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A modified chemical vapor deposition process was used to synthesize long (>10 μm), 20-60 nm
diameter CdSe and CdTe nanowires (NWs) at low temperatures on plastic. The approach applies
synthetic strategies developed during the growth of solution-based semiconductor NWs. Namely, a
thin Bi film is employed to induce NW growth at temperatures as low as∼300 �C on polyimide. This
plastic is flexible, semitransparent, and possesses excellent chemical stability. Resulting wires have
subsequently been characterized using various techniques, including scanning electron microscopy,
transmission electron microscopy, and energy-dispersive X-ray spectroscopy. NW formation
appears to follow a vapor-liquid-solid (VLS)mechanismwithBi nanoparticles inducing directional
growth. The length, width, and overall density of the wires can be modified by varying the growth
temperature, Bi film thickness, as well as the introduced precursor metal:chalcogen stoichiometry.
Additional studies were conducted to grow wires on other substrates such as silicon, glass,
indium-tin-oxide coated glass coverslips, and Teflon. This study highlights the ability to synthesize
II-VI NWs at low temperatures on various materials including plastics and raises the possibility of
eventually developing conformal NW solar cells.

Introduction

Semiconductor nanowires (NWs) have recently been
applied toward proof-of-concept optical and electrical
devices such as sensors,1,2 transistors,3,4 and photo-
detectors.5-7 These studies have primarily employed
NWs synthesized via vapor-liquid-solid (VLS) growth.
The process, with some notable exceptions,8 employs high
temperatures (T > 500 �C)9 and “catalyst” metal nano-
particles to induce the asymmetric growth of semicon-
ductors on a substrate. Highly crystallineNWs result with
diameters comparable to those of starting nanoparticles
and with lengths exceeding 1 μm. Recent developments in
the field have been summarized in refs 10 and 11.
At the same time, potential applications exist where

it would be advantageous to directly grow NWs onto

substrates at low temperatures. For example, NWs could
be grown onto existing electronic circuits or, alterna-
tively, onto flexible conductive substrates for applications
related to the development of conformal solar cells. Thus,
interest exists in alternative, low temperature NWgrowth
strategies.
In this study we demonstrate the low temperature

growth of CdSe and CdTe NWs on a flexible plastic
(polyimide) substrate. The approach is a modified che-
mical vapor deposition (CVD) process based on tradi-
tional VLS growth. While the choice of CdSe or CdTe is
driven primarily by synthetic considerations, both mate-
rials are potential candidates for NW-based solar cells
since their direct band gaps (Eg = 1.74 and 1.50 eV at
300 K, respectively) correspond well to the solar spec-
trum. In this regard, previous studies have illustrated how
CdSe or CdTe quantum dots (QDs)12 and nanorods
(NRs)13,14 can be employed in actual solar photovoltaics
with significant (∼3%) power conversion efficiencies
when configured as Type-II heterojunctions.15

Inwhat follows, we put ourwork into context by briefly
outlining approaches for synthesizing NWs. Emphasis is
placed on SLS and VLS growth. Namely, existing NW
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growth methodologies include template approaches16 as
well as solution-based methods such as oriented attach-
ment,17 solution-liquid-solid (SLS),18,19 and supercriti-
cal-fluid-liquid-solid (SFLS)20 growth.More common
approaches include thermal evaporation,21 laser abla-
tion,22,23 and VLS9 growth.
In the latter VLS mechanism, an inert carrier gas

transports vapor phase precursors into a heated reactor.
As originally proposed by Wagner and Ellis,24 whisker
growth is aided by the presence of amoltenmetal catalyst,
containing elements derived from vapor phase precur-
sors. When particle saturation occurs, the desired semi-
conductor nucleates and precipitates at the liquid
catalyst/solid substrate interface. Continued addition of
material at this junction then leads to directional semi-
conductor growth. The use of nanometer-sized metal
catalyst droplets ensures NW formation since a direct
proportionality exists between starting nanoparticle (NP)
diameters and those of resulting wires.25 This application
of molten, nanometer-sized metal catalysts is also com-
mon to SLS growth.18,19

In this regard, the primary feature distinguishing SLS
from VLS growth is the use of catalyst particles with
melting points suitable for solution chemistry. Namely,
elements such as In (Tm=157 �C),26 Sn (Tm=232 �C),27

Bi (Tm= 271 �C), and Pb (Tm= 328 �C)28 are often used
overAu (Tm=1064 �C)which is a commonVLS catalyst.
A number of solution-based reactions have therefore
focused on Bi or Au/Bi core/shell NPs to induce NW

growth within the following semiconductor families:
Group IV: Si,29 Ge,30 Group II-VI: ZnTe,19 CdS,31

CdSe,32-35 CdTe,36,37 Group III-V: InP,38,39 InAs,38,40

GaP,38 and GaAs,41 Group IV-VI: PbS,42 and PbSe.43

This realization that Bi promotes low temperature NW
growth in a variety of systems has motivated extensions
of these studies. For example, Ouyang and Park have
synthesizedCdS/CdSeNWheterostructures directly onto
Bi-coated silicon and III-V substrates in solution.44 The
approach has also been used by Dorn and Bawendi to
generate substrate-localized CdSe NWs, employing an
external electric field to aid their growth.45 Likewise,
short CdTe NRs have been synthesized onto Bi-coated
sapphire by laser ablation.46

In this study, we employ thin Bi films to promote CdSe
and CdTe NW growth on flexible plastic substrates. This
is motivated by potential uses of such NWs in applica-
tions where conformal properties would be advanta-
geous. An example entails constructing flexible, NW-
based solar cells. Furthermore, the ability to synthesize
semiconductor NWs directly onto such substrates at low
temperatures may have other applications that we do not
yet foresee.

Experimental Section

Materials.Hexane, acetone, and toluene were purchased and

used as received from Fisher Scientific. Dimethylcadmium

(CdMe2, Strem) was filtered through a 0.2 μm PTFE syringe

filter in a nitrogen-filled glovebox and was stored in a freezer.

Bis(trimethylsilyl)selenide [(TMS)2Se, Gelest] and bis(tri-

methylsilyl)telluride [(TMS)2Te, Acros] were used as received

and were also stored in a glovebox freezer. Bismuth pellets

(g99.99%) and indium wire (g99.99%) were purchased from

AlfaAesar. Indium-tin-oxide (ITO) coated glass coverslips were

purchased from SPI Supplies. Silicon wafers were purchased

from MEMC Electronic Materials. Polyimide sheets were

donated by Dupont.

Thin Film Formation.All substrates were sonicated in acetone

for 5 min prior to use. Bismuth or indium was evaporated onto

substrates using a thermal evaporator (Ladd). Film thicknesses

were monitored using a quartz crystal microbalance (Sycon).

CdSe/CdTe Nanowire Synthesis. Substrates were placed atop

a holder situated at the center of a single zone ceramic tube

furnace. The unit was then heated, and the substrate’s tempera-

ture was monitored using a thermocouple attached directly to

the holder. In parallel, two 10 mL solutions, consisting of

CdMe2 in hexane and (TMS)2Se [or (TMS)2Te] in hexane, were

prepared under nitrogen in a glovebox.

Various metal:chalcogen mole ratios were employed during

these reactions. Stoichiometric 1:1 metal:chalcogen mole ratio

solutions were prepared for CdSe reactions by adding 12 μL
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(167 μmol) of CdMe2 and 42 μL (167 μmol) of (TMS)2Se each to

10 mL hexane. Analogous 2:1 metal:chalcogen solutions were

prepared for CdTe reactions by adding 24 μL (332 μmol) of

CdMe2 and 47 μL (166 μmol) of (TMS)2Te each to 10 mL

hexane. To prevent Te from precipitating due to exposure to

light and air, (TMS)2Te solutions were stored in N2-filled

containers covered by aluminum foil prior to use.

When a desired substrate temperature was reached, both

metal:chalcogen solutions were added to two bubblers con-

nected to the tube furnace and were subsequently introduced

by passing nitrogen through them. The N2 flow rate was set to

200 cc/min. Following addition, the reaction was left to run for

approximately 45min until the bubblerswere completely dry.At

this point, the reactor was allowed to cool under nitrogen for

30 min. Substrates were then removed and were stored in

airtight containers for further analysis.

Control experiments were conducted by omitting Bi films

from substrates. NW growth was then attempted with these

“blanks”. In no case were wires observed, regardless of reaction

condition. This indicates the necessity of Bi for NWproduction.

Furthermore, bulk CdSe powder was also tested as a potential

precursor by adding 10mg (52.3 μmol) to a crucible and loading

it into the reactor. The systemwas then heated to 400 �Candwas

left at this temperature for 45 min prior to cooling. Again, no

CdSe NWs were obtained under these conditions. Lastly, to test

the impact of reaction time, a typical (optimized) reaction was

stopped after 20 min and was allowed to cool. Although NWs

were obtained, they were found to be shorter than wires grown

for the full 45 min duration of a typical reaction.

Characterization. Resulting samples were primarily chara-

cterized using scanning electron microscopy (SEM) and trans-

mission electron microscopy (TEM). To prepare samples for

SEM experiments, approximately 5 nm of chromium was

deposited onto specimens using a sputter coater (Emitech).

SEM studies were conducted using a Hitachi S-4500 field

emission scanning electron microscope. Energy-dispersive

X-ray spectroscopy (EDXS) experiments were also carried out

using both SEM-based (4pi) and TEM-based (Thermo) EDXS

attachments.

TEMspecimenswere prepared by first sonicatingNW-coated

substrates in toluene. Resulting NW suspensions were then

dropcast onto ultrathin carbon-coated TEM grids (Ladd) and

were allowed to dry. Preliminary low resolution TEM imaging

was conducted with a JEOL 100SX instrument. Both low and

high resolution TEM micrographs as well as selected area

diffraction patterns were taken with a JEOL 2010 LaB6 TEM.

NW diameters were determined by measuring over 100 wires

within a given ensemble.

Optical Studies. Linear extinction measurements were con-

ducted with a Cary 50 Bio UV/Visible spectrometer. Photo-

luminescence experiments were carried out using a home-built

microscope system based on a Nikon TE2000U frame and

capable of single molecule imaging. NWs were excited using

the 473 nm output of a CW diode laser (Oxxus). Detected

emission was then imaged with a Peltier cooled CCD (DVC).

More information about the apparatus can be found in ref 47.

Incident photon to carrier conversion efficiencies and photo-

current action spectra were obtained separately using a different

home-built microscope described in more detail in ref 7. To

construct rudimentary photoelectrochemical solar cells, NWs

were grown directly onto ITO-coated glass coverslips. A 0.05M

Na2S solution was then used as a redox couple along with Pt foil

as a counter electrode. Samples were subsequently excited using

the grating dispersed output of a supercontinuum white light

source (Fianium).

Results and Discussion

Given prior successes using Bi to induce the solution-
phase growth of NWs, we were interested in investigating
whether it could also be used to produce wires at low
temperatures on plastic through VLS growth. CdSe and
CdTe were therefore chosen as candidate materials given
that we and others have previously shown that Bi readily
promotes their directional crystallization in SLS pre-
parations.32-37 Furthermore, these materials have been
used in QD/NR-based photovoltaics and, as a conse-
quence, may have potential uses in NW-based solar cells.
Figure 1a and b show representative SEM images of

CdSe NWs grown on polyimide at 400 �C. The micro-
graphs reveal that NW growth can indeed be induced on
these flexible substrates. A cross-sectional SEM image of
CdSe NWs on polyimide is shown in Figure 1c, high-
lighting NW attachment to the substrate. A detailed
inspection of all micrographs indicates that obtained wire
diameters are much larger than those seen in counterpart
SLS specimens. Namely, analyses of these ensembles
show wire diameters on the order of 20-50 nm, whereas
lengths readily exceed 10 μm. By contrast, solution-based
CdSe NWs made using either ∼2-3 nm diameter Bi
NPs,33,48 or Bi alone,49 have mean diameters between 5
and 12 nm. Corresponding ensemble diameter distribu-
tions are on the order of 20-35% and are comparable to
but somewhat larger than those in SLS preparations
(15-30%).33

Figure 1. (a,b)Representative SEMmicrographs ofCdSeNWensembles
grown on polyimide at 400 �C. (c) Cross-sectional view of the polyimide
substrate with CdSeNWs grown onto it; (d) SEM-basedEDXS spectrum
of a CdSe NW ensemble on polyimide, showing its elemental composi-
tion: Cd: 52.07%, Se: 49.73% (σ=1.73). The C andO peaks are thought
to be predominantly polyimide relatedwhile the Bi peak likely stems from
surface localized Bi.
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By varying the identity of the chalcogen precursor,

namely from (TMS)2Se to (TMS)2Te, CdTe NWs could

also be obtained on polyimide. Figure 2a and b show

representative SEM micrographs of such ensembles

grown at 400 �C. The corresponding SEM cross-sectional

view (Figure 2c) also demonstrates that NWs adhere to

the substrate. As with prior CdSe NWs, obtained CdTe

diameters appear larger than those of comparable wires

made using solution chemistry.36,37 Mean CdTe NW

diameters range from 30 to 70 nm, whereas those of the

SLS wires vary between 8 and 10 nm. Ensemble diameter

distributions are also somewhat larger and range from 25

to 30%. In either case, elemental analysis confirms their

composition as demonstrated in Figure 2d. For either

CdSe or CdTe, additional single NW, TEM-based ele-

mental analyses (Supporting Information (SI) Figure S1)

confirm conclusions from (ensemble) EDXS measure-

ments. Color photographs of the resultingNW specimens

are shown in SI Figure S2.
Growth Parameters. To optimize NW growth, various

reaction parameters were altered. Specifically, we varied

the growth temperature, Bi film thickness, metal:chalco-

gen mole ratio, and identity of the low melting metal

“catalyst”. Comparisons to solution-based NW growth

could therefore be made, allowing points of commonality

to be identified. In all cases, polyimide was chosen as a

flexible plastic substrate since it was readily available,

possessed a relatively high melting threshold (Tm ∼
360-410 �C) and was also chemically stable. An addi-

tional study was conducted to investigate NW growth

on other substrates such as glass, indium-tin-oxide

and Teflon.
Growth Temperature. The key motivation of this study

was to investigate upper and lower temperature bounds
for NW growth on polyimide and to see whether result-
ing wires were crystalline. We note that analogous
solution-based NWs are highly crystalline despite low
(∼300 �C) growth temperatures.29-43 This might then

imply highly crystalline wires resulting from our CVD
studies.
CdSe and CdTe NWs were therefore synthesized on

polyimide at temperatures between 300 and 430 �C, using
thin bismuth films. Temperatures above 430 �C yielded
NWs but led to polyimide substrates becoming brittle
after cooling, making them prone to shattering. By con-
trast, temperatures below 300 �C did not generally pro-
mote NW growth.
An exception to this was the use of∼3 nm diameterAu/

BiNPs48 which yielded CdSeNWs on silicon at 250 �C. In
this case,NPswere dropcast directly onto substrates prior
to inserting them into the tube furnace. Although NWs
were obtained, resulting surface coverages were often
sparse, leading us to forego this approach in favor of
the above Bi thin film procedure. A SEM micrograph of
such Au/Bi-catalyzed NWs grown at 250 �C can be
found in SI Figure S3.
Notably, CVD reaction temperatures are slightly high-

er than those of previous CdSe32-35 (T = 250-350 �C)
and CdTe36,37 (T = 220-285 �C) SLS reactions. At the
lower end of the employed temperature range (300-
430 �C), occasional NWbranching33 was seen in resulting
ensembles. However, such samples contained a wide
variety of ill-defined NW morphologies with relatively
sparse surface coverages, short NW lengths (<2 μm) and
with diameters that tapered toward one end. By contrast,
reactions at temperatures above ∼370 �C yielded predo-
minantly straight NWs, which were long (>10 μm) and
which possessed relatively uniform dimensions. As a
consequence, CVD reactions were optimized in this tem-
perature regime.
High resolution TEM micrographs (HRTEMs) of

resulting CdSe and CdTe NWs are shown in Figure 3.
Specifically, Figure 3a and b illustrate high resolution
micrographs ofCdSewires grownon polyimide at 400 �C.
NWs are approximately 27 nm in diameter with accom-
panying width distributions of ∼23%. Complementary
HRTEM micrographs of analogous CdTe NWs grown
on polyimide at 400 �Care also shown inFigures 3c and d.
In both cases, insets show selected area electron diffrac-
tion (SAED) patterns of representative wires. Both
HRTEM and SAED images show that the produced
CdSe and CdTe NWs are predominantly polycrystalline.
This is unlike the case of solution-based CdSe and CdTe
NWswhich are highly crystalline despite their low growth
temperatures. Additional low and high resolution images
of these wires can be found in SI Figures S4 and S5.
Of note in either case is the appearance of occasional

narrow diameter NWs with widths on the order of 10-
20 nm. Their presence suggests that the vapor phase
approach can produce wires with comparable dimensions
to those from SLS preparations. However, despite nu-
merous attempts, we were not able to identify critical
parameters defining this growth regime.
At the same time, we find that a smaller subset of

crystalline CdO wires exists within these ensembles. They
tend to bemore apparent in CdSe than in CdTe. Figure 3e
and f shows representative HRTEM images of these

Figure 2. (a,b) Representative SEM micrographs of CdTe NW ensem-
bles grown on polyimide at 400 �C. (c) Cross-sectional view of the
polyimide substrate with CdTe NWs grown onto it; (d) SEM-based
EDXS spectrum of a CdTe NW ensemble on polyimide, showing its
elemental composition: Cd: 52.69%,Te: 47.31% (σ=3.83). The C andO
peaks are thought to be predominantly polyimide related.
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wires, which possess Æ100æ growth directions. A corre-
sponding SAED image has also been included as an inset.
We suspect that such wires may result from the presence of
residual oxygen in the system, despite the continuous flow
of N2 during the reaction. Although quantifying their
representation within an actual ensemble is difficult, visual
inspection andaccompanyingEDXSanalyses of individual
wires suggest that they are not themajority species in either
CdSe or CdTe ensembles. This is corroborated by the near
stoichiometric (ensemble) EDXS spectra of CdSe and
CdTe samples, shown in Figures 1d and 2d.

Bi Film Thickness. Bi film thicknesses directly impact
resulting NW diameters. Namely, thicker films yield

larger diameter wires. To illustrate, at 400 �C, a 10 nm

Bi film produces CdSe ensembleswithmeanwidths on the

order of ∼30 nm. By contrast, thinner (5 nm) films

produce wires with average diameters on the order of

∼20 nm. However, the diameter distribution becomes

wider and increases from ∼23% in the former case to

∼30% in the latter. An identical trend can be seen inCdTe

wires and similar sizing observations have been reported

by Ouyang and Park.44

We interpret Bi thickness-dependent diameters as the
result of thicker Bi films leading to larger NP droplets

when molten. This is corroborated by extensive studies

from Olson and Allen50 who have shown that Bi NP size

variations originate from thickness-dependent gaps bet-

ween “islands” formed during heating. The smaller fre-

quency of these gaps in thicker films leads to larger

islands, which in turn, result in larger NPs. The direct

relationship between catalyst film thickness51 (or droplet

size19) and NW diameter then results in large diameter

NWs. This behavior holds at the opposite limit and, as

such, thinner Bi films yield correspondingly thinner wires.

As an independent control experiment, we therefore

tested this trend by annealing a bismuth covered poly-

imide substrate at 400 �C under forming gas and find that

thicker films produce larger particles upon melting. This

is illustrated in the Supporting Information where Figure

S6 qualitatively demonstrates that 100, 50, and 10 nm Bi

films melt to yield successively smaller particles.
An additional influence of the Bi film thickness is the

apparent smoothness of resulting NWs. Namely, when
thick (>20 nm) Bi films are used, not only are resulting
wires thicker but they are also rougher. By contrast,
thinner films (<10 nm) lead to wires with relatively
smooth surfaces. The effect is illustrated in the SI through
representative SEM micrographs (Figures S7-S9). In
either case, we speculate that this may stem from catalyst
material diffusing toward the substrate during NW for-
mation.52 This would then induce subsequent radial
growth, which if uneven would lead to rough NW sur-
faces. Further studies, however, are needed to verify this
hypothesis.

Metal to Chalcogen Mole Ratio. As with temperature
and Bi film thickness, the metal to chalcogen mole ratio
significantly influences NW growth. Namely, raising this
value above 3:1 increases the resulting NW diameter,
reduces its length and leads to ill-defined morphologies.
To maximize the synthesis of thin CdSe or CdTe NWs,
the ratio was therefore kept as low as possible. However,
values of 1:3 did not promoteCdSe orCdTe growth. Thus
metal:chalcogen mole ratios were varied empirically bet-
ween these two limits to optimize their production.
In the case of CdSe, a 1:1 ratio worked best, whereas a

2:1 ratio was preferred for synthesizing CdTe NWs (SI
Figure S10). Samples made using these values demon-
strated the narrowest diameters, longest lengths, and
largest growth densities on polyimide. Despite slight
asymmetries in the introduced precursor stoichiometries,
ensemble and single wire EDXS measurements confirm
near stoichiometric 1:1 metal:chalcogen mole ratios in
both cases (Figures 1d, 2d, and S1 of the SI ).
Interestingly, differences exist between the optimal

metal:chalcogen stoichiometries described here and those
of prior solution-based syntheses. Namely, SLS CdSe,
and CdTe NWs utilize optimal metal:chalcogen ratios

Figure 3. HRTEM micrographs of (a, b) CdSe, (c, d) CdTe, and (e, f)
CdO NWs grown on polyimide at 400 �C. Insets correspond to selected
area diffraction patterns from representative NWs.

(50) Olson, E. A.; Efremov, M. Y.; Zhang, M.; Zhang, Z.; Allen, L. H.
J. Appl. Phys. 2005, 97, 9.

(51) Huang,M.H.;Wu, Y. Y.; Feick, H.; Tran,N.;Weber, E.; Yang, P.
D. Adv. Mater. 2001, 13, 113.

(52) Dick, K. A.; Deppert, K.; Samuelson, L.; Wallenberg, L. R.; Ross,
F. M. Nano Lett. 2008, 8, 4087.



82 Chem. Mater., Vol. 22, No. 1, 2010 Lee et al.

of 7:133 and 6:1.36 By contrast, more stoichiometric 1:1
(CdSe) and 2:1 (CdTe) values are used here.

Metal Catalyst Identity. To see whether NWs could be
synthesized at temperatures significantly below 300 �C,
additional growth studies were conducted using In thin
films. Bulk In has a melting point of 157 �C and can, in
principle, support low temperature NW growth. Indium-
catalyzed growth studies were therefore conducted by
depositing ∼10 nm of In onto polyimide.
However, under the same conditions used in optimized

Bi preparations, no NW growth was observed. Addi-
tional experiments, altering growth parameters such as
the metal to chalcogen mole ratio, film thickness and
growth temperature, were also conducted but likewise did
not produce NWs. In most cases, only In nanoparticles
were observed. The reason for this lack of reactivity is
unclear although it could stem from issues related to the
solubility of Cd or Se (Te) in In. In this respect, it is
notable that few studies26,53 have employed In as a low
melting catalyst to promote NW growth.
NWGrowthMechanism. In all cases, we posit that NW

growth occurs through a VLS mechanism. Namely, Bi
NP formation induces the asymmetric crystallization of
NWs on employed substrates. This hypothesis has been
supported by SEM observations of Bi particles attached
to NW ends as shown in Figure 4a. A corresponding
EDXS spectrum of a given Bi NP is also illustrated in SI
Figure S11. However, finding instances of such particles
attached toNW ends is often difficult for reasons that are
not completely clear. A potential explanation for this
involves catalyst diffusion from the NW tip to the sub-
strate during growth, as mentioned earlier. This pheno-
menon has recently been reported in Au-catalyzed

Si NWs52 and appears consistent with the difficulties
experienced here.
Similar problems seeing Bi NPs attached to NW ends

exist in TEM experiments although instances such as
Figure 4b can be found. We speculate that in these latter
experiments any remaining catalyst particles on the wires
may have further detached themselves during sample
preparation. In this regard, TEM specimens are prepared
by sonicating NWs off the polyimide substrate (see the
Experimental Section). This hypothesis is supported by
observed instances of blunt NW ends where it appears
that a particle might have once resided. Identical obser-
vations have been made with solution-based NWs and
have been similarly explained as catalyst NPs falling off
wires during post synthesis processing.33,36

Substrate Identity. As an additional study, we investi-
gated whether NWs could be produced on substrates
other than polyimide. NW growth was therefore
attempted on glass, indium-tin-oxide (ITO) coated
glass coverslips, silicon and Teflon. In all cases, Bi thin
films were used to promote NW growth. Figure 5 shows
representative SEM micrographs of wires produced on
silicon (Figure 5a), ITO (Figure 5b), and Teflon
(Figure 5c). A polyimide sample is shown in Figure 5d
for comparison purposes. Apparent NW growth can be
seen in all cases.
Note that comprehensive studies were not conducted to

optimizeNWgrowth on these alternative substrates aswe
were primarily interested in wire growth on polyimide.
We did notice, however, that under identical conditions
as optimized polyimide reactions, resulting NWs on ITO,
silicon and Teflon did not appear to possess comparable
qualities in terms of NW length, diameter, and growth
density. This may suggest additional substrate influences,
such as variations in surface temperature and degree of
catalyst diffusion to the substrate,52 which would, in turn,
lead to differences in NW size, shape, and morphology.
PreliminaryOptical Studies andApplications.Resulting

CdSe NWs were investigated optically to better charac-
terize their properties. For these measurements, samples

Figure 4. (a) SEM and (b) TEM micrographs illustrating catalyst parti-
cles at the tip of growing NWs.

Figure 5. SEMmicrographs of CdSe NWs grown on (a) silicon, (b) ITO
coated glass coverslips, (c) Teflon, and (d) polyimide. Inset: (d) color
photograph of the polyimide substrate before (left) and after (right) NW
growth.

(53) Yu, H.; Buhro, W. E. Adv. Mater. 2003, 15, 416.
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were prepared by directly synthesizing NWs onto glass
microscope coverslips under the optimized conditions
described above. Figure 6a shows a representative extinc-
tion spectrum (average NW diameter = 28 nm, σ =
∼23%). Apparent is an absorption onset around 685
nm (1.81 eV), consistent with prior linear absorption
measurements of CdSe NWs.32,48,49 However, a signifi-
cant scattering backgroundmakes determining the actual
peak position of their band edge absorption difficult. This
scattering contribution to the extinction can be seen
through a prominent tail in the spectrum that extends to
the red beyond 700 nm. The photoluminescence (PL)
signal of the sample is also shown and appears to be
band edge in nature. However, corresponding quantum
yields are low and lie below 0.1%, based on a comparison
to the emission of individual solution-basedCdSeNWs.47

Such QY comparisons were made by first estimating
the absorption cross section of an individual solution-
based CdSe NW. Various procedures exist for doing this

and can be found in refs 47, 54, and 55. Thus at a given

excitation intensity, the number of absorbed photons

could be determined. Then, given the collection efficiency

of our microscope (∼5%)47 as well as the measured count

rate on a single photon counting avalanche photodiode,

the number of photons emitted by the wire could be

determined. A representative solution-based NW QY of

∼0.1% was obtained as the ratio of emitted to absorbed

photons. Subsequent sample-to-sample QY estimates

were then based on brightness differences between

CVD-based and solution-based wires when imaged on a

CCD camera, taking into account differences in their

respective absorption cross sections.
Finally, to test the applicability of these NWs for solar

cell applications, preliminary proof-of-concept NW

photoelectrochemical cells were prepared. Specifically,

CdSe NWs were grown directly onto ITO-coated glass

coverslips. ANa2S redox couple (0.05M) was then added

to the sample along with a platinum counter electrode to

complete the photoelectrochemical cell. Devices were

illuminated with visible light using the tunable output of

a grating dispersed supercontinuum white light source,

and incident photon to carrier conversion efficiencies

(IPCE) were measured across the visible. Figure 6b plots

these values against excitation wavelength and show

numbers that vary from 1 to 8%. More importantly, the

resulting action spectrum closely resembles the extinction

spectrum of the wires, indicating that they are responsible

for the photoresponse.
Subsequent I-V measurements under simulated AM

1.5, 1 sun (100mW/cm2) conditions yield a representative

open circuit voltage of Voc = 0.54 V and a short circuit

current density of 121.63 μA/cm2 (inset, Figure 6b). A

corresponding fill factor is FF= 0.20 with an associated

power conversion efficiency of ∼0.013%. A table of

relevant parameters under other excitation intensities

can be found in the SI. Although the latter conversion

efficiency is low, this proof-of-principle demonstration

suggests that the wires may ultimately have photovoltaic

applications, and further studies into their limiting con-

straints are needed.

Conclusions

Using a modified CVD technique, employing a Bi

catalyst important to the solution-phase growth of 1D

nanostructures, CdSe and CdTe NWs were produced on

flexible plastic substrates. Specifically, a low melting Bi

thin film was used to promote NW growth directly onto

polyimide at temperatures as low as 300 �C. The method

was also successful in producingNWs on other substrates

such as silicon, glass, indium-tin-oxide (ITO) coated

glass coverslips, and Teflon.
Resulting NWs appear to grow through a VLS mecha-

nism. Namely, heating the substrate melts the Bi film and

eventually leads to the formation of nanometer-sized

Bi droplets. These molten NPs then solubilize elements

from the pyrolysis of gas phase precursors. Subsequent

Figure 6. (a) Extinction (solid blue line) and photoluminescence (dashed
red line) of a CdSe NW ensemble synthesized directly onto a glass
coverslip. (b) Extinction (dashed blue line) and incident photon to carrier
conversion efficiency (red circles) of CdSe NWs across the visible.

(54) Protasenko, V.; Bacinello, D.; Kuno, M. J. Phys. Chem. B 2006,
110, 25322.

(55) Giblin, J. P.; Protasenko, V.; Kuno, M. ACS Nano 2009, 3, 1979.
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saturation followed by nucleation results in NW growth
at the catalyst/substrate interface.
HRTEM micrographs suggest that the wires are poly-

crystalline and have diameters between 20 and 60 nm.
Accompanying lengths exceed 10 μm. Corresponding sur-
face coverages are high and, as such, may be of practical
interest. In this regard, our current synthetic and optical
studies suggest that future investigations may lead to the
efficient, low temperature, production of NWs on other
flexible/conductive substrates, which may in turn, enable
the development of conformal NW solar cells.
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