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Single-crystal n-type and p-type silicon nanowires (SINWs) have been prepared and characterized by electrical
transport measurements. Laser catalytic growth was used to introduce controllably either boron or phosphorus
dopants during the vapor phase growth of SINWs. Two-terminal, gate-dependent measurements made on
individual boron-doped and phosphorus-doped SiNWs show that these materials behave as p-type and n-type
materials, respectively. Estimates of the carrier mobility made from gate-dependent transport measurements
are consistent with diffusive transport. In addition, these studies show it is possible to heavily dope SiINWs
and approach a metallic regime. Temperature-dependent measurements made on heavily doped SiINWs show
no evidence for Coulomb blockade at temperatures down to 4.2 K, and thus testify to the structural and
electronic uniformity of the SiNWs. Potential applications of the doped SiNWSs are discussed.

Introduction helicity,'2 is not possible. Studies dependent on the specific
Currently, there is intense interest in one-dimensional (1D) conducting behavior must thus rely on chance observation.

nanostructures, such as nanowires and nanotubes, due to the§econd, controlled doping of semiconducting nanotubes is not

potential to test fundamental concepts about how dimensionality possible, although it is potentially critical for devices applica-
. . . - i i i 15
and size affect physical properties, and to serve as critical iONS: Semiconductor nanowirés,'> however, can overcome

building blocks for emerging nanotechnologled Of particular these limitations of carbon nanotubes. These nanowires will
importance to 1D nanostructures is the electrical transport 'emain semiconducting independent of diameter, and moreover,
through these “wires”, since predictable and controllable it should be possible to take advantage of the vast knowledge
conductance will be critical to many nanoscale electronics from the semiconductor industry to dope the nanowires.
applications. To date, most efforts have focused on electrical Tg this end, we here report the first demonstration of
transport in carbon nanotub&s:! These studies have shown conirolled doping of SINWs and the characterization of the
interesting fundamental features, including the existence of gjactrical properties of these doped nanowires using transport
coherent states extending over hundreds of nanonfeteftistic measurements. Gate-dependent, two-terminal measurements

conduction at room temperattrand L_uttlnger I|q_U|d behavidt, _demonstrate that boron-doped (B-doped) and phosphorus-doped
and have demonstrated the potential for devices such as f'eld(P-doped) SiNWs behave as p-type and n-type materials
g;fﬁgtngg r;)selztolzrﬁ; Tﬁgfg:;;:;gﬁ{ﬁ;ﬂﬂg:ﬁé grrnsit:rt]iqci)cnosn_ respectively, and estimates of the carrier mobilities suggest,
. . ’ - : diffusive transport in these nanowires. In addition, temperature-
ducting tubes, which depends sensitively on diameter and dependent mepasurements made on heavily doped Sil[\)le show
*To whom correspondence should be addressed. E-mai: cmi@ NO €vidence for Coulomb blockade at temperatures down to
cmliris.harvard.edu. 4.2 K.
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Experimental Section 1.0

SiNWs were synthesized using the laser-assisted catalytic
growth (LCG) method we have described previousiys & 05
Briefly, a Nd:YAG laser (532 nm; 8 ns pulse width, 300 mJ/ =
pulse, 10 Hz) was used to ablate a gold target, which produces 2 00
gold nanocluster catalyst particles within a reactor, and SiNWs E
were grown in a flow of Sikdas the reactant. SINWs were doped = o5k ‘
with boron by incorporating Bs in the reactant flow and were i
doped with phosphorus using a AR target (99.5:0.5 wt %, ! I ! L L
Alfa Aesar) and additional red phosphorus (99%, Alfa Aesar) -0 05 00 05 10
at the reactant gas inlet. Transmission electron microscopy V(volts)
(TEM) measurements demonstrate that the doped SiNWs have 1ol @) 12345678
a single-crystal silicon core that is covered by a dense, SiO ’
sheath as described previoudty. *; 05l

Electrical contacts to individual SINWs were made using >
standard electron beam lithography methods using a JEOL 6400 2 00k
writer. The nanowires were supported on oxidized Si substrate g
(1—10Q cm resistivity, 600 nm Sig) Silicon Sense, Inc.) with = 0.5
the underlying conducting Si used as a back gate. The contacts
to the SINWs were made using thermally evaporated Al (50 10 ! L L
nm) and Au (150 nm). Electrical transport measurements were 0.1 -0.05 0.0 0.05
made using a home-built system withl pA noise under V(volts)
computer control. The temperature-dependent measurements Lol
were made in a Quantum Design magnetic property measure- 1 (0
ment system. ~ 05

05k
<

Results and Discussion E 0oL

TEM studies show that the boron- and phosphorus-doped §
SiNWs are single crystals, although these measurements do not = 0.5
have sufficient sensitivity to quantify the boron or phosphorus
doping levels in individual wires. We can, however, demonstrate -1.0 - | ' | | |
unambiguously the presence of p-type (boron) or n-type 1.0 <05 00 05 1.0
(phosphorus) dopants and the relative doping levels using V(volts)

electrical transport spectroscopy. In the_se measurements, a gatgigure 1. (a) Current {) vs bias voltage\() curves recorded on a 70
electrode is used to vary the electrostatic potential of the SINW nm diameter intrinsic SINW at different gate voltagd)( Curves 1,
while measuring current versus voltage of the nanowire. The 2, 3, 4, 5, 6, and 7 correspond g = —30, —20, —10, 0, 10, 20, and
change in conductance of SiINWSs as a function of gate voltage 30 V, respectively. The inset is a typical scanning electron micrograph

can be used to distinguish whether a given nanowire is p-type of the SINW with metal contacts (scale bar10 um). (b) I-V data
or n-type since the conductance will vary oppositely for recorded on a 150 nm diameter B-doped SiNW; curve8 torrespond

. ' o . to Vg = —20,-10, -5, 0, 5, 10, 15, and 20 V, respectively. (e)V

|ncrea_S|ng positive (negative) gate voltages.. curves recorded on a 150 nm diameter heavily B-doped SiMy¥
Typical gate-dependent current versus bias voltdgev) 20 V (solid line) anl 0 V (heavy dashed line).

curves recorded on intrinsic and B-doped SiNWSs are shown in

Figure 1. The two B-doped wires shown in parts b and ¢ were consistent with a high carrier concentration that is near the
synthesized using SiyB,Hg ratios of 1000:1 and 2:1, respec- metallic limit.

tively. In general, the two-termindV curves are linear and We have also measuréfd-dependent transport in lightly and
thus suggest that the metal electrodes make ohmic contacts tdheavily P-doped SiNWs. ThHe-V recorded on the lightly doped
the SiNWSs. The small nonlinearity observed in the intrinsic nanowire (Figure 2a) is somewhat nonlinear, which indicates
nanowire indicates that this contact is slightly nonohmic. nonideal contact between the electrodes and nanowire, and the
Analysis of |-V data, recorded at zero gate voltayg € 0), Vy dependence is opposite of that observed for the B-doped
which accounts for contributions from the contact resistance SiNWSs. Significantly, this observed gate dependence is con-
and oxide coating on the SiNW, yield a resistivity of 39(? sistent with n-type material as expected for P-doping. The
Q cm. Significantly, whenVy is made increasingly negative estimated resistivity of this wire &ty = 0 is 2.6 x 10? Q cm.
(positive), the conductance increases (decreases). This gat& his relatively high resistivity is suggestive of a low doping
dependence shows that the SiINW is a p-doped semiconductorevel and/or low mobility. In addition, heavily P-doped SiNWs
(discussion below). Simildr—V versusVy curves were recorded  have also been made and studied. Th¥ data recorded on a
for the lightly B-doped SiNW and show that it is also p-type. typical heavily P-doped wire are linear, have a resistivity of
Moreover, theVy = 0 resistivity of this B-doped SiNW (£2 2.3 x 1072 Q cm, and show no dependence g The low

cm) is more than 2 orders of magnitude smaller than the intrinsic resistivity (4 orders of magnitude smaller than the lightly
SINW and demonstrates clearly our ability to control conductiv- P-doped sample) and, independence demonstrate that high

ity chemically. This latter point is further supported byV carrier concentrations can also be created via P-doping of the
measurements on the heavily B-doped SiNWs shown in Figure SiNWs.
1c. This wire has a very low resistivity of 6.9 1072 Q cm The above results demonstrate that boron and phosphorus can

and shows no dependence Wy that is, |-V data recorded be used to change the conductivity of SINWs over many orders
with Vg of 0 and 20 V are overlapping. These results are of magnitude and that the conductivity of the doped SiNWs
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Figure 2. (a)|—V data recorded on a 60 nm diameter P-doped SiNW.
Curves 1, 2, 3, 4, 5, and 6 correspondyp= 20, 5, 1, 0,—20, and
—30 V, respectively. (b)—V curves recorded on a 90 nm diameter
heavily P-doped SINWYy; = 0 V (solid line) and—20 V (heavy dash
line).
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Figure 3. Energy band diagrams for (a) p-type SINW (b) n-type SINW
devices. The diagrams show schematically the effecV/pbn the
electrostatic potential for both types of nanowires.

respond oppositely to positive (negativéy for boron and
phosphorus dopants. Indeed, ¥glependence provides strong
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Figure 4. Temperature-dependehtV curves recorded on a heavily
B-doped SiNW: (a) curves 1, 2, 3, 4, 5, and 6 correspond to
temperatures of 295, 250, 200, 150, 100, and 50 K, respectively; (b)
|-V data recorded on the nanowire at 4.2 K.

to metal electrodes. As for a conventional metsmiconductor
interface!® the SINW bands bend (up for p-type; down for
n-type) to bring the nanowire Fermi level in line with that of
the metal contacts. Whewry > 0, the bands are lowered, which
depletes the holes in B-doped SiNWs and suppresses conductiv-
ity, but leads to an accumulation of electrons in P-doped SiINWs
and enhances the conductivity. Conversély,< 0 will raise
the bands and increase the conductivity of B-doped (p-type)
SiNWSs and decrease the conductivity of the P-doped (n-type)
nanowires.

In addition, it is possible to estimate the mobility of carriers
from the transconductanéedl/dVy = u(C/L?) V, wherey is
the carrier mobility C is the capacitance, andis the length of
the SINW. The SINW capacitance is given By~ 2meeol/
In(2h/r), wheree is the dielectric constantyis the thickness of
the silicon oxide layer, and is the SiNW radius. Plots ofld
dVy versusV were found to be linear for the intrinsic (Figure
1la) and lightly B-doped (Figure 1b) SiNWs, as expected for
this model. The slopes ol iV, for the intrinsic (2.13x 1071
and B-doped (9.54« 1079 SiNW yield mobilities of 5.9x
103 cn?/(V s) and 3.17 crfi(V s), respectively. The mobility
for the B-doped nanowire is comparable to that expected in bulk
Si at a doping concentration of ¥0cm~3.16 We also note that
the mobility is expected to increase with decreasing dopant
concentration, although in our intrinsic (low dopant concentra-
tion) SINW the mobility is extremely low. It is possible that
the reduced mobility is due to enhanced scattering in the smaller
diameter (intrinsic) SINW. We believe that future studies of
the mobility as a function of diameter (for constant dopant
concentration) should illuminate this important point.

Last, we have carried out preliminary temperature-dependent
studies of heavily B-doped SiINWs. Temperature-deperidevit

proof for p-type (holes) doping with boron and n-type (electrons) curves show that the conductance decreases with decreasing
doping with phosphorus in the SiNWs. The observed gate temperature, as expected for a doped semiconductor (Figure 4).
dependences can be understood by referring to the schematic#lore importantly, we see no evidence for Coulomb blockade
shown in Figure 3, which show the effect of the electrostatic down to our lowest accessible temperature (Figure'4bhis
potential on the SINW bands. In these diagrams, a p-type indicates strongly that variations in SINW diameter and defects
nanowire (&) and n-type nanowire (b) are contacted at both endsare sufficiently small that they do not effectively “break up”



5216 J. Phys. Chem. B, Vol. 104, No. 22, 2000 Letters

the SINW into small islands, which would exhibit Coulomb References and Notes
blockade at these temperatutéhese results contrast studies ) .
(1) (a) Lieber, C. MSolid State Commuri998 107, 607. (b) Hu, J.;

of lithographically patterned SiNWS, which show Coulomb Odom, T. W.; Lieber, C. MAcc. Chem. Red.999 32, 435. (c) Dekker, C.
blockade, and testify to the high quality of our free-standing Phys. Todayl999 52(5), 22.

nanowires. (2) Voit, J. Rep. Prog. Physl994 57, 977.
(3) Kane, C.; Balents, L.; Fisher, M. P. Rhys. Re. Lett 1997, 79,
5086.
Conclusions (4) (a) Tans, S. J.; Devoret, M. H.; Dai, H.; Thess, A.; Smalley, R. E.;

] B ] ) Geerligs, L. J.; Dekker, QNature1997 386 474. (b) Bockrath, M.; Cobden,
Single crystal n-type and p-type silicon nanowires (SiNWs) D. H.; McEuen, P. L.; Chopra, N. G.; Zettl, A; Thess, A.; Smalley, R. E.
have been prepared and characterized by electrical transporfciencelo97 275 1922.
. (5) (a) White, C. T.; Todorov, T. NNature1998 393 240. (b) Frank,
measurements. Laser catalytic growth was used to controllably g . poncharal, p.: Wang, Z. L.: de Heer, W. $ciencel998 280, 1744
introduce either boron or phosphorus dopants during the vapor  (6) (a) Bockrath, M.; Cobden, D. H.; Lu, J.; Rinzler, A. G.; Smalley,
phase growth of SiNWs. Two-terminal, gate-dependent mea- E- E Ba;er{lt\?, Ié.;lMctEuEn,DP.ktlxlau&;et199£lageé%7£382- 7(3113) Yao, Z.;
H i ostma, M. ., balents, L.; Dekker, QGlature .
suremen.ts made on individual boron;doped and phosphorus- (7) Tans, S. J.; Verschueren, A R. M.; Dekker.Nature 1998 393
doped SiNWSs show that these materials behave as p-type andg,
n-type materials, respectively. Estimates of the carrier mobility . (8) Martel, R.; Schmidt, T.; Shea, H. R.; Hertel, T.; Avouris, Rppl.
) :Phys. Lett.199§ 73, 2447.
made.fLO(ro?ﬁgatle dependent trznsﬁort me.a(sj'.“lrer.ner:‘ts arz congléj (9) Soh, H. T.; Quate, C. F.; Morpurgo, A. F.; Marcus, C.; Kong, J.;
tent with diffusive transport and show an indication for reduced pg;'H. Appl. Phys. Lett1999 75, 627.
mobility in smaller diameter wires. In addition, these studies  (10) Campell, J. K.; Sun, L.; Crooks, R. M. Am. Chem. Sod999
show it is possible to incorporate high dopant concentrations 123(1131”)77%% 3: Franklin, N. R.; Zhou, C.. Chapline, M. G.; Peng, S.
in the SINWs and to approach the metallic regime. Temperature-ChO’ K. Dai, H.Science200q 287 622. N T
dependent measurements made on heavily doped SiNWs show (12) (a) Odom, T. W.; Huang, J.-L.; Kim, P.; Lieber, C. Mature1998
no evidence for single electron charging at temperatures down39, 62. (b) Wildoer, J. W. G.; Venema, L. C.; Rinzler, A. G.; Smalley, R.

; ; .; Dekker, C.Nature 1998 39, 59.
to 4.2 K, and thus suggest that the SINWs possess a high degrenlfY (13) Morales, A. M.- Lieber, C. MSciencel998 279, 208.

of structural and doping uniformity. (14) (a) Duan, X.; Wang, J.; Lieber, C. Mppl. Phys. Lett200Q 76,
We believe that our successful doping of SiINWSs to create 1116. (b) Duan, X; Lieber, C. Ml. Am. Chem. So200Q 122, 188. (c)

~ - ; ; it o Duan, X.; Lieber, C. MAdv. Mater. 200Q 12, 298.
n-type and p-type materials will open up exciting opportunities (15) Hu, J.; Ouyang, M.: Lieber. C. Mature 1999 399, 48,

in na.noscale spiencg ar!d technology. Dpped SiINWs will b? (16) Sze, S. MPhysics of Semiconductor Diees Wiley: New York,
candidates for investigating fundamental issues of transport in 1981.

1D nanostructures. The structures studies in this paper are also. (17) The small nonlinearity neaf = 0 is attributed to a contact effect
since high-resolutioh—V versusVy measurements show no signature for

field effect transistors (FETs), and it will be possible using self- ¢ ;jomb blockade. Coulomb charging effect in this homogeneous wire
assembly techniques to integrate many SiNW FETs into between the electrodes (a 150 nm thick 28 long wire) would require a
structures, perhaps for nanoelectronics applications. It shouldtemperature below about 26 mK estimated frisi= €%/2C.

: : j ) : (18) (a) Smith, R. A.; Ahmed, HJ. Appl. Phys1997 81, 2699. (b)
also be possible to combine p-type and n-type SiNWSs, for Zhuang, L.; Guo, L. Chou, S. YAppl. Phys. Lett1998 72, 1205, (c)

example in crossed arrays, to createnpjunctions that could Tilke, A.; Blick, R. H.; Lorenz, H.; Kotthaus, J. Appl. Phys. Lett1999
also be considered for devices and sensors in the fiiture. 75, 3704.
(19) Crossed SINW pn junctions have been formed by directed
assembly of p-type (n-type) SINWs over n-type (p-type) SINWSs. Preliminary
Acknowledgment. We thank Professor Hongkun Park for  transport measurements exhibit rectification in reverse bias and a sharp
invaluable discussion on transport measurements and devicesurrent onset in forward bias. Simultaneous measurements made on the

physics. C.M.L. acknowledges support of this work by the P-type and n-type SiNWs making up the junction demonstrate that the
. . contacts to these nanowires are ohmic (nonrectifying), and thus that the
Office of Naval Research, Defense Advanced Projects Researchectifying behavior is due to the-m junction between the two SINWs

Agency, and the National Science Foundation. (Cui, Y.; Lieber, C. M., unpublished results).



