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I
ndium phosphide nanowires have been
grown from catalyst particles using
laser ablation,1 metal organic chemical

vapor deposition (MOCVD),2�4 and the

solution�liquid�solid (SLS) process.5�11 In

the SLS process,5 precursors in solution are

delivered to heated catalyst particles, which

serve as seeds for nanowire growth. Solu-

tion phase synthesis is potentially more

cost-effective than vapor phase techniques,

because no expensive vacuum equipment

is needed. In addition, the lower growth

temperatures, typically below 300 °C,12

make solution phase synthesis attractive

for semiconductor processes not compat-

ible with higher temperatures.

A recent report has demonstrated that

CdSe nanowires can be controllably grown

between two electrodes via the electrically

controlled solution�liquid�solid (EC-SLS)

method by varying the electrochemical po-

tential of the catalyst seed particles.13 The EC-

SLS method enables the simultaneous syn-

thesis and integration of nanowires into

device geometries. In this article, we extend
the EC-SLS technique to the growth of InP
nanowires. An important new aspect is our
ability to observe nanowire bridging, in situ,
by measuring the conductivity across the bi-
ased electrodes during nanowire growth. In
addition, we demonstrate the ability to di-
rectly integrate InP nanowires into devices
by growing InP nanowires in a field effect
transistor geometry. Structures fabricated us-
ing the EC-SLS scheme could be applied to
nanoelectronics,1,14,15 light emitting
diodes,16�18 solar cells,19�24 and batteries.25

RESULTS AND DISCUSSION
A schematic of the experimental setup

used to grow InP nanowires using the EC-
SLS method is shown in Figure 1a. To make
the substrate and mount resistant to the re-
action conditions, only chemically inert
and heat resistant materials such as glass,
stainless steel, and Teflon were used. An op-
tical image of a mounted sample can be
seen in Figure 1b. The samples consisted
of fused silica substrates with three pairs of
interdigitated electrodes composed of a 5
nm titanium adhesion layer, a 75 nm plati-
num layer, and a 20 nm bismuth layer. The
bismuth layer dewets and forms islands
with diameters of roughly 50�100 nm, that
serve as catalyst seed particles.13,26 The
channel length of each electrode pair was
�55 mm and the gap width was �10 �m
(see Figure 2a). During a reaction, the
sample was immersed in a tri-n-octyl-
phoshine (TOP) solvent at a temperature of
285 °C (see Figure 1a). Next, a bias voltage
was applied and a precursor solution con-
taining indium(III)�iodide and tris(diethyl
amino) phosphine in oleyl amine was in-
jected dropwise over the course of 3 min.
After precursor injection, the samples were
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ABSTRACT Indium phosphide nanowires are of significant technological interest for applications ranging

from single junction solar cells to high speed electronics. However, the efficient placement and integration of

nanowires into devices remains a significant challenge. Here we extend the technique of electrically controlled

solution�liquid�solid (EC-SLS) catalytic nanowire growth to indium phosphide. We are able to control the

amount of nanowire growth by varying the bias voltage between the electrodes in solution, and to monitor

nanowire bridging across the electrodes by recording the conductivity as a function of growth time. The as-

grown indium phosphide nanowires exhibit n-type conductivity as was determined by the in situ integration of

nanowires into a field effect transistor geometry. The ability to monitor nanowire growth and electrically control

nanowire placement are valuable tools for fabricating nanowire devices. The EC-SLS process has the potential to

aid in the fabrication of nanowire devices that could find applications in nanoelectronics, and as electrodes in solar

cells and batteries.
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left in solution under constant temperature and bias

voltage for another 2 min, before being withdrawn

from the growth-solution.

Optical images of the interdigitated electrode ge-

ometry before and after growth at 0.5 and 2 V can

be seen in Figure 2 panels a, b, and c, respectively.

The nanowires are almost completely confined to

the gaps between the electrodes, indicating that

growth emanates from the electrode edges and is

guided across the gap by the electric field. The cor-

relation between electric field strength and, hence,

surface charge density on the electrode and the fo-

cusing of nanowire growth along the electrode

edges is supported by the simulation of the electric

field strength in Figure 2e.27 In particular, the well-

known effect of electric field bunching at the edges

of thin metal sheets is easily seen.28 As in the case of

CdSe,13 InP nanowire growth is promoted on the

low potential electrode (see also Supporting

Information).

Characterization of the InP nanowires was carried

out by scanning electron microscopy (SEM), high reso-

lution transmission electron microscopy (HRTEM), and

scanning transmission electron microscopy (STEM). An

SEM image of a sample grown at a bias of 2 V is shown

in Figure 3a. Nanowire growth is almost exclusively lim-

ited to a narrow region within 200�300 nm of the elec-

trode edge, and bismuth islands showing no nanowire

growth are clearly visible farther away from the elec-

trode edge. The focusing of nanowire growth along the

electrode edges correlates well with the magnitude of

the electric field in the simulation shown in Figure 2e.

As can be seen in the HRTEM image in Figure 3b, the

nanowires tend to be polycrystalline, as could be ex-

pected from the frequent changes in wire-shape and di-

rection seen in Figure 3a. This behavior could be re-

lated to the zinc-blende crystal structure of InP and the

twinning behavior observed in MOCVD grown InP

nanowires by Woo et al.29 In contrast, CdSe nanowires

grown by the EC-SLS technique show a high degree of

crystallinity owing to their preferred growth direction

along the (001) axis of the wurtzite crystal lattice.13 We

attribute the approximately 5 nm thick amorphous

Figure 1. Experimental setup. (a) Schematic of the setup
used to grow InP nanowires off Bi catalyst particles on Pt
electrodes in solution. The temperature of the solution was
monitored with a thermocouple inserted through a fourth
neck (not shown). (b) Optical image of the sample holder;
scale bar � 5 mm. Three interdigitated electrodes labeled
1st, 2nd, and 3rd can be biased in parallel, allowing for three
separate devices to be fabricated simultaneously.

Figure 2. InP nanowire growth as a function of bias voltage.
(a) Optical image of a pair of interdigitated electrodes with-
out nanowires; (b) same geometry as in panel a after InP
nanowire growth at a bias of 0.5 V; and (c) after growth at a
bias of 2.0 V. The scale bars in panels a�c are 0.3 mm. (d)
Highlighted region in panel b at higher magnification; scale
bar � 10 �m. (e) Schematic of the cross-section of two adja-
cent electrode edges (to scale), including a simulation of
the absolute magnitude of the electric field at a bias of 2 V;
scale bar � 2 �m.
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outer layer to the formation of a native oxide layer. Fig-

ure 3c highlights the line-scan along the wire used for

elemental analysis by STEM shown in Figure 3d. The

higher average atomic percentage of indium, 56%, rela-

tive to phosphorus, 44%, can be attributed to the

indium-rich native oxide layer typically observed on

InP.30

The current across three electrode pairs, connected

in parallel, during the growth of InP nanowires at a con-

stant bias of 1 V is plotted in Figure 4. The pure TOP so-

lution is relatively insulating with a conductivity below

3 �S. Drop-wise injection of the indium and phospho-

rus precursors begins at 100 s and the growth-solution

maintains its low initial conductivity until the current

begins to rapidly increase at �200 s. The rapid increase

in current slows down at �260 s and precursor injec-

tion is completed at 280 s. The current then shows a

slow linear increase over the period from 280 to 400 s,

while the sample remains in solution under constant

bias. When the sample is withdrawn from the solution

around 400 s the current shows a sharp decrease.

We interpret the rapid increase in current at �200 s

as the onset of InP nanowires bridging the electrode

gap. If the increase in current were solely due to an in-

crease in conductivity of the growth solution as the in-

dium and phosphorus precursors are added, the current

increase could be expected to set in immediately after

precursor injection begins around 100 s. We also mea-

sured the conductivity of the indium and phosphorus

precursors by only injecting one of the two precursors

under otherwise identical synthesis conditions. In both

cases the conductivity remained below 3 �S during the

entire run, more than a factor of 1000 below the peak

conductivity value in Figure 4. This indicates that the

observed increase in current at �200 s results from InP

nanowires bridging the electrode gap. We interpret the

nearly 100 s delay between the beginning of precursor

injection and the rapid increase in current as the time it

takes the InP nanowires to grow across the 10 �m

wide electrode gap. The slow increase in current after

precursor injection ends at 280 s could be due to addi-

tional bridging events resulting from wire growth from

residual precursors in solution. However, chemical ef-

fects related to doping or better contact formation at

the nanowire/electrode interface could also be respon-

sible for the increase in current. The sharp decrease in

current when the sample is withdrawn from the growth

solution at 400 s can be attributed to a decrease in the

number of thermally activated charge carriers as the

sample cools (for a detailed discussion see Supporting

Information). This suggests that monitoring the con-

Figure 3. InP nanowire characterization. (a) Scanning elec-
tron microscope image of InP nanowires grown off the edge
of a platinum electrode with bismuth beads on the surface;
scale bar � 1 �m. (b) High resolution transmission electron
microscope image of an InP nanowire; scale bar � 5 nm. (c)
Scanning transmission electron microscope image of an InP
nanowire used for elemental analysis; scale bar � 100 nm.
(d) Relative atomic weight of indium and phosphorus as a
function of position along the line highlighted in panel c, ob-
tained from energy dispersive X-ray spectroscopy.

Figure 4. Current sensing across the electrode gap during
the InP nanowire growth process as a function of time and
at a constant bias of 1 V.
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ductivity during the EC-SLS growth process may serve

as a useful tool for assessing in situ device formation.

The conductivity at 5 V of a series of devices

grown at different bias voltages is plotted in Figure

5. The measurements were taken in a probe station

under ambient conditions after removing the

samples from solution and rinsing them with hex-

anes. When both electrodes were grounded during

growth, only a small amount of wire growth result-

ing in a relatively low conductivity was observed. As

in the case of CdSe, InP wire growth is inhibited at

zero bias when the bismuth catalyst particles are in

contact with the platinum electrodes up to temper-

atures exceeding 310 °C. In contrast, normal SLS

nanowire growth is observed under otherwise iden-

tical growth conditions when the bismuth seed par-

ticles are placed on an insulating substrate like sili-

con oxide. Growth inhibition on platinum substrates

is probably due to electron depletion of the bis-

muth particles resulting from the difference in work

function between the two metals.31 Applying a volt-

age reverses this effect on the low potential elec-

trode by inducing a negative surface charge and

hence compensating for electron depletion by the

platinum substrate. The exact chemical reactions

that take place when the indium and phosphorus in

the precursor compounds are taken up by the bis-

muth catalyst seed particles are still unknown.

Growth inhibition from electron depleted bismuth

seed particles on platinum substrates could be re-

lated to a diminished ability of the bismuth to re-

duce and uptake indium. The small amount of InP

nanowire growth, even at zero bias, could be related

to the titanium adhesion layer that is exposed at

the electrode edges or to bismuth particles that have

migrated off the platinum electrodes onto the insu-

lating substrate. When a growth bias of 0.5 V is ap-

plied, the average device conductivity increases by

over an order of magnitude to about 2 � 10�5 S and

a similar conductivity is observed for devices grown

at 1 and 2 V. The saturation in conductivity as a func-

tion of growth voltages is surprising since there is a

clear increase in wire material as a function of

growth voltage as can be seen in Figure 2a�c. An ex-

planation could be that the number of active cata-

lyst seed particles at the electrode edges is similar

for different growth voltages. The difference in over-

all wire material would then arise from an increase

in wire length as a function of growth voltage, with

a similar number of bridging nanowires largely inde-

pendent of growth voltage. However, processes at

the nanowire�electrode contacts and more com-

plex electrochemical effects may also be involved.

The inset in Figure 5 shows the I�V curves of three

devices grown in parallel at 2 V. The conductivity

suppression around zero bias is typical for Schottky

barrier formation in metal�semiconductor�metal
contacts.

To determine the majority charge carrier type, we
grew InP nanowire mats in a field effect transistor ge-
ometry using the EC-SLS technique (Figure 6a). Nano-
wire growth was carried out with one electrode
grounded and the counter-electrode and doped sili-
con back gate held at �0.5 V in order to promote nano-
wire growth along the substrate surface. An SEM im-
age of InP nanowires grown in transistor geometry
is shown in Figure 6b. Current traces as a function of
back gate voltage, at a constant bias of 1 V, are
shown for two devices in Figure 6c,d. The observed
hysteretic behavior may be related to trapping of
charge carriers by the native oxide layer. The gating
characteristics of both devices indicate that the ma-

Figure 5. Conductivity as a function of bias voltage dur-
ing growth. The conductivity, measured at a bias of 5 V,
for three devices fabricated in parallel under the same
conditions is plotted as a function of growth voltage. The
inset shows the I�V curves of three devices grown in par-
allel at a bias of 2 V.

Figure 6. InP nanowire mats grown in a field effect transistor
geometry. (a) Optical image of the InP nanowire field effect
transistor device. (b) Scanning electron microscope image of a
region of the device shown in panel a. (c and d) Current as a
function of back gate voltage at a constant electrode bias of
1 V for two devices.
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jority of charge carriers in our EC-SLS grown InP
nanowire mats are n-type.

CONCLUSION
We have demonstrated the electrically controlled

solution�liquid�solid (EC-SLS) process for InP nano-
wires. A particularly attractive feature is our ability to
monitor the bridging of nanowires across the electrode

gap during the growth process, by simultaneously mea-
suring the conductivity. Nanowire growth by the EC-
SLS process has been shown to be a versatile and gen-
eral process and could facilitate the direct integration of
a wide variety of solution processed nanowires32 and
oriented nanowire heterostructures26 into functional
device geometries. The detailed processes underlying
the EC-SLS process remain a point of scientific interest.

MATERIALS AND METHODS
The experimental setup is shown in Figure 1, additional de-

tails can be found in ref 13.

Sample Preparation. Interdigitated electrodes (5 nm titanium
adhesion layer, 75 nm platinum layer, 20 nm bismuth catalyst
layer, thermally evaporated) with a channel length of about 55
mm and a width of about 10 �m were defined on fused silica
substrates (12.5 mm � 12.5 mm � 0.5 mm, MTI Corp.) by opti-
cal lithography. Samples used for the field effect transistor geom-
etry consisted of interdigitated electrodes with a channel length
of 18 mm and a width of 50 �m on degenerately doped silicon
substrates with a 300 nm layer of insulating thermal oxide. As be-
fore, the electrodes consisted of a 5 nm Ti layer, a 75 nm Pt
layer, and a 20 nm Bi layer.

Synthesis. A four-neck reaction flask was filled with 45 mL of
tri-n-octylphosphine (Strem, 97%) under air-free conditions and
heated to 285 °C. A stock solution of 0.25 M InI3 (Alfa Aesar,
99.999%) in oleyl amine (Acros Organics, previously degassed
under vacuum at 120 °C for 2 h) was prepared under nitrogen at-
mosphere. A 2 mL portion of the 0.25 M InI3 stock solution was
then added to 500 mg of tris(diethylamino)phosphine (Alfa Ae-
sar). The resulting precursor solution was injected dropwise over
the course of 3 min into the reaction flask containing the bi-
ased electrodes immersed in TOP at 285 °C.

Acknowledgment. This research was funded in part by the Na-
tional Science Foundation (NIRT-GLV13-01), the Army Research
Office through the Institute for Soldier Nanotechnologies
(W911NF-07-D-0004), and the NSF-NSEC program (PHY-
0646094). The research made use of the NSEC shared user facili-
ties at MIT and Harvard (CNS), and the shared user facilities of the
NSF-MRSEC program (DMR-0819762). The authors declare that
they have no conflicting financial interests.

Supporting Information Available: Optical images of InP nano-
wire growth from the low potential electrode and additional
SEM images of InP nanowires grown by EC-SLS. An analysis of
the temperature dependence of InP nanowire conductivity as
well as an example of InP SLS growth on an insulating substrate
are provided. This material is available free of charge via the In-
ternet at http://pubs.acs.org.

REFERENCES AND NOTES
1. Duan, X. F.; Huang, Y.; Cui, Y.; Wang, J. F.; Lieber, C. M.

Indium Phosphide Nanowires as Building Blocks for
Nanoscale Electronic and Optoelectronic Devices. Nature
2001, 409, 66–69.

2. Bhunia, S.; Kawamura, T.; Watanabe, Y.; Fujikawa, S.;
Tokushima, K. Metalorganic Vapor-Phase Epitaxial Growth
and Characterization of Vertical InP Nanowires. Appl. Phys.
Lett. 2003, 83, 3371–3373.

3. Bhunia, S.; Kawamura, T.; Fujikawa, S.; Tokushima, K.;
Watanabe, Y. Free-Standing and Vertically Aligned InP
Nanowires Grown by Metalorganic Vapor Phase Epitaxy.
Phys. E 2004, 21, 583–587.

4. Borgstrom, M. T.; Norberg, E.; Wickert, P.; Nilsson, H. A.;
Tragardh, J.; Dick, K. A.; Statkute, G.; Ramvall, P.; Deppert,
K.; Samuelson, L. Precursor Evaluation for in Situ InP
Nanowire Doping. Nanotechnology 2008, 19.

5. Trentler, T. J.; Hickman, K. M.; Goel, S. C.; Viano, A. M.;
Gibbons, P. C.; Buhro, W. E. Solution�Liquid�Solid
Growth of Crystalline III�V SemiconductorsOAn Analogy
to Vapor�Liquid�Solid Growth. Science 1995, 270,
1791–1794.

6. Trentler, T. J.; Goel, S. C.; Hickman, K. M.; Viano, A. M.;
Chiang, M. Y.; Beatty, A. M.; Gibbons, P. C.; Buhro, W. E.
Solution�Liquid�Solid Growth of Indium Phosphide
Fibers from Organometallic Precursors: Elucidation of
Molecular and Nonmolecular Components of the Pathway.
J. Am. Chem. Soc. 1997, 119, 2172–2181.

7. Wang, J. F.; Gudiksen, M. S.; Duan, X. F.; Cui, Y.; Lieber,
C. M. Highly Polarized Photoluminescence and
Photodetection from Single Indium Phosphide Nanowires.
Science 2001, 293, 1455–1457.

8. Fanfair, D. D.; Korgel, B. A. Bismuth Nanocrystal-Seeded
III�V Semiconductor Nanowire Synthesis. Cryst. Growth
Des. 2005, 5, 1971–1976.

9. Wang, F.; Yu, H.; Li, J.; Hang, Q.; Zemlyanov, D.; Gibbons,
P. C.; Wang, L. W.; Janes, D. B.; Buhro, W. E. Spectroscopic
Properties of Colloidal Indium Phosphide Quantum Wires.
J. Am. Chem. Soc. 2007, 129, 14327–14335.

10. Strupeit, T.; Klinke, C.; Kornowski, A.; Weller, H. Synthesis of
InP Nanoneedles and Their Use as Schottky Devices. ACS
Nano 2009, 3, 668–672.

11. Liu, Z. P.; Sun, K.; Jian, W. B.; Xu, D.; Lin, Y. F.; Fang, J. Y.
Soluble InP and GaP Nanowires: Self-Seeded, Solution�
Liquid�Solid Synthesis and Electrical Properties.
Chem.OEur. J. 2009, 15, 4546–4552.

12. Buhro, W. E.; Hickman, K. M.; Trentler, T. J. Turning Down
the Heat on Semiconductor Growth: Solution-Chemical
Syntheses and the Solution�Liquid�Solid Mechanism.
Adv. Mater. 1996, 8, 685.

13. Dorn, A.; Wong, C. R.; Bawendi, M. G. Electrically Controlled
Catalytic Nanowire Growth from Solution. Adv. Mater.
2009, 21, 3479–3482.

14. De Franceschi, S.; van Dam, J. A.; Bakkers, E.; Feiner, L. F.;
Gurevich, L.; Kouwenhoven, L. P. Single-Electron Tunneling
in InP Nanowires. Appl. Phys. Lett. 2003, 83, 344–346.

15. Doh, Y. J.; De Franceschi, S.; Bakkers, E.; Komenhoven, L. P.
Andreev Reflection versus Coulomb Blockade in Hybrid
Semiconductor Nanowire Devices. Nano Lett. 2008, 8,
4098–4102.

16. Gudiksen, M. S.; Lauhon, L. J.; Wang, J.; Smith, D. C.; Lieber,
C. M. Growth of Nanowire Superlattice Structures for
Nanoscale Photonics and Electronics. Nature 2002, 415,
617–620.

17. Minot, E. D.; Kelkensberg, F.; van Kouwen, M.; van Dam,
J. A.; Kouwenhoven, L. P.; Zwiller, V.; Borgstrom, M. T.;
Wunnicke, O.; Verheijen, M. A.; Bakkers, E. Single Quantum
Dot Nanowire LEDs. Nano Lett. 2007, 7, 367–371.

18. Zwiller, V.; Akopian, N.; van Weert, M.; van Kouwen, M.;
Perinetti, U.; Kouwenhoven, L.; Algra, R.; Rivas, J. G.;
Bakkers, E.; Patriarche, G.; et al. Optics with Single
Nanowires. C. R. Phys. 2008, 9, 804–815.

19. Heller, A.; Vadimsky, R. G. Efficient Solar to Chemical
ConversionO12% Efficient Photoassisted Electrolysis in
the p-Type InP(Ru)/HCl-KCl-Pt(Rh) Cell. Phy. Rev. Lett. 1981,
46, 1153–1156.

A
RT

IC
LE

VOL. 3 ▪ NO. 10 ▪ DORN ET AL. www.acsnano.org3264



20. Jayadevan, K. P.; Tseng, T. Y. One-Dimensional Semi
conductor Nanostructures as Absorber Layers in Solar
Cells. J. Nanosci. Nanotechnol. 2005, 5, 1768–1784.

21. Novotny, C. J.; Yu, E. T.; Yu, P. K. L. InP Nanowire/Polymer
Hybrid Photodiode. Nano Lett. 2008, 8, 775–779.

22. Muskens, O. L.; Rivas, J. G.; Algra, R. E.; Bakkers, E.;
Lagendijk, A. Design of Light Scattering in Nanowire
Materials for Photovoltaic Applications. Nano Lett. 2008, 8,
2638–2642.

23. Kupec, J.; Witzigmann, B. Dispersion, Wave Propagation
and Efficiency Analysis of Nanowire Solar Cells. Opt.
Express 2009, 17, 10399–10410.

24. Goto, H.; Nosaki, K.; Tomioka, K.; Hara, S.; Hiruma, K.;
Motohisa, J.; Fukui, T. Growth of Core�Shell InP
Nanowires for Photovoltaic Application by Selective-Area
Metal Organic Vapor Phase Epitaxy. Appl. Phys. Express
2009, 2.

25. Kishore, M.; Varadaraju, U. V. Phosphides with Zinc Blende
Structure as Anodes for Lithiumion Batteries. J. Power
Sources 2006, 156, 594–597.

26. Ouyang, L.; Maher, K. N.; Yu, C. L.; McCarty, J.; Park, H.
Catalyst-Assisted Solution�Liquid�Solid Synthesis of
CdS/CdSe Nanorod Heterostructures. J. Am. Chem. Soc.
2007, 129, 133–138.

27. Maxwell, 2D Electromagnetic Field Simulation; Ansoft LLC:
Pittsburgh, PA, 2005.

28. Jackson, J. D. Classical Electrodynamics; John Wiley & Sons,
Inc.: 1975; 75�78.

29. Woo, R. L.; Xiao, R.; Kobayashi, Y.; Gao, L.; Goel, N.; Hudait,
M. K.; Mallouk, T. E.; Hicks, R. F. Effect of Twinning on the
Photoluminescence and Photoelectrochemical Properties
of Indium Phosphide Nanowires Grown on Silicon (111).
Nano Lett. 2008, 8, 4664–4669.

30. Shibata, N.; Ikoma, H. X-Ray Photoelectron Spectroscopic
Study of Oxidation of InP. Jpn. J. Appl. Phys., Part 1 1992,
31, 3976–3980.

31. Paffett, M. T.; Campbell, C. T.; Taylor, T. N. Adsorption and
Growth Modes of Bi on Pt(111). J. Chem. Phys. 1986, 85,
6176–6185.

32. Kuno, M. An Overview of Solution-Based Semiconductor
Nanowires: Synthesis and Optical Studies. Phys. Chem.
Chem. Phys. 2008, 10, 620–639.

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 10 ▪ 3260–3265 ▪ 2009 3265


