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Growth and transport properties of complementary germanium
nanowire field-effect transistors

Andrew B. Greytak, Lincoln J. Lauhon, Mark S. Gudiksen, and Charles M. Lieber®
Department of Chemistry and Chemical Biology, Division of Engineering and Applied Sciences,
Harvard University, Cambridge, Massachusetts 02138

(Received 19 January 2004; accepted 30 March 2004; published online 6 May 2004

n- andp-type Ge nanowires were synthesized by a multistep process in which axial elongation, via
vapor—liquid—solid(VLS) growth, and doping were accomplished in separate chemical vapor
deposition steps. Intrinsic, single-crystal, Ge nanowires prepared by Au nanocluster-mediated VLS
growth were surface-dopeit situ using diborane or phosphine, and then radial growth of an
epitaxial Ge shell was used to cap the dopant layer. Field-effect transistors prepared from these Ge
nanowires exhibited on currents and transconductances up tou28@m and 4.9 uA/V,
respectively, with device yields 0#85%. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1755846

One-dimensional nanostructures, such as semiconductphase Ge is provided by laser ablatfophysical vapor
nanowires and single-walled carbon nanotubes are promisingansport'*°or by a molecular precursor in a chemical vapor
building blocks for nanoscale device applications rangingdeposition(CVD) process!? The CVD approach coupled
from biological sensors to nanoelectrontc3 The ability to  with VLS is especially attractive since it enables the precise
control rationally and predictably the properties of thesecontrol of reactants and dopants needed to achieve high-
building blocks will be essential for improving the properties quality electronic materials and, furthermore, can be ex-
of individual devices and moving toward integrated nanosystended to produce more complex nanowires, such as core-
tems. In particular, the availability of both- and p-type  shell structures via homogenous radial growth.
semiconductor components would enable the assembly of Our overall approach to the controlled growth and dop-
complementary logic devices, which can exhibit fastering of complementary Ge nanowires is outlined in Fig. 1.
switching speeds and lower power consumption than unipottrinsic nanowire growth from 10 nm Au nanoclustérs’
lar devices. Complementary devices based on carbon nanwsas initiated at 320 °C and 500 Torr using 1.5% germane
tubes have been demonstrated by several grbtipthough ~ (GeH,) in an atmosphere of hydrogen £H After this nucle-
the simultaneous production of metallic and semiconductingtion step, elongation of the single-crystal nanowire structure
nanotubes during growthas well as the fact than-type  was carried out at a reduced temperature of 285 °C to mini-
doping is typically accomplished following device assemblymize nonspecific decomposition of germane on the nanowire
and is not always permanehtould limit applications. surfacet* The nanowire surfaces were then doped at 380 °C

Semiconductor nanowires offer the ability to control with either phosphine (P$l or diborane (BHg) (both 100
composition and doping at the time of synthesis by applyingopm in H,) at 5 Torr in the absence of germane. The doping
the knowledge gained from research on planar semiconduconditions were chosen to produce a self-limited layer of
tor systemg. Complementary doping has been demonstratedctivated dopant atorfisas estimated from atomic-layer-
in several nanowire materials such as sili¢éi and gallium  doping studies on planar SiG&™® The 10 nm &-doped
nitride (GaN),»2% and has been used to assemble inverterszores were then coated with-a5 nm thicki-Ge shell**
bipolar transistors, and light-emitting diode%.However, Transmission electron microscop¥EM) was used to
achieving good electronic properties for botr and characterize the core diameter, shell thickness, and crystal-
n-channel field-effect transistorFETS (p-FETs and linity of Ge nanowires grown by our core-shell methdd.
n-FET9 in the same material has proved challenging. As

transistor switching speeds and on currents are ultimately A
limited by carrier mobilities, it is desirable to fabricate (iif) surface doping
complementary nanowire devices using semiconductors with e
high carrier mobilities. Germanium has higher electron and _ _ elrehel arowty
hole mobilities than Siand, therefore, offers potential per- E ) ucleztion S——
goer\r/r:?ensce gains compared to Si-based planar and nanowire g i} endal growth 380

: ©

Here, we describe the synthesis f and n-type Ge é’ 320 e

nanowires and the fabrication of Ge nanowipe and e
n-FETs. Previously, Ge nanowires have been synthesized by 83 -
the vapor-liquid—solid(VLS) approach in which vapor Time

FIG. 1. Schematic illustrating the approach used to synthesiaedp-type
3E|ectronic mail: cml@cmliris.harvard.edu Ge nanowires.
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ation step, and axial growth step, followed by the doping and
shell growth steps described above, were used to produce the
nanowire shown in Fig. 2. Among 50 wires in this sample,
the diameter was 2064 nm, confirming that a shell of thick-
ness~5 nm was grown. The TEM data also demonstrate that
the diameter is uniform along the length of the wijfégs.
2(b) and Zc)], and thus that radial shell growth occurred
after, but not during, axial core growth, as concomitant axial
and radial growth lead to tapering. High-resolution TEM im-
ages shown in Figs.(B) and Zc) further show that the cap-
ping shell is epitaxial along the entire length of the nanowire.
Systematic electrical transport measurements were car-
ried out to evaluate the performance of FETs fabricated from
our doped Ge nanowires. The FETs consisted of individual
Ge nanowires with Ti source and drain contatgpical
separation 1.5um), and were gated via the degenerately
doped Si substrate through a 60 nm thick zirconium oxide
(ZrO,) dielectric layer. Figure @) shows the currentlf)
versus drain—source bias voltag€) (output characteris-
FIG. 2. TEM - ) ) Hcs) for a boron-doped Ge nanowire at different values of the
2. characterization of a Ge nanowire prepared using the approac .
outlined in Fig. 1.(a) Ge nanowire on lacey carbon support film. Scale bar gate voltage Yg). The curves are characteristic of a
is 0.5 um. (b) and(c) High-resolution TEM images recorded from the two P-channel metal—oxide—semiconduct@vlOS) FET. The
indicated regions of the nanowire (a);‘the images are separated by.8. linear relationship of ; andVy at low bias indicates good
dsca".’ bars are 5 nriinset of(c)] two-dimensional Fourier ransform of the iy i contact to the nanowire with a contact resistance of
ata in(c) showing thg 111] zone axis and &110; growth direction. The six . . . .
inner peaks are forbidden 1/822 reflections that arise due to the finite <200 K}, which was typical for the devices studied. Only
thickness of the nanowiresee Ref. 24 slight curvature corresponding to saturation effects is ob-
served for|Vp|<2 V. A plot of |5 versusVg (transfer char-
Figure 2 shows a representative Ge nanowire with a diametexcteristig with V;, fixed at 1 V shows the on/off ratio of £0
of 22 nm. In agreement with previous studies of VLS-grownand subthreshold slope of 240 mV/dé&dg. 3(b)]. The trans-
nanowires:® the diameter of Ge nanowires grown without conductance a¥p=1 V was 3.3uA/V, corresponding to an
shells correlated well with the diameter of the Au nanoclus-estimated field-effect mobility of~115 cnf/Vs.?° The on
ters: Among 50 wires grown from 10 nm nanoclusters, thecurrent at 1 V drain and-2 V gate overdrive was 4.8A.
diameter was 183 nm. The same nanocluster size, nucle-For comparison with planar devices, this is equivalent to an
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FIG. 3. Germanium nanowing- andn-FETs.(a) Output characteristics qf-FET. The gate voltag¥ was stepped in 0.5 V increments fronb to —2.5 V.
Inset: Scanning electren microscopy image of a tynical device. Scale barns (b) Transfer characteristic af-FET at 1 V drain(c) Output characteristics
of n-FET. The gate voltagegs were, starting from the topt5V, +2.5V,0V,—-0.5V, —1.5V, and—5 V. (d) Transfer characteristic of-FET at 1 V drain.
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on current of 36QuA/um for a 1 um gate length. Among 30 expected from optimization of the doping procedure and at-

p-FETs measured on two separately fabricated samples, thiention to surface passivation. Self-limiting surface doping of

total yield was 86%. The averagmaximum on current was nanowires also offers the potential advantage of controlling

250 uAl/um (850 wA/um), and the averag€maximun) dopant fluctuations that become critical at the nanoscale. The

transconductance was 2/8A/V (4.9 uA/V) corresponding  efficacy of this method in Ge suggests that it should be con-

to a field-effect mobility of~100 cnf/Vs (170 cnf/Vs). sidered as a general and rational approach to the controlled
Output and transfer characteristics for a phosphoruseoping of other nanowire materials in the future.

doped Ge nanowire FET are shown in Figéc)3and 3d).

The Ti contacts are ohmic with low contact resistance, as in

the case of th@-FET. The gate response is characteristic of 1c_ . Lieber, Mater. Res. Bulls, 486 (2003.

an n-channel MOSFET.The on current for the-FET was  2Y. Cui and C. M. Lieber, Scienc291, 851 (2009).

200 uA/um at 1 V drain and 4 V gate overdrive, the sub- 32(2-0(0);1;, Q. Q. Wei, H. K. Park, and C. M. Lieber, Scien283 1289

threshold SIOPe Wa$ 675 mv/dec, and the OI‘_]/Off ratio WaS4V_ Der.ycke, R. Martel, J. Appenzeller, and P. Avouris, Nano L&t453

10°. The relatively higher off current observed in thé"ETs (2001,

versus theg-FETs could be caused by acceptor impurities in 5A. Javey, Q. Wang, A. Ural, Y. M. Li, and H. J. Dai, Nano Le#.929

the intrinsic Ge core or by acceptors at tmpassivated 6;2033-% £ oian b. L W 4 C. M. Lieber. Nano L&t343

nanowire surface. The transconductance of @2V at 1 V (2'00'3. ong. F. Qian, D. L. Wang, and C. M. Lieber, Nano

drain corresponds to a field-effect mobility 620 cnt/Vs. ’S. M. SzePhysics of Semiconductor Devica#iley, New York, 1981.

Forty-five n-FETs on three separately fabricated samples had'A. M. Morales and C. M. Lieber, Scien@79, 208 (1998.

. . 9
a yield of 88%. The averagenaximum on current was 125 loé EL\JNLIJ\/IarI;durZ.thJa(gg:I' CE%:”-GM&SM&SS;SOSQW Chin V. Krstic.

pA/pm (200 pA/um), and the averagemaximun)_ trans- Roth, and W. Q. Han, J. Appl. Phy80, 5747(2001.
conductance was 0.6A/V (1.0 uA/V) corresponding to @ L. J. Lauhon, M. S. Gudiksen, D. L. Wang, and C. M. Lieber, Nature
field-effect mobility of ~20 cnf/V's (35 cnf/Vs). (London 420, 57 (2002.

12 . .
“D. Wang, Q. Wang, A. Javey, R. Tu, H. J. Dai, H. Kim, P. Mcintyre, T.
The on currents and transconductances of our comple Krishnamohan, and K. C. Saraswat, Appl. Phys. L8%,2432 (2003,

mentary.Ge nanowire FETs exceed those of prgviously résy cuyi, L. J. Lauhon, M. S. Gudiksen, J. F. Wang, and C. M. Lieber, Appl.
ported Si(Ref. 20 and GaN(Refs. 6 and 2Lnanowire tran- Phys. Lett.78, 2214(2007).
sistors, and are similar to those recently publishecpftype ~ **In agreement with D. Wang, Q. Wang, A. Javey, R. Tu, H. J. Dai, H. Kim,

; 12 P. Mcintyre, T. Krishnamohan, and K. C. Saraswat, Appl. Phys. B&t.
Ge nanowire FETs by Wangt al* The on currents also 2432(2003, we found the VLS growth mechanism to be active at 285 °C

compare favorf_ibly to that of a recently reported planar Ge gespite the fact that the bulk Ge—Au eutectic temperature is 361 °C. We
p-MOSFET which had an on current of 1Q6A/um at 2 V additionally found, however, that the initial nucleation step at 320 °C
drain and—1 V gate overdrive for a Zm gate Iengtl"r.z The greatly improved the nanowire yield compared to isothermal growth at

i 285 °C.
calculated mOblllty of the planar FET, 313 éﬁVIS, was SUnder our conditions, P deposition is expected to saturate at 0.1-0.4

larger than we found for our system, although this is not monolayersMLs). Deposition of B is not self-limiting, but only the first
surprising given that the surfaces of the Ge nanowire FETS ML is electrically active. We estimate 1 ML of B deposition under our
were unpassivated. Higher mobilities and smaller subthresngcond't'ons-

. - T. C. Shen, J. Y. Ji, M. A. Zudov, R. R. Du, J. S. Kline, and J. R. Tucker,
old slopes should be obtainable for future Ge nanowire FETs Appl. Phys. Lett80, 1580(2002.

by deposition of a Ge OXynitriééor SiGe capping layer that 7g. E. Wweir, L. C. Feldman, D. Monroe, H. J. Grossmann, R. L. Headrick,
could limit charge traps at the nanowire surface. Ourlsand T. R. Hart, Appl. Phys. Let65, 737(1994. o

bottom—up approach to device fabrication will allow such (Bz-og'(';ac"' B. Heinemann, and D. Knoll, Thin Solid Film369, 189
passwa'qon to be.camed out situ fol-lowmg Ge nanowwg _ ®Nanowires suspended in ethanol were dispersed onto a Cu grid with a
synthesis, and this should lead to improved characteristicSiacey carbon support film, and imaged with a JEOL 2010F TEM at an

for both n- and p-type Ge nanowire FETS. accelerating voltage of 200 kV.

20 ) .
: ; ~ Y. Huang, X. F. Duan, Y. Cui, and C. M. Lieber, Nano L&t.101(2002.
In conclusion, our mU|t|Step low temperature 21y, Cui, Z. H. Zhong, D. L. Wang, W. U. Wang, and C. M. Lieber, Nano

nanocluster-mediated VLS nanowire growth and doping e 3 149(2003.

method represents a straightforward and flexible way to pro#c. o. chui, H. Kim, D. Chi, B. B. Triplett, P. C. Mclntyre, and K. C.

ducen- and p-Ge nanowires for nanoscale device applica-, Saraswat, Tech. Dig. - Int. Electron Devices Meet,, 42002.

tions. Complementary FETs made from these nanowires - Shang, H. Okorn-Schimdt, J. Ott, P. Kozlowski, S. Steen, E. C. Jones,
. . . S. P. Wong, and W. Hanesch, |IEEE Electron Device L2#. 242

show high transconductances and excellent ohmic contactsqo3.
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