p-type junctions when only Pd is used 
to connect CNTs. Note that <PPd = 5.2 eV, <PH1B' = 3.5 eV, <PCNT = 4.7 
eV, and E"cNT = 1.0 eV were assumed. 



C. Nanosoldering with Pd 

In order to test our hypothesis and understand the effects 

of nanosoldering more clearly, we used crossbar CNT 

devices where there are fewer CNTs with well-defined 

junctions. We also used the precursor, CsHsPdC3Hs, to 

deposit Pd at the inter-tube junctions. 

Fig. 5b shows the transfer characteristic curves before and 

after Pd deposition for the device shown in Fig. Sa. Note that 

the two false-colored electrodes were used to flow current 

through the CNTs. Here, the ION was improved by a factor of 

�5, while the IOFF was lowered by a factor of more than 3, 

leading to ION/IoFF ratio improvement by a factor of more 

than 15. We attribute the increase in ION to increased charge 

carriers' hopping probability at the inter-tube junctions and 

thus lowered junction resistance as Pd is deposited at the 

inter-tube junctions, while the decrease in IOFF could have 

resulted from additional Schottky barriers for electrons to 

travel as Pd is deposited at the inter-tube junctions in the off 

state. 

1) Verification of Pd Deposition: Nanosoldering with 

HtB2 precursor results in deposition of HtB2 particles of 10 -

50 nm in size onto the inter-tube junctions, which are clearly 
visible under SEM. However, no such Pd particles were 

visible after nanosoldering with Pd precursor under SEM 

even though a large improvement in the ION/IoFF ratio was 

observed. Instead, a slight increase in contrast along some 

CNTs near the inter-tube junctions was observed after Pd 

deposition as can be seen in Fig. Sa. The lower image shows 
the zoomed-in CNT junctions indicated by yellow dotted 

box in the top image. We speculate that only a very small 

amount of Pd is enough to connect the CNTs at the inter

tube junctions, and once these junctions are soldered, their 

thermal resistance will drop and they will cool, thus stopping 

the nanosoldering process. When HtB2 is deposited at these 

junctions, the resistance will not drop as much due to the 

workfunction mismatch, and thus the nanosoldering process 

will continue, making much larger islands. 

In order to confirm that Pd is deposited on the inter-tube 

junctions, high currents were deliberately flown for long 
periods of time on another similar device. Post 

characterization with SEM and AFM (data not shown here) 

indicate that Pd islands from sub 10 nm to over 30 nm were 

deposited on the junctions, and Pd was even entirely coated 

along some CNTs that consist the most resistive junctions, 

creating essentially metallic pathways between two 
electrodes. The deposited material was also verified to be Pd 

by elemental analysis using EDS. 

2) Control Experiments: A series of control experiments 

was performed on similar devices in which the devices were 

vacuum annealed and undergone the same set of deposition 

conditions without actually introducing any precursor into 
the chamber. For a majority of devices we have tested, the 

transfer characteristics remained about the same. In few 

devices, we observed increases in both ION by a factor of 

about two and IOFF by a factor of about ten. On a single 

device, we did see ION improvement by almost an order of 

magnitude while the IOFF remained about the same. 

However, we were able to nanosolder this device with Pd 
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Fig. 5. (a) (Top) SEM image of crossbar CNT device before Pd 
deposition where current was flown between two false-colored 
electrodes to heat the inter-tube junctions. Scale bar is 5 J.lm. (Bottom) 
Zoomed-in CNT junctions indicated by yellow dotted box in the top 
image after Pd deposition showing contrast changes along CNTs near 
the inter-tube junctions. (b) Linear (top panel) and log (bottom panel) 
scale transfer characteristics of the CNT device before and after Pd 
deposition with VDS = I V. 

after the control experiment and improve the ION again by 

another order of magnitude while keeping the IOFF the same 
using the same conditions as used in the control experiment. 

We attribute the changes in the currents in the control 

experiments to improved contact resistances as the contacts 

are heated in vacuum by flowing currents through the 

devices. The degree of improvement in contact resistance 

may vary from device to device and from different batches 
of device fabrications. However, we have not observed any 

device where IOFF decreases after the control experiment. 

The IOFF decrease after Pd deposition in the device shown in 

Fig. 5 thus suggests that Pd has been deposited at the inter

tube junctions. We were also able to improve the ION by 

another order of magnitude after the control experiment, 
while keeping the IOFF essentially the same, which suggests 

that nanosoldering the inter-tube junctions with Pd can 

improve the device performance. 

IV. CONCLUSIONS 

We conducted local CVD of metallic nanoparticles at the 

inter-tube junctions by flowing currents through CNT 

networks, thereby locally heating the junctions with gaseous 
metal precursors. We have shown that the junctions are 

indeed the hot spots with high thermal resistance. By 

matching the workfunction of the electrode metals to CNTs 

with the metallic nanoparticles at the inter-tube junctions, we 

improved the ION/IoFF ratio of our CNT device by more than 

15 times. 
In theory, the most resistive junctions will heat up the 

most when current flows through the percolation paths, and 

metal will be deposited at the most resistive junctions first. 

As these junctions are soldered, their resistance will drop 

and they will cool, thus stopping the nanosoldering process. 



Then, the next-resIstive junctions will undergo 

nanosoldering. If the conditions are carefully controlled, this 

process will be a self-limiting process and improve the 
current transport through the percolation paths in CNT 

networks, and reduce the heat dissipation for more high

performance and reliable CNT devices. 

REFERENCES 

[ I] D. Sun et aI., "Flexible high-performance carbon nanotube integrated 
circuits," Nature Nanotechnology, vol. 6, pp. 156-161, Feb. 2011. 

[2] M. A. Alam, N. Pimparkar, S. Kumar, and 1. Murthy, 'Theory of 
nanocomposite network transistors for macroelectronics applications," 
MRS Bulletin, vol. 31, pp. 466-470, Jun. 2006. 

[3] A. Kyrylyuk et aI., "Controlling electrical percolation in 
multicomponent carbon nanotube dispersions," Nature 

Nanotechnology, vol. 6, pp. 364-369, Apr. 2011. 
[4] Z. Yao, C. H. Postma, L. Blents, and C. Dekker, "Carbon nanotube 

intramolecular junctions," Nature, vol. 402, pp. 273-276, Sept. 1999. 
[5] L. Hu, S. Hecht, and G. Gruner, "Percolation in transparent and 

conducting carbon nanotube networks," Nano Letters, vol. 4, pp. 
2513-2517, Oct. 2004. 

[6] R. S. Prasher et aI., "Turning carbon nanotubes from exceptional heat 
conductors into insulators," Physical Review Letters, vol. \02, no. 10, 
pp. 105901-1 -105901-4, Mar. 2009. 

[7] D. Estrada and E. Pop, "Imaging dissipation and hot spots in carbon 
nanotube network transistors," Applied Physics Letters, vol. 98, no. 7, 
pp. 073102-1 -073102-3, Feb. 2011. 

[8] S.-H. Hur, C.Kocabas, A. Gaur, O. O. Park, M. Shim, and J. A. 
Rogers, "Printed thin film transistors and complementary logic gates 
that use polymer coated single walled carbon nanotube networks," 
Journal of Applied Physics, vol. 98, pp. 114302-1 -114302-6, Dec. 
2005. 

[9] 1. Xiao et aI., "Alignment controlled growth of single-walled carbon 
nanotubes on quartz substrates," Nano Letters, vol. 9, pp. 4311-4319, 
Nov. 2009. 

[10] S. Jayaraman, "Chemical vapor deposition of transition metal 
diborides from borohydride precursors," Ph.D. dissertation, University 
of lIIinois at Urbana-Champaign, IL, 2005. 

[ I I] 1. E. Gozum, J. A. Jensen, D. M. Pollina, G. S. Girolami, 'Tailored 
organometallics as precursors for the chemical vapor deposition of 
high-purity palladium and platinum thin films," Journal of American 
Chemical Society, vol. 110, pp. 2688-2689, Apr. 1988. 

[12] J. Hierso, P. Serp, R. Feurer, and P. Kalck, "MOCVD of rhodium, 
palladium and platinum complexes on fluidized divided substrates: 
Novel process for one-step preparation of noble-metal catalysts," 
Applied Organometallic Chemistry, vol. 12, pp. 161-172, Mar. 1998 

[13] Y. Tatsuno, T. Yoshida, and S. Otsuka, "(1l3-Allyl)Palladium(1l) 
Complexes," inorganic Syntheses, vol. 19, pp. 220-223, 1979. 

[14] W. Huang, R. Zhai, X. Bao, "Investigation of oxygen adsorption on 
Pd(lOO) with defects," Applied Surface SCience, vol. 158, pp. 287-
291, May 2000. 

[15] G. Samsonov, V. Fomenko, and Y. Kunitskii, "Thermal electron 
emission from some group IV-VI transition-metal borides and its 
relationship to their valence-electron structure," Russian Physics 
Journal, vol. 15, pp. 502-505, Apr. 1972. 

978-1-4673-2200-3/12/$31.00 ©2012 IEEE 


