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Colloidal nanocrystals display size-dependent electronic structure
and could be used as the building blocks for electronic and
optoelectronic devices including solar cells, photodetectors, and
field-effect transistors." Self-assembled nanocrystal solids could
combine superior electronic and optical properties of inorganic
semiconductors with inexpensive solution-based low-temperature
device fabrication important for solar cells and thermoelectric
devices, for example. Arrays of close-packed PbSe and PbTe
nanocrystals treated with hydrazine solution at room temperature
can exhibit conductance of ~1 S cm™ ' and carrier mobility above
1 cm?/Vs.! Major fundamental problems that still need to be
addressed are stable, controllable p- and n-type doping of nano-
crystal solids.?* To date, several approaches such as charge transfer
from species adsorbed at the nanocrystal surface'*® and electro-
chemical doping® have been explored. Recently, Urban et al.
demonstrated that Ag,Te nanoparticles can behave as p-dopants in
their mixtures with PbTe nanocrystals.*?

Recent developments in colloidal chemistry allowed preparation
of various multicomponent nanostructures such as core—shells,
dumbbells, etc. with metal—metal,®> metal—semiconductor,* and
semiconductor—semiconductor’ combinations. In this communica-
tion, we investigate the electronic properties of assemblies of
heterostructured nanocrystals and propose a novel approach to
doping of nanocrystal solids through the intraparticle charge transfer.
Au—PbS core—shell nanostructures were chosen as a model system
to study coupling effects between strongly confined metal and
semiconductor phases. We compared optical and electronic proper-
ties of Au—PbS nanostructures with properties of their building
blocks—Au and PbS nanocrystals (Figure 1a).° For a typical
synthesis of Au—PbS core—shell nanostructures, 0.225 g of PbO,
5 mL of oleic acid, and 5 mL of 1-octadecene (ODE) were loaded
in a 25 mL three-neck flask. The mixture was heated to 150 °C
under vacuum to form Pb—oleate complex. After cooling the
reaction mixture to 100 °C, dodecanethiol-capped Au nanocrystals
(4.2 nm, 2 mg) dispersed in 1 mL of toluene’ were added and
toluene was distilled out. Growth of PbS shells was initiated by
the injection of 0.13 mL of bis(trimethylsilyl)sulfide dissolved in
2 mL of ODE under vigorous stirring. The reaction mixture was
kept at the injection temperature for 5—10 min and cooled to the
room temperature followed by purification of nanocrystals from
crude solution.” Au—PbS nanocrystals form stable colloidal solu-
tions in chloroform, toluene, and tetrachloroethylene. PbS shell
thickness can be controlled by the reaction time, concentration of
Au seeds, and amount of injected sulfur precursor (Figure S1). The
morphology of the PbS shell depends on the injection and growth
temperatures. Uniform, nearly spherical PbS shells formed when
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Figure 1. TEM images of (a) PbS nanocrystals and (b—-d) Au—PbS
nanostructures. (¢) Cubic Au—PbS nanostructures synthesized at 150 °C.
(d) Representative high-resolution TEM image of a Au—PbS core—shell
nanostructure.

the reaction was carried out at 100 °C (Figures 1b and S1). The
shell was typically built of several crystal domains, as shown in
Figure 1d.

Increasing the growth temperature to 150 °C led to single-crystal
cubic PbS particles grown from Au cores (Figure 1c¢). Narrow size
distribution of as-synthesized Au—PbS nanostructures allowed their
self-assembly into long-range ordered superlattices shown in Figure
S2.

The X-ray diffraction patterns and analytical electron microscopy
(EDX STEM) studies of Au—PbS nanostructures revealed the
presence of fcc Au and rock-salt PbS phases (Figure 2a) and
confirmed localization of Au atoms in the core and Pb, S atoms in
the shell of Au—PbS nanostructures (Figure S3). Figure 2b shows
the absorption spectra of Au cores and spherical Au—PbS core—shell
nanostructures. The formation of the PbS shell around Au cores
results in the shift of the surface plasmon resonance (SPR)
absorption peak from 525 nm in bare Au to ~620 nm in Au—PbS
core—shells (Figure 2b) due to the high dielectric constant of
PbS.#*" No pronounced SPR peak was observed in Au—PbS
nanostructures with cores smaller than 2 nm (Figure S5). Au—PbS
nanostructures do not show sharp excitonic features in near-IR.
Instead, in monodisperse Au—PbS samples, we observed a broad
near-IR absorption band (Figure 2b, inset). The broadening of
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Figure 2. (a) Powder X-ray (Cu Ka radiation) diffraction patterns of Au,
PbS, and Au—PbS nanocrystals. (b) Absorption spectra of 4.2 nm Au
nanocrystals (black) and Au—PbS core—shell nanostructures with 2.6 nm
thick PbS shells (red) dispersed in tetrachloroethylene. Inset shows magnified
near-IR part of the spectra. (c) Extinction coefficient of Au—PbS core—shells
with formal composition Aug s5(PbS)g 45 normalized to the molar concentra-
tion of Augss(PbS)p4s “units” (red) and the extinction coefficients for
noninteracting 4.2 nm Au and 6.3 nm PbS nanocrystals mixed with the
same component ratio as in Au—PbS core—shells (black). See text for
details.”

excitonic transitions was recently predicted for metal —semiconductor
“molecules” due to coupling between excitons and plasmons.’

SPR at the Au surface generates a strong local optical field which
persists into surrounding dielectric for about 10 nm.'® This field
enhancement can exist far from the resonant plasmon excitation
energy.'®® The core—shell morphology of Au—PbS nparticles
provides ideal conditions for coupling transition dipole in the PbS
shell to the plasmon field. To study possible synergistic coupling
effects, we compared the extinction coefficients (¢) for Au—PbS
core—shells with those for separated Au and PbS nanocrystals.’
Figures 2c and S6 show e values normalized to the molar
concentration of hypothetic Au,(PbS);—, units and compared with
the extinction of noninteracting Au and PbS nanocrystals calculated
as xea, T (1 — x)epps where x was measured by elemental analysis
of Au—PbS nanostructures. €5, and epp,s were normalized to the
molar concentrations of Au and PbS units, respectively.” The
coupling between the Au core and the PbS shell results in enhanced
extinction throughout a broad spectral range. Thus, € of Au—PbS
nanocrystals integrated from 400 nm to 2.0 um shows ~28%
extinction enhancement compared to noninteracting Au and PbS
nanocrystals (Figure 2¢). This additional extinction can be due to
the increase of SPR absorption of the Au core and generation of
additional oscillator strength in the PbS shell via direct plasmon-
to-exciton coupling.

For comparative study of electrical properties of Au, PbS, and
Au—PbS nanostructures, we fabricated close-packed films of these
particles (nanocrystal solids) on Si wafers covered with a 110 nm
thick layer of SiO, gate oxide with Ti/Au electrodes patterned by
photolithography (Figure 3a).” All as-deposited nanocrystals show
very poor conductivities (~107'° S cm™") which we attributed to
weak electronic coupling between nanoparticles separated with
bulky oleic acid capping ligands.'* Replacement of oleic acid with
hydrazine molecules resulted in significant increase of conductance
of nanocrystal solids.'® Thus, treatment of pristine PbS nanocrystal
films with 1.0 M solution of N,H, in acetonitrile for 48 h results in
~9 orders of magnitude increase in film conductance. Hydrazine
is known as a n-type surface charge transfer dopant for PbSe,'*
PbTe,'' and CdSe'? nanocrystals. PbS nanocrystal field-effect
transistors show stable n-type gate effect after hydrazine treatment.
At low source—drain voltage (Vps), the current between source and
drain electrodes (Ip) increases linearly with Vpgs (Figure 3b), and
at high Vpg, the current saturates as the channel “pinches off” near
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Figure 3. (a) Schematics of a field-effect transistor with channel comprising
self-assembled PbS nanocrystals. (b) Plot of drain current Ip versus
drain—source voltage Vps, as a function of gate voltage Vg for a FET made
of 7.1 nm PbS nanocrystals treated with 1 M solution of N,Hj in acetonitrile.
The channel length L and width W were 4.5 £ 0.2 and 7500 um,
respectively. (¢) Ip versus Vps scans for different Vg for a nanocrystal FET
made of 8.5 nm PbS nanocrystals treated with hydrazine solution for 48 h
(L =10 um, W = 2000 um). (d) Plots of I and Ip"/? versus Vg at constant
Vps = 40 V used to calculate current modulation and field-effect mobility
in the saturation regime for n-channel FET assembled from 8.5 nm PbSe
nanocrystals. L = 10 um, W = 2000 xm.

the drain electrode (Figure 3c). Figure 3d shows current modulation
Io/lee > 103 for an n-channel PbS nanocrystal FET with some
hysteresis between the Vg scans in the forward and reverse
directions (Figure S8). The hysteresis in /p— Vg scans is common
for devices using thick layers of gate oxide and typically associated
with charge trapping in the gate oxide or semiconductor. The field-
effect mobility of n-FET assembled from 8.5 nm PbS nanocrystals
is tn ~ 0.08 cm® V™' 57! in the linear regime and ug, ~ 0.12
cm? V! s7! in the saturation regime.” PbS nanocrystal transistors
show rather stable n-type operation. Presumably, hydrazine strongly
absorbs at PbS surface, providing stable n-doping of nanocrystal
solids. Films of dodecanethiol-capped Au nanocrystals show
nonlinear /—V characteristics and high resistance (Figure S10a).
Treatment of Au nanocrystals with hydrazine increases the film
conductance typically by 3—4 orders of magnitude compared to
as-deposited Au nanocrystals,” due to reducing the interparticle
separation and lowering the Coulomb charging energy. Typical for
metals, applying voltage to the gate electrode does not result in
any current modulation.

Arrays of Au—PbS core—shell particles are highly conductive
after treatment with 1 M solution of hydrazine in acetonitrile. In
contrast to Au and PbS nanocrystal devices, which show none and
n-type gate effects, respectively, the Au—PbS core—shell nano-
structures always exhibit p-type gate effect. The drain current of
Au—PbS core—shell FETs increases as the gate voltage varies from
40 to —40 V, although the field-effect carrier mobility in Au—PbS
nanocrystal solids could not be accurately calculated here due to
relatively small current modulation (Figures 4a,d and S8). Such
behavior is characteristic of high doping density and holes as the
major carriers in Au—PbS nanocrystal solids. The doping of
Au—PbS nanocrystal solids could be explained by intra-particle
charge transfer. Comparison of the work function of Au (5.1 eV)'**
and electron affinity of bulk PbS (4.5 eV)"'*" predicts the alignment


http://pubs.acs.org/action/showImage?doi=10.1021/ja802890f&iName=master.img-001.jpg&w=239&h=127
http://pubs.acs.org/action/showImage?doi=10.1021/ja802890f&iName=master.img-002.jpg&w=239&h=210

COMMUNICATIONS

g

Photocurrent [mA]

e
ka
&

B
(7]
o
[:
>
&
T
o
w

10 & 0 5
Vos V1
0.2+
d

E‘ 0.34
i

0.4

Ve =10V
o

-40  -20 0 20 40

VoIVl

Figure 4. (a) [V scans for an array of 11 nm Au—PbS core—shell
nanocrystals with 4.2 nm Au cores after exposure to 1 M solution of NoHy
in acetonitrile for 48 h. The channel length L and width W are 4.5 £ 0.2
and 7500 um, respectively. Gate voltage Vg for each scan is shown in the
graph. (b,c) Generation of photocurrent by (b) 8.5 nm PbS nanocrystals
and (c) Au—PbS core shell nanocrystals under illumination with white light.
(d) Plot of Ip versus Vg at constant Vps = —10 V, showing p-type gate
effect. L =4.5 £ 0.2 um and W = 7500 um. (e) Energy level diagram for
Au—PbS core—shell nanocrystals predicts intraparticle charge transfer that
creates mobile holes in PbS shell and leads to p-type doping of Au—PbS
nanocrystal solids.

of energy levels in the Au core and the PbS shell favorable for
charge transfer from the highest occupied 1S, quantum confined
state of the PbS shell to the Au core, as shown in Figure 4e. Very
high static dielectric constant of the PbS shell (~175) facilitates
such charge displacement, which can also be described as the
injection of a mobile hole into the PbS shell. This effect is
conceptually similar to charge transfer complex forming, for
example, in tetrathiafulvalene—tetracyanoquinodimethane (TTF—
TCNQ) system.'* The exact amount of charge transferred between
the Au core and the PbS shell and its dependence on the core size
and shell thickness still have to be determined.

Above 200 K, the conductance of Au—PbS nanocrystal solids
shows Arrhenius behavior with the activation energy of 45 meV
(Figure S9). This behavior is characteristic of the transport
dominated by the nearest-neighbor hops.'> At lower temperatures,
the activation energy sharply decreases to about 8 meV. Opposite
to II—VI and III—V semiconductors, the band gap of PbS decreases
with decreasing temperature.'® This should lead to increased
concentration of mobile holes in the Au—PbS nanocrystal solid at
low temperature because of the larger energy difference between
the states involved in the intraparticle charge transfer.

Both PbS and Au—PbS nanocrystal solids show similar efficiency
of photocurrent generation under polychromatic illumination (Figure
4b,c). Efficient photocurrent generation shows that the presence of
the Au core does not introduce fast channels for nonradiative
recombination, which is rather surprising.'” Further understanding
of the photophysics of Au—PbS core—shell nanostructures will
require detailed analysis of their electronic structure.

In summary, we synthesized multicomponent nanostructures with
metallic Au core and semiconducting PbS shells. In Au—PbS
core—shells, we observed enhancement of the absorption cross

section due to synergistic coupling between plasmon and exciton
in the core and shell, correspondingly. Field-effect devices with
channels assembled from arrays of Au—PbS core—shell nanostruc-
tures demonstrate strong p-type doping that we attributed to the
formation of an intra-particle charge transfer complex. We believe
this work will provide the guidelines for designing solution-
processed semiconductors with enhanced absorbance and controlled
electronic doping for photovoltaic and thermoelectric applications.
The core—shell morphology maximizes the interaction between the
components and provides a convenient platform for studying
exciton—plasmon interactions and other fundamental phenomena
at the nanoscale. This approach can be applied to a variety of
material combinations, such as metal—semiconductor, semi-
conductor—magnetic material, and so forth.
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