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We have for the first time developed a self-aligned metal catalyst formation process using fully

CMOS (complementary metal-oxide-semiconductor) compatible materials and techniques, for the

synthesis of aligned carbon nanotubes (CNTs). By employing an electrically conductive cobalt

disilicide (CoSi2) layer as the starting material, a reactive ion etch (RIE) treatment and a hydrogen

reduction step are used to transform the CoSi2 surface into cobalt (Co) nanoparticles that are active

to catalyze aligned CNT growth. Ohmic contacts between the conductive substrate and the CNTs

are obtained. The process developed in this study can be applied to form metal nanoparticles in

regions that cannot be patterned using conventional catalyst deposition methods, for example at the

bottom of deep holes or on vertical surfaces. This catalyst formation method is crucially important

for the fabrication of vertical and horizontal interconnect devices based on CNTs. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3694678]

I. INTRODUCTION

Carbon nanotubes (CNTs) have been widely investi-

gated for their exceptional electrical, thermal and mechanical

properties. Over the past 20 years, there has been consider-

able effort to use them in electronic devices, such as field-

emitters, field-effect transistors and thin film transistors.1–4

They have also been extensively investigated as promising

candidates to replace copper as interconnects in integrated

circuits beyond the 22 nm node.5–12 CNT can carry a current

density up to �109 A/cm2 that exceeds the maximum current

density of 6� 106 A/cm2 of copper before it fails due to elec-

tromigration.13,14 Although some progress in CNT integra-

tion for vertical interconnect (via) applications has been

made, the latest CNT vias are still limited to 70–500 nm

in diameter and aspect ratios of below 2.5,6,9–12 One of the

major obstacles is the difficulties in patterning the catalyst

metal at the bottom of small and deep via holes using

conventional physical vapor deposition (PVD) techniques.

Similarly, the use of CNTs as horizontal interconnects has

been considered. However, the fabrication of those poses

equally great and unsolved challenges to catalyst deposition,

as the metal catalyst needs to be patterned exclusively onto

vertical surfaces with high reproducibility and low levels of

contamination.7,15,16

Self-alignment is a very valuable and important tech-

nique used in semiconductor industry; it achieves the forma-

tion or deposition of material only in regions that are already

defined in previous steps without using extra lithography or

masking steps.17 Self-aligned techniques have been used in

fabricating transistors based on CNT and graphene, and

have significantly improved the manufacturability of such

devices.18–21 So far, these methods have achieved self-

alignment in the device fabrication steps, e.g., formation of

source, drain and gate electrodes for transistors. On the other

hand, the CNT/graphene synthesis still needs dedicate

lithography steps for metal catalyst patterning or, alterna-

tively, devices will be fabricated at random locations on the

wafer. Here, we report a process for formation of self-

aligned Co catalyst on cobalt disilicide (CoSi2) for aligned

CNT growth. This method dramatically increases the CNT

yield compared to previous reports where silicide itself (i.e.,

without deliberately transforming them into metal phase) is

used as catalyst.22–27 CoSi2 is a widely used electrical con-

tact material in complementary metal-oxide-semiconductor

(CMOS) processing,28 and is used in our process both as

electrically conductive electrode and precursor for Co cata-

lyst formation. We also demonstrate that this process can

achieve catalyst patterning on vertical surfaces and at the

bottom of via holes below the back-end CMOS integration

temperature (<450 �C). Hence, our process enables aligned

CNT growth with ohmic contacts to the substrate in and on

previously inaccessible geometrical features. The CNT

growth is carried out at 600 �C.

II. EXPERIMENTAL

We started with a �20 nm CoSi2 thin film formed on

top of a �200 nm polycrystalline silicon (poly-Si) layer on a

a)Electronic mail: cz232@cam.ac.uk.
b)Electronic mail: jr214@cam.ac.uk.
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single-crystalline Si wafer. The silicide was formed through

a self-aligned silicidation (salicidation) process as shown

in Fig. 1(a), similar to that reported elsewhere.29,30 First,

�15 nm Co was sputtered on top of the poly-Si with TiN as

a capping layer. The CoSi2 formation was achieved after a

combination of rapid thermal annealing (RTA) and wet etch

steps that remove the unused Co and TiN.

Then, we performed the self-aligned catalyst formation

process on the CoSi2 layer, as illustrated in Fig. 1(b). Reac-

tive ion etch (RIE)31–33 was performed for 15 s under 15

sccm SF6 at 0.15 mbar and 70 W rf power, at room tempera-

ture, H2 reduction was achieved by annealing the sample for

3 min under 500 sccm H2 at 15 mbar at 600 �C. CNT growth

was carried out under 480 sccm H2 and 20 sccm C2H2 at

15 mbar and 600 �C. It is noteworthy that cobalt fluorides

can start to decompose and form cobalt metal under H2 envi-

ronment at 320 �C,34 below the back-end CMOS integration

temperature (<450 �C).

Deep reactive ion etch (DRIE)33 was performed for 20

seconds with 400 W rf power, 50 W bias power, 0.1 mbar

pressure and 250 sccm SF6 etchant, the sample was main-

tained at 10 �C.

In situ XPS was performed at the BESSY II synchrotron

in the ISISS end station of the FHI-MPG, it allows process-

step and time-resolved monitoring of the chemical surface

state (information depth �0.7–1.2 nm) during CVD condi-

tions (pretreatment in H2 and growth in C2H2 at �0.2 mbar,

�600 �C). The spectra were collected in normal emission

geometry and background correction was performed using a

Shirley background; spectra were fitted following the

Levenberg-Marquardt algorithm to minimize the v2 value.

Peak shapes were modeled using asymmetric Doniach-

Sunjic functions convolved with Gaussian profiles.

III. RESULTS AND DISCUSSION

Reactive ion etch (RIE) step at room temperature was

carried out on the CoSi2 layer with SF6 as the gas source.

The RIE etches away the Si from the silicide by forming

SiF4 which is volatile at room temperature (boiling tempera-

ture �86 �C) and hence easily pumped away.31–33 Simulta-

neously, a solid phase of cobalt fluoride was formed on the

surface by reaction of the SF6 plasma with the left behind Co

from the silicide. This is due to the very low volatility of

CoxFy (boiling temperature over 1000 �C).32 The thickness

of the CoxFy can be controlled by the etching time and

�1 nm CoxFy is formed after 10 s RIE.32 Then, for CNT

growth, samples were annealed in H2 at 600 �C, which

reduces the Co-fluoride to metallic Co. The Co metal in turn

serves as the highly active CNT catalyst during subsequent

carbon feedstock gas (C2H2) exposure. Vertically aligned

CNT forests were grown from the processed silicide layers

in both cold-wall, reduced pressure and hot-wall atmospheric

pressure CVD,35,36 as shown in Figs. 1(c)–1(e). The CNTs

are typically 7 nm in diameter with 4 walls, and the forest

has a density of 17 mg/cm3.

In situ x-ray photoemission spectroscopy (XPS) was

employed to confirm the chemical changes caused by the

SF6 RIE treatment and during the CVD process.37,38 The

spectra in Fig. 2 show the evolution of the chemical state of

the sample surface. For the as-prepared CoSi2 surface, the

Co2p3/2 shows a single peak at �778.9 eV corresponding to

CoSi2 and no F signal as expected from our process flow.39

After exposure to SF6 plasma in the RIE step, the peak posi-

tions in the Co2p3/2 scan as well as the F1s spectrum change

drastically. The Co2p3/2 spectrum now strongly resembles

spectra of Co fluorides.32 The formation of fluorides is also

confirmed by the emergence of a peak in the F1s spectrum at

�685.2 eV, the binding energy representing metal fluo-

rides.32 During subsequent heating of the samples in pure H2

to �600 �C, we find that the Co-fluoride is reduced. This is

evidenced by the disappearance of the peak in the F1s spec-

trum and a complete change of the Co2p3/2 spectrum. This

spectrum is now dominated by a strong Co metal peak at

�778.3 eV accompanied by a smaller peak at 778.9 eV

attributed to remaining CoSi2 underneath.40 By replacing the

H2 with pure C2H2, CNTs were successfully grown on the

FIG. 1. (Color online) Schematics showing (a) the self-aligned silicidation

process for CoSi2 patterning on Si, (b) the effects of SF6 RIE treatment and

CVD on CoSi2 layer. (c)–(e) Scanning and transmission electron microscopy

micrographs of CNT forest grown for 5 min. The scale bars are 5 lm in (c),

200 nm in (d) and 10 nm in (e).
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samples monitored with in situ XPS. Therefore, the XPS

data in Fig. 2 fully confirms the suggested atomistic behavior

in our process flow in Fig. 1(b).

Atomic force microscopy (AFM) was used to investigate

the changes on the surface roughness of the CoSi2 surface

during the processing, as shown in Fig. 3. The RIE step does

not affect the surface morphology significantly as the cobalt

fluoride formed has a similar thickness of the CoSi2 replaced

[Fig. 3(b)].32 However, after the H2 annealing step, there are

more recognizable nanoparticles formed on the surface [Fig.

3(c)], with diameters below 10 nm, as estimated from the

line scans shown in Fig. 3(d). These nanoparticles are the

cobalt nanoparticles from which CNTs can nucleate.

To demonstrate that the Co catalyst formation is self-

aligned to the exposed CoSi2 regions, we fabricated two

device structures which have �20 nm CoSi2 thin layers

patterned on either planar or vertical surfaces. The first struc-

ture [Fig. 4(a)] was fabricated by dry etch processes to form

via holes on top of a 20 nm CoSi2 layer [silicide deposition

process as for blanket wafers in Fig. 1(a)]. A deep RIE

(DRIE)33 step with SF6 was then used to transform the top of

the CoSi2 layer into cobalt fluoride at the bottom of the via

followed by CNT growth. This structure serves as a test vehi-

cle for CNTs in vertical interconnects. The second structure

[Fig. 4(b)] has the CoSi2 layer patterned on a vertical surface

that is achieved using a salicidation technique.29,41 First, a

200 nm thick highly doped poly-Si with 50 nm SiON hard

mask on the top was patterned as the electrode material. This

was followed by the same Co/TiN sputtering and salicidation

steps that were carried out for the blanket CoSi2 wafer prepa-

ration. Then RIE and CVD were performed. It is worth not-

ing that RIE is isotropic so it can etch the vertical surfaces of

the electrode in Fig. 4(b). This second structure is a test

vehicle for horizontal CNT interconnects.

Figure 4(c) shows the top view of the CNTs grown out

of the via holes. The yield is nearly 100% in all the �200 nm

diameter via holes of �380 nm depth. There is no CNT

growth observed on the top surfaces or on the sidewalls of

the via holes [Fig. 4(d)–4(f)], confirming the high selectivity

of our self-aligned Co formation. Figure 4(g) shows the hori-

zontally aligned CNTs that were grown from the CoSi2 layer

patterned on the vertical surface after the Co formation.

The spacing between two opposite electrodes [Fig. 4(h)] is

400 nm; the growth time is controlled to be 20 s to limit the

length of the CNTs. Both the vertical and horizontal test

vehicles show that CNT growth on predefined geometrical

features can be achieved using our self-aligned catalyst

formation.

We also test the electrical characteristics of our tubes

and their interface to the silicide, using the horizontal inter-

connect test structure. A path for electron transportation is

achieved when tubes grown from opposite electrodes meet in

FIG. 2. In situ XP spectra of (a) Co2p and (b) F1s of CoSi2 in as-prepared state, after SF6 RIE treatment and during H2 annealing (from bottom to top). The

peak evolution fully confirms our suggested chemical mechanisms during the process flow in Fig. 1(b).
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the space between. The electrical measurement was carried

out in air with a two-point probe. The intrinsic resistance

(about 2 kX) of the electrode and probe tip-electrode contact

was determined from reference samples where the electrodes

were short circuited by CoSi2. The approximately linear rela-

tionship between voltage and current demonstrates that

ohmic contact was achieved (Fig. 5). The small deviation of

resistance with voltage is probably due to tunneling between

tubes or the charge hopping in the CNT arrays when they are

in close contact.42,43 The resistance per tube (assuming 5–10

tubes are connected between the two electrodes) is in the

range of 100–200 kX, comparable to recent studies of

CNT forest grown on conductive supports.30,38,44 However,

our value here includes the resistance of the CNT-silicide

contact, CNTs, and the CNT-CNT contact. The CNT-CNT

contact resistance is estimated to be above 100 kX for 10 nm

diameter CNTs,45 therefore the CNT-silicide contact resist-

ance should be much smaller than 100–200 kX. For CNT via

structures, a further and significant resistance decrease can

be achieved by chemical-mechanical-polishing (CMP) proc-

esses that open tube caps and obtain electrical connection to

the inner walls of the CNTs.6,9–12

It is noteworthy that DRIE, as the mainstream technique

used in via and through-silicon-via (TSV) fabrication in

semiconductor industry, is capable of etching holes or

trenches of extremely small width (sub 100 nm) and high

aspect ratio up to 50.33,46–48 However, the most recent CNT

vias have an aspect ratio below 2 due to the difficulties in

catalyst patterning at the bottom of deep via holes.5,6,9–12 In

our process, we demonstrated that the Co catalyst formation

can be self-aligned to the CoSi2 at the regions exposed to

RIE or DRIE process, either on a vertical surface or at the

bottom of small via holes. This represents a crucial step

forward to realize advanced CNT vias. The demonstration of

patterned and horizontally aligned CNT growth from an

FIG. 3. (Color online) Atomic force microscope (AFM) images of (a) as-

prepared CoSi2 layer, (b) after RIE treatment, (c) after annealing in H2. The

scale bars are 200 nm. (d) Typical line scans of the corresponding images.

FIG. 4. (Color online) Cross section of (a)

the via hole structure with CoSi2 at the bot-

tom (b) the horizontal device structure with

CoSi2 patterned on the vertical surfaces of the

electrode. (c) SEM images of CNTs grown

from the 200 nm via holes. (d)–(f) Cross sec-

tion of the via hole after CNT growth. The

samples were tilted by 45� under SEM. CNT

collapse in (f) is due to sample cutting in

order to reveal the clean sidewall of the via.

(g) Horizontally aligned CNTs grown from

CoSi2 patterned on a vertical surface of a

straight line pattern. (h) A two electrode CNT

horizontal interconnect. The scale bars are

5 lm in (c) and 1 lm in (g), (h).

064310-4 Zhang et al. J. Appl. Phys. 111, 064310 (2012)

Downloaded 07 Feb 2013 to 129.169.173.162. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



electrode material can also ease the fabrication of planar or

three dimensional nanoelectromechanical system (NEMS)

and CNT-based sensors at wafer scale.49–51

IV. CONCLUSIONS

In conclusion, we have demonstrated a new route of

metal catalyst formation for both vertically and horizontally

aligned CNT growth. The surface of a conductive and

CMOS compatible material, CoSi2, is transformed into Co

nanoparticles after a RIE and H2 reduction process. This pro-

cess is shown to achieve self-aligned catalyst patterning on

both planar and vertical surfaces for CNT interconnect fabri-

cations. The process is able to solve the issues involved with

catalyst patterning at the bottom of small and deep via or

TSV with the geometry limit only placed by the DRIE

technique.
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