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Nanowire transistors with ferroelectric gate dielectrics: Enhanced
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Integration of ferroelectric materials into nanoscale field-effect transistors offers enormous promise
for superior transistor performance and also intriguing memory effects. In this study, we have
incorporated lead zirconate titand®ZT) into In,O5 nanowire transistors to replace the commonly
used SiQ as the gate dielectric. These transistors exhibited substantially enhanced performance as
a result of the high dielectric constant of PZT, as revealed by a 30-fold increase in the
transconductance and a 10-fold reduction in the subthreshold swing when compared to similar
SiO,-gated devices. Furthermore, memory effects were observed with our devices, as characterized
by a counter-clockwise loop in current-versus-gate-bias curves that can be attributed to the
switchable remnant polarization of PZT. Our method can be easily generalized to other
nanomaterials systems and may prove to be a viable way to obtain nanoscale memor2&94 ©
American Institute of Physics[DOI: 10.1063/1.1759069

Nanoelectronics based on nanowires and nanotubebat (111) is the highly preferred orientation for our PZT
is considered to be a promising alternative solution to breakilms. A strong peak corresponding to(P11) can also be
the scaling limit the silicon industry may soon have to face.observed. This is because there is a good match of lattice
The past few years have witnessed tremendous growth iconstants between the PZT films and the underlying Pt elec-
this direction, and various nanowire and nanotube devicegode. Figure tb) inset depicts an atomic force microscope
have been designed and evaluatetRecently, IO, nano-  image of the PZT film showing a mean roughness of 1.089
wires have been successfully synthesized and tailored tom, indicating good film quality. The ferroelectric hysteresis
work as interesting nanoelectronic building blocks such agoop of the PZT film is shown in Fig. (b). The remnant
nanoscale transistofs, photodetector§,and chemical and polarization @,) is determined to be-14 uClen?, and the
bio-sensorg:’° These devices typically utilize SiOas the coercive field is about 13 kV/cm. The PZT dielectric con-
gate dielectric, and its relatively low dielectric constant im-stant is determined to be-500 by measuring a capacitor
poses a severe constraint on the device performance. In comade by depositing Pt top electrode to a PZT/Pt3&D
trast, ferroelectric materials have steadily emerged as imposubstrate.
tant candidates to work as gate insulators for their ultrahigh
dielectric constants and intriguing remnant polarizatior?

As a result, integrating ferroelectric gate insulators into
nanowire FETs is expected to deliver substantially enhanced
performance and also nonvolatile memory effects for data
storage. In this study, we have incorporated lead zirconate
titanate(PZT), a ferroelectric material, into §®; nanowire
field effect transistors to replace the commonly used,3i©

the gate dielectric. These transistors exhibited very strong
gate dependence, significantly reduced subthreshold swing

(a)

»
(111)
Pt(111)

-
1

Intensity (X10000)

o
- (001)
Con

8 T

and substantially enhanced transconductance as a result of ® s?rmasm:: (45 50) ®
the high dielectric constant of PZT. Furthermore, pronounced g
memory effects were also observed, as revealed by the hys- #
teresis in current-versus-gate-bias curves that can be attrib- 0 i
uted to the switchable remnant polarization of PZT. g 10

Our fabrication starts with preparing high-quality PZT g 0 /‘m"m -
films on top of platinized silicon substrates using a sol-gel ;-10 J‘;jm“;b.
approach, and the detail of process and study can be found in -20 P
our previous publication¥'® Figure 1a) shows the x-ray -30 =N
diffraction pattern of 400 nm PZT thin films used in our “0 -ZOE (k‘o,/cm)zo 40

study. A strong peak corresponding to PATLL) can be seen

together with two weak peak®01) and (002, indicating  FIG. 1. (@) X-ray diffraction pattern of the PZT film on a PY/Sj¢8i sub-
strate.(b) P—E hysteresis loop measured on a Pt/PZT/Pt3&) device.
Inset: an atomic force microscope image of the PZT film showing a mean
3Electronic mail: chongwuz@usc.edu roughness of 1.089 nm.
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FIG. 2. (a) Schematic circuit diagram of anJ@; nanowire FEFETs(b)

I -Vys curves recorded under various gate biases. .
FIG. 3. (@) -V, curves recorded undéfys=0.1V for the 105 nanowire

FEFET(curve ) and undei/ 4= 0.5 V for the conventional O5; nanowire

The schematic structure of our,f@; nanowire FETs is FE (Curve 2. (b) The zoom-in diagram of curve 1.

depicted in Fig. 2a). Single-crystalline 1pO; nanowires of
10 nm in diameter were synthesized by using a laser ablatiom,0; nanowire FEFET with 400-nm-thick PZ{curve 1.
process described befof@wo kinds of substrates were used As a comparison, thée-V, curve of a typical conventional
in our study for direct comparison: Si substrates coated withn,O5; nanowire FET with 500-nm-thick SiQlayer is also
500 nm SiQ for conventional nanowire transistors and alsoshown in Fig. 8a) (curve 3. A drastic difference lies in the
PZT(400 nm)/Pt(120 nm)/Sip200 nm)/Si substrates for subthreshold swin¢S), defined asS=In(10)[ dV,/d(In N1t
ferroelectric gated nanowire field effect transisttfEFET). With 500 nm SiQ gate dielectridcurve 2, the conventional
The In,O; nanowires were first sonicated into a suspensionin,O; nanowire device exhibited a swing 8f-4 V per de-
in isopropanol and then deposited onto the substrates usingcade. In contrast, with 400 nm PZT dielecttmrve 1, the
spin-on technique. Photolithography and Ti/Au depositionin,O; nanowire FEFET showef~ 300 mV per decade, and
were employed to pattern the drain and source electrodes the current av/4s=0.1 V was observed to vary by more than
contact both ends of individual nanowires. The degeneratefbur orders of magnitude when the gate bias was tuned from
doped silicon substrate was used as a back gate for conveh-1 to 2.5 V[Fig. 3(b)], indicating an on/off ratio exceeding
tional In,O; nanowire FETs, while the Pt layer was used as al0*. The subthreshold swing is a key parameter for scaling
back gate for IpO; nanowire FEFETs. Our nanowire field of field effect transistors. Low threshold voltage and low
effect transistors typically have channel widtf10 nm(de-  power operation for miniaturized transistors require a small
fined by the nanowire diameteand channel length-2—3  subthreshold swing. In this regard, the @3 nanowire tran-
um. In this study, all the electronic measurements were consistor with the PZT dielectric instead of Si®as been im-
ducted at room temperature with the devices residing in @roved considerably.
high-vacuum chamber to eliminate the effect of moisture. To further demonstrate the performance of ousQ#f

For In,O; nanowire FEFETSs, altogether eight devicesnanowire FEFETs, we have calculated the capacitance,
were carefully examined. Figurél® shows a family of cur- the transconductance, and the electron mobility based on
rent versus drain-source voltage-4s) curves from a typi- data shown in Figs.(@ and 3b). The nanowire capacitance
cal In,O3; nanowire FEFET under different gate bias®g). is given byC=2mse,L/In(2h/r),*® wheree is the dielectric
Six curves avy=0V, 0.4, 0.8, 1.2, 1.6, and 2.0 V are dis- constant of PZT,e, the vacuum dielectric constant,
played in this figure. As the gate bias varied from 0 to 2.0 V,andr the length and radius of the nanowitethe thickness
the conductance of the nanowire increased substantially. D@f the PZT layer. The electrostatic capacitan€e is
tailed calculation revealed that the differential conductance~1.095<10 2 pF with ¢~500, L~2 um, r~5nm, and
at V4s=0V increased from 6.0410 'S atVg=0V to  h~400nm. In contrast, for the conventional nanowire
2.85x10 % S at V¢=2.0V. This increase in conductance transistors with 500 nm Sias the gate dielectric, we obtain
driven by such a smaII change ¥f, is generally hard to a gate capacitance of~8.19x 10 ° pF with the same
achieve with conventional j®Os nanowwe FETs with 500 nanowire radius and length. This difference in the gate ca-
nm SiO, gate insulator. It can be clearly seen that all the sixpacitance lies in the heart of the dramatically different gate
| —-V4s curves are asymmetric with respect\Mgs. Such an  dependence we observed in Fig. 3. The transconductance
asymmetric behavior can be attributed to the local gatingharacterizing the gate dependence, which was calculated
effect induced by the drain-source bias. Similar results werérom the slope of thé -V, curves followingg,=dl/dV,,
observed in conventional §@; nanowire transistorsin ad-  take values of 2. MlO‘gAN for the FEFET and 6.01

dition, Figure 3a) shows thel -V, curve of this typical X108 A/V for the conventional nanowire FET. Such a 30-
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-250 width?® (7.85 nm and E is the channel electric fiel¢500

V/cm). The mobility derived for this device is around 10
cn?/V's, with only a slightly difference between different
branches of -V loop. Al is therefore calculated to be 109.9
nA. As an order-of-magnitude estimate, this is in satisfactory
agreement with the experimental value of 66.6 nA deter-
mined from Fig. 4. Control experiments were also done with
conventional 1nO3; nanowire FETs with Si@ as the gate
dielectric, and no such memory effect was observed.

In summary, we have demonstrated the integration of
FIG. 4. 1-V, characteristics of the PZT-gated,@ nanowire transistor  ferroelectric dielectrics into nanowire transistors based on
‘;‘g?e\sld;;;:odlf;iﬁgvmifgglngggf:t?owgeres's' 1"and *0" denote two our high quality single-crystalline 45 nanowires and PZT

thin films. Compared to conventional Si@ated transistors,

the PZT-gated 1505 nanowire transistors exhibited high
fold improvement in transconductance has significant implivansconductance 2.04x 106 A/V and small subthreshold
cations for the FEFETs to be used for high-frequency appli—swing ~300 mV per decade. Memory effects originating
cations. Using the equatiod!/dVy=uCVys/L? for field  from the switchable remanent polarization of the PZT films
effect transistors in the linear regime, we get mobility values,gye also been successfully observed. Our method can be
of u=74.6 cnf/Vs for the FEFET and 59 cffV's for the  gasily generalized to other nanomaterials systems and may

conventional transistor shown in Fig. 3. Detailed measureprgye to be a viable way to obtain nanoscale memories.
ments over other devices revealed a mobility distribution
from 10 to 500 crfV s, presumably as a result of the varia- This work is supported by an NSF CAREER award,
tion in the distribution and concentration of scattering cen-NSF CENS program, and a SRC/MARCO award. K.K.S.
ters. Overall, the performance of,l@; nanowire transistors acknowledges NIH Grant No. P41-EB2182 for support.
with PZT has been improved significantly compared with
conventional ones.
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