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ABSTRACT

Silicon nanowires can be prepared with single-crystal structures, diameters as small as several nanometers and controllable hole and electron
doping, and thus represent powerful building blocks for nanoelectronics devices such as field effect transistors. To explore the potential
limits of silicon nanowire transistors, we have examined the influence of source-drain contact thermal annealing and surface passivation on
key transistor properties. Thermal annealing and passivation of oxide defects using chemical modification were found to increase the average
transconductance from 45 to 800 nS and average mobility from 30 to 560 cm?/V-s with peak values of 2000 nS and 1350 cm?/V/-s, respectively.
The comparison of these results and other key parameters with state-of-the-art planar silicon devices shows substantial advantages for
silicon nanowires. The uses of nanowires as building blocks for future nanoelectronics are discussed.

Semiconductor nanowires (NWs§ and carbon nanotubes
(NTs)~1? are attractive components for future nanoelectron-
ics since they can exhibit a range of device function and at
the same time serve as bridging wires that connect to larger
scale metallization. For example, field effect transistors
(FETs) have been configured from NW<and NT 11 by
depositing the nanomaterial on an insulating substrate
surface, making source and drain contacts to the NW or NT
ends, and then configuring either a bottom or top gate
electrode (Figure 1). This basic approach may serve as the
basis for hybrid electronic systems consisting of hanoscale
building blocks integrated with more complex planar silicon
circuitry, although a number of issues including device
performance, reproducibility, and integration will have to be
addressed in order to realize such systems in the future. B

In the case of NT FETs, considerable effort has been
placed on improving key device parameters such as the
carrier mobility and transconductance. For example, recent
studies reported by Avouris and oth®r€ have shown that
the measured carrier mobility can be increased significantly
by contact thermal annealing. The fact that NT samples
consist of mixtures of semiconducting and metallic building
blocks could, however, represent a hurdle to future develop-
ments in nanoelectronidd. On the other hand, silicon
nanowires (SiNWs) are always semiconducting, and the Figure 1. (A) Schematic of a SINW FET showing metal source
dopant type and concentration can be controlled during and drain electrodes with the NW and contacts on the surface of
synthesis. SINW building blocks may also be more readily SiO,/Si substrate. (inset) High-resolution transmission electron

- - . - . ...~ micrograph éa 5 nmdiameter SINW; the scale bar is 5 nm. (B)
integrated into silicon industry processing and fabrication Scanning electron micrograph of a SINW FET device; the scale

bar is 500 nm.
* Corresponding author. E-mail: cml@cmliris.harvard.edu 14 ; : ;
t Department of Chemistry and Chemical Biology. than NTs!* and thus might reduce barriers to the creation

* Division of Engineering and Applied Science. of hybrid structures.

10.1021/nl025875 CCC: $25.00 ~ © 2003 American Chemical Society
Published on Web 01/01/2003



Initial transport studies of SINW FETs showed relatively A 6000F
low transconductance and carrier mobilityq.01 cni/V s).!
Subsequent investigations of SINW transistor characteristics . 4000 -
in a crossed NW FET configuratibindicated that the initial é 2000
low transconductance and mobility values were due in part =
to poor contacts between the SiINWs and source-drain 5 Un
electrodes and are not intrinsic to the single-crystal NW E 22000 -
building blocks (inset, Figure 1A). In this letter, we explore o
the limits of SINW FETs by examining the influence of -4000 -
source-drain contact annealing and surface passivation on -6000 |- | | | |

key transistor properties. Thermal annealing and passivation

of oxide defects by chemical modification were found to

increase the average transconductance from 45 to 800 nS Va (V)

and average mobility from 30 to 560 éN-s with peak 20

values from 2000 nS and 1350 &M-s, respectively. J’
15—

Comparison of these results and other key parameters with
state-of-the-art planar silicon devices shows substantial
advantages for the SiNWs as building blocks.

The SINWs used in these studies are boron-doped (p-type),
10—20 nm diameter single-crystal structures, prepared by a
nanocluster-mediated growth method described previdasly.
The SiINWSs were deposited onto oxidized silicon substrates 0 |1
(600 nm thermal oxide) from ethanol suspension. Electrical |_'
contacts to the SINWs were made by defining source-drain 0.1 1 10 100 1000
electrodes separated by 808000 nm with electron-beam Resistance (M)
lithography and subsequent evaporation of 50 nm Ti and 50
nm Au. Rapid thermal annealing was carried out at-300 Figure 2. (A) | vs Vsgmeasured on the same SiNW before (green)

600 °C for 3 min in the forming gas (10% Hn He) to and after (red) thermal annealing. (B) Histogram of Ti-contacted

imorove th ntact and ivate-SiO, interf trapas SINW resistance determined from measurements before (open green
prove the contact and passivate- erface traps. bars) and after (filled red bars) contact annealing. The arrows mark

A typical SINW device is shown in Figure 1B. Electrical the average resistance values for the two distributions.
transport measurements were performed in the air.

Source-drain contacts to SINW FETs were made using Ti jnterface and SiQsurface defects could compensate the
metal, and transport characteristics were studied as a functiorhpp"ed gate voltage and trap and scatter cartfeBairface
of annealing. In general, metasilicon contacts have been  modification was carried out by reaction with 4-nitrophenyl
well studied;****7and it is known that Ti can form a stable  gctadecanoate. This specific reagent was chosen since it will
conducting silicide with a low Schottcky barrier height on |ead to a stable and relatively nonpolar—§—C ester
p-type silicon'®'” Figure 2A shows the current (I) versus linkage#20Conductance (I/\) versus backgate voltage §V
source-drain voltage (¥) behavior of a typical Ti-contacted  measurements were carried out before and after modification
SINW device before and after thermal annealing. Th¥ {4 to assess clearly the effect of surface chemistry on charac-
curves become more linear and symmetric, the conductanceeristics of a specific SINW FET.
increases 3-fold, and the transport behavior becomes more |p a typical device (Figure 3B), the conductance responds
stable after annealing. To characterize the reproducibility of \veakly to \j; before modification. In contrast, the conduc-
these observations, we have made similar measurements Ofance is extremely sensitive tq, dfter modification and can
over 50 devices. These results are summarized in a histogranpe shut off at \\~2.5 V with an on/off ratio over 4 orders
showing the frequency that different values of two-terminal of magnitude. The transconductance after modification is an
resistance were observed (Figure 2B). Before annealing, thegrder of magnitude larger than before modification. Using a
resistance shows a large distribution ranging freM< to cylinder on an infinite plate modélwe estimate a hole
>GQ with an average of 160 K2. In contrast, the resistance mobility of 1000 cnd/V-s. This mobility is substantially
after annealing has a narrower distribution of 0.1t0 QM  |arger than obtained in conventional Si devices. To assess
with an average of 0.62 K; that is, a 26& improvement  the reproducibility of this surface chemistry and correspond-
in the two-terminal conductance. The increased two-terminal jng dramatic improvements in device behavior, we carried
conductance and stability can be attributed in part to better oyt experiments on a number of distinct SINW devices. The
metal-SiNW contacts, although passivation of defects at Si  summary of these results (Figure 3C and D) shows that
SiQyinterface, which can occur during annealiighay also  transconductance and mobility increase an order of magni-
contribute to the observed enhancements. tude after modification. Significantly, the highest and the

We have also investigated how chemical passivation of average hole mobility values of 1350 and 560%8fms in
the SiQ shell surrounding the single-crystal SINW cores p-SiNWs are more than an order of magnitude larger than
affects transport behavior (Figure 3A), since the Si{SiO the value for bulk Si~40 cn¥/V-s, at a comparable effective

10

Nanowire counted

150 Nano Lett., Vol. 3, No. 2, 2003



A

Table 1. Comparison of the Key Device Parameters between
M SiOwith defects

Si Nanowire and SOl FET

SiNW core @ Molecules for defect passivation . . .
nanowire nanowire??2  planar Si

raw data coverted data device?!

® 00 00
. gate length (nm) 800—2000 50 50
"o 00 © O gate oxide thickness (nm) 600 15 15
mobility (cm?/V s) 230—1350 230—1350
lon (uA/um) 50—200  2000—5600 650
B C lofr (NA/zm) 2-50 4-45 9
) = ) subthreshold slope 174—-609 60 70
E 10 F F:_g 6 (mV/decade)
§ - g 4 — transconductance 17-100 2700—7500 650
§ 10 F é 5] («Slum)
g - E tion microelectronicé! To explore this analogy in quanti-
S I I I » 0- DAL LS L B tative terms, we have compared key characteristics of SINW
4 2 0 2 4 10 100 1000 FETs with state-of-the-art planar metal-oxieemiconductor
V, (V) Transconductance (nS) FETs (MOSFETSs) fabricated using SO(Table 1). First,
D E the hole mobility, which is ca. independent of device size,
< 6- ; is an order magnitude larger than that in planar Si devices
2 5 T 6 with comparable dopant concentrations. Since the mobility
5 4+ E 4_' determines how fast charge carriers move in the conducting
< 3 o channel, it is one key parameter affecting the raw device
g f: EZ- speed. Ignoring other factors, our mobility implies that
@ & terahertz operation could be achieved 2000 nm SiNW
2 4 2 4 2 2T 2 4 FET
10 100 1000 10 100 1000 o . .
Mobility (cm’/V-s) Mobility (cm’/V-s) For direct comparison of other key parameters, the SINW

FET results have been scalédsing the SOI FET gate length
Figure 3. (A) Schematic illustrating surface def_ect passivation. of 50 nm and gate oxide thickness of 1.5 nm. Significantly,
(B) Conductance vs y¥measured on the same SiNW before and the scaled on-state currengifor the SINW FET is larger

after 4-nitrophenyl octadecanoate modification. Histograms of .
SiNW transconductance (C) and mobility (D) before and after than state-of-the-art Si FETs, and moreover the average

4-nitropheny! octadecanoate modification. (E) Histogram of SiNw  Subthreshold slope approaches the theoretical'firmitd the
mobility values after modification with tetraethylammonium bro- average transconductance is ca. 10 times larger. These

mide. In plots (B) to (E), the green (red) color designates before improvements could lead to substantial benefits for high-
(after) surface modification. speed and high-gain devices. The SINW FET devices also

doping concentratiotf The higher mobilities observed in ha\{e larger Ieakage currents, but this issue could bg addressed
our SINW devices may arise from improved structural PY implementing pn-diodes at the source and drain contacts
perfection and cylindrical morphology, although additional &S in conventional MOSFETSs. This comparison suggests that
studies are need to address unambiguously this point. Weefforts to make smaller SINW FETs and explicitly test scaling
also note that these SiNW values are not upper bounds sincéredictions could have an important impact in the future.
contacts and surface passivation have not been optimized. !N conclusion, we have performed studies addressing the
To obtain additional information about the origin of these limits of p-type SINW FETs. Source-drain contact thermal
passivation results, we have carried out other experiments @nnealing and surface passivation were found to improve
First, the effect of chain length on characteristics of SiNw Significantly the FET performance with increases in the
FETs was investigated. Immediately after modification, 18- @verage transconductance from 45 to 800 nS and average
carbon and 6-carbon chains gave similar transport results,mobility from 30 to 560 cr#Vs, with peak values of 2000
although the lifetime of the observed improvement wds NS and 1350 cAlv-s, respectively. In addition, comparison
week and 1 day, respectively. These results suggest thaff scaled SINW FET transport parameters Wlth those for
accessibility of the surface to water hydrolysis may control State-of-the-art planar MOSFETs show that SiNWs have the

stability of the passivation, and moreover, that the passivationPotential to exceed substantially conventional devices, and
of polar surface sites, such as SiQis important to the thus could be ideal building blocks for future nanoelectronics.
observed improved transport behavior. Second, and to test
this idea, we have modified SINW surfaces with tetraethyl-
ammonium bromide solutions. Significantly, tetraethyl-
ammonium-modified NWs also show the significant in-
creases in the transconductance and mobility (Figure 3E).
In addition, it is worth noting that our SINW FETs are References
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