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dense array of perpendicularly
aligned but asymmetric semicon-
ductor nanorods with a composi-
tional change along the rod length is desi-
rable for a variety of systems where charge
separation across an interface is a first step:
catalytic systems, sensors, light-emitting
diodes, photovoltaics, and optoelectronics.
Building upon work by others,' * we have
recently shown that colloidal semiconduc-
tor nanorods of a single composition can be
organized by controlled evaporation over a
reasonable length scale for device charac-
terization.” However, the next step in pro-
ducing such films with broken symmetry
poses a challenge. While colloidal nanorods
can be made asymmetric in solution by
exploiting the different reactivity of the
facets of a low-symmetry crystal during
cation exchange,® it is still difficult to sub-
sequently organize the asymmetric nano-
rods such that they will all point in the same
direction. Evaporative assembly will not be
selective; introduction of a chemically selec-
tive agent on the substrate may produce
asymmetric alignment but will also likely
block the subsequent charge flow path-
ways. Here we demonstrate that it is possi-
ble to create the desired asymmetric film by
first assembling the single composition nano-
rods in an array and then performing cation
exchange on that film (Figure 1). The ion
exchange can be controlled to a high degree,
affording a powerful means of patterning the
nanorod films for subsequent use.

Cation exchange can be used to chemi-
cally convert the top layer of a crystalline
film by replacing one cation for another
while the anionic sublattice remains intact.
However, the conversion is uneven in poly-
crystalline films, as the rate of exchange
along different crystal axes can vary widely.”®
Columnar polycrystalline films yield im-
proved uniformity but contain grain bound-
aries down which cations can travel and
plate out, causing shunting, shorting, and
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ABSTRACT Compositional and interfacial control in heterojunction thin films is critical to the
performance of complex devices that separate or combine charges. For high performance, these
applications require epitaxially matched interfaces, which are difficult to produce. Here, we present
a new architecture for producing low-strain, single-crystalline heterojunctions using self-assembly
and in-film cation exchange of colloidal nanorods. A systematic set of experiments demonstrates a
cation exchange procedure that lends precise control over compositional depths in a monolayer film
of vertically aligned nanorods. Compositional changes are reflected by electrical performance as
rectification is induced, quenched, and reversed during cation exchange from CdS to Cu,S to PbS. As
an additional benefit, we achieve this single-crystal architecture via an inherently simple and low-
temperature wet chemical process, which is general to a variety of chemistries. This permits
ensemble measurement of transport through a colloidal nanoparticle film with no interparticle

charge hopping.
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cation deficiency.>'° In single crystals, cation
exchange results in high interfacial strain,
causing dislocations that act as perfor-
mance-degrading recombination sites. Cation
exchange in vertically oriented arrays of
single-crystalline nanorods can relieve many
of these challenges. The characteristic length
over which dislocations are formed to relieve
lattice mismatch are 5 nm or greater in many
materials systems.”'" If the nanorod diameter
is less than 5 nm, dislocations are avoided
altogether and we reap only the benefits of
ion exchange in a single crystal.

Recently, cation exchange has been ap-
plied to nanocrystals, in which this process
has been shown to be uniquely shape-
preserving and reversible, with reactions
happening more rapidly than in the bulk
and yielding high-quality material>''~'3
Here, we develop a new strategy to address

the problem of asymmetric, single-nano-
crystal cation exchange. We first fabricate
a controlled structure using self-assembly
and then use ion exchange to produce an
array of oriented nanorod heterojunctions:
In a vertically aligned, close-packed super-
lattice of nanorods on a substrate, ion ac-
cess is limited to only the top end of

VOL.5 =

NO.5 = 3811-3816 =

* Address correspondence to
alivis@berkeley.edu.

Received for review January 14, 2011
and accepted April 6, 2011.

Published online April 06, 2011
10.1021/nn2001454

©2011 American Chemical Society

WWwWW.acsnano.org

2011 3811



Indium Tin Oxide

[T

Vletal Electrode

CUzs

Cds

Figure 1. Schematic of parallel nanodiode or nanophoto-
diode arrays, and the bulk energy band alignment of our
material system. Self-assembled colloidal CdS nanorods are
partially converted (top ends only) to Cu,S using our in-film
cation exchange procedure.

individual nanorods, ensuring that exchange happens
from only one end of the nanorod and that all nano-
diodes are oriented in the same direction.

Here, cation exchange was performed in film by
soaking the aligned nanorod film in a methanolic salt
solution of the relevant cation in a dry, inert atmosphere.
The molar amount of Cu™ in the exchange solution
was adjusted based on the number of required Cd*"
ion replacements to achieve exchange to a desired
spatial depth into the aligned monolayer (Figure 2).
It was assumed that the reaction went to completion
(all Cu™ ions went into nanorods).

The depth of the Cu exchange into the nanorod
monolayer was characterized by Rutherford backscat-
tering spectroscopy (RBS). Briefly, substrates were
bombarded with He>" ions. The kinetic energy of ions
scattered elastically from the nanorod film were mea-
sured. Heights of Cd and Cu peaks in the RBS spectra
allowed determination of the average film composi-
tion. Shifts in the peaks from their standard positions
allowed approximate depth profiling of Cu- and Cd-
rich sections (Figure 2c,d). Spectra confirm that Cu™
exchange occurs selectively from the top end of
aligned nanorods.

Further evidence for one-sided exchange is pro-
vided by transmission electron microscopy (TEM). By
redispersing a film of aligned and cation-exchanged
nanorods in chloroform and depositing the rods on an
ultrathin carbon TEM grid, we were able to collect high-
resolution TEM (HRTEM) and energy-filtered TEM
(EFTEM) images to confirm asymmetric cation ex-
change. Studies of redispersed nanorods must be
interpreted with care because they inevitably will
include rods that had been standing (one end exposed)
as well as some rods that stood along cracks in the film
or lay flat on the substrate (both ends exposed) and
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Figure 2. Self-assembled and cation-exchanged nanorod
arrays. (@) Transmission electron microscopy (TEM) image of
aligned nanorod array. (b) SEM false-color image of a film
edge in a nanorod array, showing a monolayer of aligned
rods (pink) on ITO (green). Scale bars are 100 nm.

(c) Rutherford backscattering spectroscopy (RBS) demon-
strates the selective copper ion exchange from the exposed
ends of rods, resulting in asymmetry. Data (black) are fit
with a simulated curve based on compositional depths
(cartoon, inset). Simulations plotted show Cu,S on top of
CdS (red), Cu,S and CdS evenly mixed within the film (gray)
and Cu,S underneath the CdS layer (blue). (d) RBS shows
that the extent of cation exchange can be controlled. The
shift to lower energies of the Cd peak as the film is further
Cu'-exchanged indicates that the Cd is in the bottom layer
of the film. Correspondingly, the lack of a shift in the Cu
peak indicates that Cu is restricted to the top layer of the
film. No exchange (red), 20% exchange to Cu (orange), 40%
(green), and 60% (blue). (e) High-resolution TEM (HRTEM)
image showing an example heterojunction after redisper-
sion. Left inset shows the simulated CdS structure, provid-
ing evidence that the higher-contrast portion of the rod is
CdS, while the lower-contrast portion of the rod is the lower-
symmetry Cu,S. Right inset shows energy-filtered TEM
image of redispersed nanorods, with the energy filter
positioned at the Cu-M, edge. Scalebars in panel e are 5 nm.

some rods from the bottom of a multilayer (neither end
exposed). However, the presence of significant numbers
of nanorods with contrast profiles like those shown in
Figure 2e is strongly suggestive of exchange that
initiates on the exposed end of the rod film and propa-
gates inward, with little or no exchange from the sides or
buried ends of the rods. Extensive studies on HRTEM
imaging of CdS—Cu,S nanorods have shown that CdS is
less sensitive to electron beam damage and appears to
be higher in contrast compared with the counterpart of
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Cu,S within a nanorod (Figure 2e). HRTEM images depict
the Cd—S dumbbell characteristic of wurtzite cadmium
sulfide (higher contrast, shaded yellow). Cu minor edge
EFTEM images (Figure 2e right inset) were collected with
a filter set at 120 eV using a slit width of 5 eV. The bright
portions of the nanorods suggest a non-uniform com-
position and can be interpreted, following ref 6, as the
Cu,S phase.

This method for producing asymmetric nanopar-
ticles allows us to control the spatial depth of the
exchange to Cu,S systematically. Nanorods in the
film can also be exchanged to Ag,S'? (Supporting
Information) or, by use of a sequential cation ex-
change method, they can be double-exchanged to
rock salt PbS."* The method may be generalized to
the exchange of chalcogenides with various cations
(HgS, Ag,S, SnS,, CdS, CdSe, ZnS, ZnSe Cu,S, Bi,Ss,
and Sb253)_11,13,15,16

A careful approach was required in order to make
electrical contacts for studies of transport through
these monolayer films. Evaporated metals have been
employed successfully on relatively thick films or long
nanowires,'”'® but it has been shown that evaporation
onto small nanorods can result in metal diffusion into
the nanocrystal, altering electrical properties.'® Further,
evaporated metals may penetrate these thin films and
produce shorts that can fluctuate in time, as in elec-
trical measurements through monolayer molecular
films.2% In order to avoid shorting and damage to the
nanocrystals, we made electrical contact using a room-
temperature liquid metal (EGaln) on a micromanipu-
lator probe.?’ Approximate contact areas were mea-
sured with a side-view camera and ranged from a few
to hundreds of micrometers in diameter (contacting
10°—10° nanorods). All measurements were taken in-
side an argon glovebox at room temperature.

In order to demonstrate the high degree of
compositional control provided by in-film cation
exchange, we took electrical measurements of a
monolayer film during a series of sequential cation
exchanges on the same film (Figure 3). The chemical
composition after each cation exchange step was
confirmed using energy-dispersive X-ray spectroscopy
in a scanning electron microscope (Supporting Infor-
mation). The film region probed and the measurement
conditions were kept approximately constant through-
out. Measurements were repeatable in high-quality (well
aligned monolayer) regions of the film over multiple
cycles and multiple days, provided biases applied were
no larger than £0.5 V.

The initial CdS nanorod array (contacted by EGaln
and indium tin oxide (ITO)) showed a linear current—
voltage shape characteristic of Ohmic contact, as
expected based on previous work.?>?* After partial
(to a depth of 25% into the monolayer) exchange to
Cu,S, rectification was observed, as expected from a
type Il heterojunction.>* At only 25% exchange, it is
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Figure 3. Sequential cation exchange. One film was used for
a series of sequential cation exchanges: starting with CdS
vertically aligned rods, Cu™ was exchanged for Cd*" to a
25% depth, then a 70% depth, then a 100% depth. Next, the
resulting Cu,S nanorods were exchanged fully to PbS.
Between each cation exchange reaction, electrical mea-
surements were taken and energy-dispersive X-ray spectra
were collected to verify the chemical composition. In the
last stage (bottom frame), the liquid metal top contact
formed a Schottky junction with the PbS film, reversing the
direction of rectification. All electrical measurements were
performed in the dark.

likely that a fraction of the nanorods in the array are
left unexchanged and provide a shunt path, limiting
the rectification. Additionally, the high resistivity of
CdS may increase series resistance in the diode,
further reducing sharp rectification. From previous
work,® it is expected that asymmetry in cation ex-
change from one nanorod end to another (001 to
00T) does not exceed ~25%. Therefore, we expect
that nanorods are exchanged with an average depth
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uniformity of +4 nm, in qualitative agreement with
the RBS and TEM data.

Upon further soaking of the same film in a fresh and
more concentrated cation solution to achieve ~70%
cation exchange, the film showed greater rectifica-
tion. This may be due to the formation of a Cu,S top
layer extending over the entire film, preventing
shunts. Greater rectification may also be related to
the reduction in the percentage of high-resistivity
(CdS) semiconductor.

Further exchange of this film with an excess molar
amount of Cu™ resulted in a film fully exchanged
to Cu,S, which showed an Ohmic electrical re-
sponse. Because Cu,S is highly doped in the bulk
by copper vacancies,” it screens electric fields
efficiently, leading to short depletion regions which
enable easy charge carrier tunneling through po-
tential barriers.?® Cu,S is therefore expected to form
Ohmic contact to most metals. In films of unaligned
nanorods, no level of Cu™ cation exchange produced
rectification, most likely because the exchange
results in a mixed-phase film with no common
electric field to drive electrons toward the same
electrode.

Following full sequential exchange from Cd** to
Cu™ and then to Pb®" by soaking the Cu,S film in a
Pb>" cation solution with a 10x molar excess of
cations, the rectification direction reversed, as the
resulting PbS rods formed Schottky junctions with
the EGaln probe. It is known that similarly quantum
confined PbS forms a Schottky junction with alu-
minum,”” and the near-equality of aluminum and
EGaln work functions (~—4.3 eV) suggests that the
nature of the electrical contact may be the same. This
series of experiments demonstrates precise control
of composition and rectification of a nanorod film,
using simple solution processing in situ.

The exchanged diodic films—both Cu,S—CdS and
PbS—showed a photoresponse when illuminated
with AM1.5G solar flux (Figure 4). The photoresponse
of the devices was stable (after exposure to air and
subsequent storage in an argon glovebox) for more
than 3 months and was repeatable over this time
frame. The 30 nm long rods (and therefore 30 nm
thick films) absorb approximately 8% of the solar
spectrum above the Cu,S and PbS confined band
gaps. The types of nanocrystals studied here are
currently being examined in a variety of quantum
confined semiconductor photovoltaics, where inter-
particle hopping plays a key role in the transport.'’ 72
In the monolayer devices studied here, there is no
interparticle hopping, allowing the influence of con-
tacts and intraparticle recombination to be sepa-
rately investigated from hopping phenomena. The
photovoltages produced by these devices are rather
low (0.13 V for Cu,S—CdS, and 0.15 V for PbS)
compared with their theoretical values (~0.8 V for
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Figure 4. Current—voltage plot: Photovoltaic effect de-
monstrated in (top) a CdS—Cu,S heterojunction and
(bottom) a PbS Schottky nanodiode array.

Cu,S—CdS,??3° and ~0.4 V for PbS') or their prac-
tical values (~0.45 V for Cu,S—CdS,*' and ~0.3 V for
PbS?’). The low photovoltage could be the result of a
number of effects. In traditional photovoltaic devices, a
low photovoltage is commonly associated with high
recombination.?? Given the high surface area of this
system, it is reasonable to expect that there may be
high rates of recombination that lower the photovol-
tage, and that these recombination sites could be
passivated through ligand exchange or capping stra-
tegies. Alternatively, the low voltage could be a result
of band alignments in the nanodiodes that differ from
those observed in the bulk; quantum confinement and
doping levels could cause large changes, as could
pinning of the Fermi level. Other performance limita-
tions may be set by the series resistance from the
1.8 nm insulating ligands or by fundamental prob-
lems with ultrathin heterojunctions, such as field
quenching.®?? In future studies where the nanorod
lengths and diameters and the ligand type and
length are varied, it should be possible to learn a
great deal about the intrinsic optical and electrical
characteristics of the nanocrystals.

We have presented a method for achieving a finely
tunable compositional and electrical architecture
using colloidal nanorods. Perpendicular self-assem-
bly and in-film cation exchange enable the precise
formation of a single-crystal epitaxial heterojunction
in each oriented nanorod and can be used with a
variety of chemical compositions. This advance may
allow the production of inexpensive solution-pro-
cessed photocatalysts, sensors, and optoelectronics.
On the fundamental side, this architecture may
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enable better understanding of charge transport long-
itudinally through nanorods (without any interparticle

METHODS

Sample Preparation. Colloidal CdS nanorods were synthesized
and self-assembled as reported elsewhere.® Briefly, nanorods
were synthesized air-free with a CdO precursor in trioctylpho-
sphine oxide and octadecylphosphonic acid. Nanorods were
stored air-free, and colloidal concentrations were measured
by UV—vis absorption calibrated with inductively coupled
plasma mass spectrometry. With a controlled evaporation rate
(<1 mm/min meniscus speed across a slightly tilted substrate),
an elevated temperature (55 °C), an appropriate substrate (for
example, silicon nitride), and a size-monodisperse sample, the
nanorods oriented vertically.” The volume of nanorod solution
needed for monolayer self-assembly was calculated by sub-
strate area, assuming a 50% areal fill factor due to the long
organic ligands on the nanorods. Substrates on which nano-
rods were to be aligned (SisN4 for RBS measurements; 150 nm
20 Q/square ITO on glass for electrical measurements) were
cleaned by sequential sonication in water, toluene, isopropyl
alcohol, and acetone, followed by an oxygen plasma etch. This
cleaning procedure was performed to reduce the friction
between the solvent meniscus and substrate, in an effort to avoid
any stick—slip behavior that would be detrimental to film smooth-
ness. Dried nanorod assemblies were cation exchanged air-free
by soaking substrates in an anhydrous methanolic solution of
(to go from CdS to Cu,S) ~0.1 mM tetrakis(acetonitrile)copper(l)
hexafluorophosphate ([MeCN],Cu'PFe) or (to go from Cu,S to
PbS) ~0.1 mM lead acetate and ~0.1 mM trioctylphosphine.
Cation exchange reactions were assumed to go to completion,
so the exact amount of cation salt to be added could be
calculated for the desired degree of exchange. After ~12 h (to
ensure reaction completion), substrates were removed from the
cation solution and dipped in a vial of neat methanol. Cation
exchange from CdS to Cu,S was manifested by a change in film
color from yellow to light brown. After cation exchange was
complete, films were generally kept air-free and moisture-free,
although these conditions may not be critical.

Electron Microscopy. SEM images were taken with a Zeiss
Gemini Ultra-55 analytical scanning electron microscope at an
accelerating voltage of 3 keV. EFTEM images were taken on a
JEOL 2100F operated at 120 keV equipped with Gatan Tridiem
imaging spectrometer. HRTEM images were taken on an FEI
monochromated F20 UT Tecnai microscope operated at 200 keV.
CdS wurztite simulation was performed using MacTempas.

Compositional Analysis. Rutherford backscattering data were
taken with a 2.5 MeV Van de Graaff accelerator. The spectra were
taken using a 2 MeV He™ ion beam with a Si surface barrier
detector at 165° with respect to the incident beam. The samples
were tilted by 50° in order to improve depth resolution. The
spectra were analyzed using the RUMP software package.

Energy-dispersive X-ray spectroscopy (EDS) was taken on a
Zeiss Gemini Ultra-55 analytical scanning electron microscope
(accelerating voltage 7 keV) with an EDAX EDS detector with
Genesis software. A range of spot sizes and locations on film
were measured before concluding compositional analysis and
to confirm uniformity. Acquisition times were a few minutes.
During EDS analysis, the quality of film and nanorod assembly
were verified.

Electrical Characterization. All electrical measurements were
taken in an argon glovebox. Current—voltage measurements
were taken using a Keithly 236 source measurement unit and a
probe station. A droplet of EGaln (<1 mm diameter) was placed
on top of the film and contacted with the “high” probe tip.
Contact was made to the ITO by scraping off a small area of
aligned rods and smearing indium onto this area for easy
contact by the “low” probe. EGaln contact areas were monitored
with a 100x side-view camera. Multiple locations on each
device were measured, and representative data were selected.
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hops) and illuminate unique characteristics of devices
at the few nanometer scale.

AM1.5G illumination was provided by an Oriel 91160 300 W Xe
solar simulator and was directed upward through a quartz
window on the floor of the glovebox, on top of which the
sample rested, nanorod film facing up.
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