Silicon nitride gate dielectric for top-gated carbon nanotube field effect
transistors

Shengdong Li, Zhen Yu, and Peter J. Burke®
Integrated Nanosystems Research Facility, Department of Electrical Engineering and Computer Science,
University of California, Irvine, California

(Received 3 June 2004; accepted 4 October 2004; published 10 Decembgr 2004

We develop and demonstrate a process to fabricate top-gated carbon nanotube transistors using
silicon nitride as the gate dielectricV curves of these silicon nitride gated nanotube transistors are
measured®© 2004 American Vacuum Socief{pOl: 10.1116/1.1824048

[. INTRODUCTION Most importantly, the advantage of silicon nitride over
oxide as gate dielectric for CNTFETs lies in the chemical

Of the various possible geometries for carbon nanotub@rocess that is benign to CNTs. Silicon nitride thin film is
field effect transistor§CNTFETS, top-gated CNTFET$as  usually deposited from a mixture of reactant gases of, SiH
shown in Fig. } are the most promising because they allowand N, or NH;. Film formation takes place as a result of
local gate biasing at low voltage, possible high speedeactions between a number of excited species such as ex-
switching® and high density of integration. To date, two cited molecules of Nk (or N,) and SiH, NH, NH, (radi-
kinds of oxide thin films have been developed as gate dielegsaly, and unexcited molecules and their condensation on the
trics for CNTFETs: The first methclises low temperature substrateé? The overall reaction is

oxidation to deposit Si@thin film from Sil--|4 and O at . SiH, + NHs(0r Ny) — SigN,.
300 °C; the other methddmplements atomic layer deposi- _ _ _
tion (ALD) to deposit ZrQ from ZrCl, precursor and kD Oxygen associated species are absent from thbl,Si

4) and TiO, (Ref. 5 also have been investigated. Since nanoP& more benign to CNTs as shown in Ref. 13, where;NH
tube transistors are known to be effected by the presence &#Cited by plasma is found to play a crucial catalytic role to
oxygen®’ and because they are susceptible to burning in aRfomote the growth of CNTs.

oxygen rich environment at elevated temperatures, investiga- .In th'? \_/vork,.we examine thg ch_emlcal compa.tl.blllty Qf
tions of oxygen free dielectrics may be of interest. In thiss'l'con nitride with CNTFET fabrication process. Silicon ni-

work, we present and demonstrate a process to fabricate si%;dpeoggznd(ip£é$§ usi/lgtgeri pallisc,jmsnig:ag?oex? d(;hivrgfa;égpor
con nitride tpp-gated nanotube transistors, and present pr%_eposited using the same equipment for direct comparison.
"m'”.?ry deype results. . . . . We demonstrate the viability of using silicon nitride as gate

Silicon nitride has been _mtensn_/ely m_ves'ugate_d for de'dielectric for CNTFETs. The goal of this article is to inves-
c_ades as an al_ternat!ve to Sigate d'e'eg”'c due to !ts rela- tigate the compatibility of silicon nitride with CNTFETs by
tively higher dielectric constant«=7.8),” strong resistance using the most commonly available technique—PECVD.
to impurity diffusion and compatibility with conventional

’ ) ) More sophisticated techniques such as JVD and ALD should
complimentary metal-oxide semiconduct¢€MOS) pro-

| improve the quality of our devices.
cesses. Numerous attempts to develop the chemical vapor

deposition(CVD) silicon nitride into a viable gate dielectric || peviCE FABRICATION
directly for CMOS have encountered two major difficulties:
(1) poor nitride/Si interface properties a@) high density of
bulk traps in silicon nitride. The first difficulty does not ap-  The CNTs were grown from lithographically patterned
ply to CNTFETs in that only the CNTs would be in direct nanoparticle catalyst sites using CVb.The nanotube
contact with silicon nitride, and it is expected that the fully growth procedure and recipes are described in detail in Ref.
bonded CNT(with no dangling bondswould not give rise to  15. The diameter of CNTs grown this way ranges from
nitride/CNT interface states. The second drawback is fad to 4 nm as measured with an atomic force microscope
more complicated but should be solvable as emerging thiiDigital Instruments, Multimode, Santa Barbara, CA

film deposition techniques such as AfBnd jet vapor depo-

sition (JVD)® have shown very encouraging results. Addi- B. Source-drain contacts

tionally, the nitride/oxide stack dielectrics have shown prom- scanning electron microscop{SEM) (Hitachi 4700
ising results for continued downscaling of CMOS a5 ysed to locate the CNTs and the catalyst pattern was

A. Nanotube growth

: 0,11
devices: used as an alignment marker to align metal contacts to the
CNTs. Source and drain electrodes made of Ti/Au thin film
¥Electronic mail: pburke@uci.edu was achieved by conventional optical lithography and elec-
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Fic. 1. Schematic cross-section view of top-gate nanotube transistor.

tron beam evaporation. The scaling limit of the length of the
CNTs from source to drain was only subject to the resolution
of the lithography system. After depositing source and drain
electrodes, a SEM was employed again to identify the num-
ber of CNTs in between.

C. Silicon nitride deposition

Silicon nitride thin film was deposited from SjHand
NH; in a high purity N, carrier gas at 225 °C by PECVD
(Plasma-Therm Model 790 The software interface of
Plasmas-Therm Model 790 allowed easy control of the thick-
ness of gate dielectric. For comparison, a Sifin film was

also deposited on similar samples from g#&hd NO under @ Body
the same conditions.
The exact film thickness was determined by an ellipsom- Fic. 2. Detailed processing stepsot to scalg

eter. Reactive ion etching, also built on the Plasma-Therm
Model 790, was then utilized for opening holes in the silicon
nitride to the source and drain electrodes. The gate electrode

was defined using optical lithography and the approprlat%ices do not turn totally “off.” This issue will be clarified in

?;tﬁ |62g;?evr\rl]aSTiliosléragﬁ]C;t?é/ :‘gsrirs;tci)cl)l;tlosg olfjézie“tir;o%_égture work with electron-beam lithography defined devices,
1pny - system. q where it will be more straightforward to contact individual
picted in Fig. 2.
nanotubes.
lIl. RESULTS AND DISCUSION The depletion curve at room temperat_ure shows only
. . weak dependence on top-gate voltage, again probably due to
Electrical transport measurements were carried out ahe resence of metallic nanotubes under the gate. In addi-

quoOm/ Ctﬁr{_\p;eratgr;a andbt4.K ;? ovedr 5,03'34]! CbNT tar(;d q tion, the room temperature depletion curve exhibits some
1% ransistors obtained from devices fabricate ur'hysteresis. We attribute this to electron traps, which are typi-

INg various CNT growth and.d|electr|c th'm film deposition cal of nitride dielectrics. In order to further investigate the
runs. We first discuss the S)OCNT transistors. For these . :

. . . . transport properties, we measured the source-diaih
devices, the source-drain electrical conduction was zero.

S - o . curves at low temperatures, where the metallic background
This is not surprising considering the fact that various oxy-d_ d and th o th ¢ It h
gen related species prevalent during the deposition of SiO Isappeared and the response o the gate voliage was muc

are radicals or excited molecules, which readily destroyStronger' The low temperature also freezes out the charge

CNTs by chemical reactiohThis supports our motivation traPs and thus minimizes the hysteresis. ,
for investigating an oxygen-free dielectric material. Figure 3 shows aftV curve measured at 4 K for a variety

We next discuss the $i,/CNT transistors. Of the de- of top-gate voltaged-V curves were taken continuously by
vices studied, about 60% showed room temperature conduéWeeping the gate voltagé, from +1.0 to —1.0 V(AV,
tion (at low source-drain biasrom source to drain, typically =0-1V). The gate-modulated conductance increases consis-
of the order a fewsS. Of these, the yield of devices which tently with decreasiny;. On any given device, these results
showed response to the top gate voltage was about 10%. O@fe quantitatively reproducible within a given cooldown
work represents top-gated nanotube transistors fabricategycle. After thermal cycling, the results are qualitatively
purely with optical lithography. Because of the resolutionsimilar. Our findings indicate that the nanotube operates in
limit of optical lithography and the density of our CVD depletion mode, i.e., the threshold voltage is above +1 V.
grown tubes, typically, the number of the nanotubes underat&his indicates that the nanotubes may peloped at some
is 1-3. Typically if one CNT is metallic, then the gated de- point during the deposition process. Since a detailed micro-
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Fic. 3. |-V characteristics of a top-gated CNTFET using silicon nitride gate

dielectric(dielectric thickness 50 nm; gate length ifh; T=4 K).

scopic theory of the interaction of CNTs withBi, is not
available, the mechanism @f doping is currently an open
guestion.

gate length of 1Qum, there is still significant room for im-
provement. For example, more advanced thin film deposition
techniques such as ALD and JVD instead of PECVD could
be used to fabricate thinner dielectrics. In addition, shorter
gate-length devices may achieve higher transconductance.
By careful electron beam lithography in future experiments
we should be able to produce devices with only one nano-
tube, hence improve the on/off ratio, and measure the room
temperature characteristics such as the subthreshold slope,
depletion curve, and maximum on current.
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