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PbSe Nanocrystal Solids for
n- and p-Channel Thin Film
Field-Effect Transistors

Dmitri V. Talapin* and Christopher B. Murray

Initially poorly conducting PbSe nanocrystal solids (quantum dot arrays or
superlattices) can be chemically “activated” to fabricate n- and p-channel field
effect transistors with electron and hole mobilities of 0.9 and 0.2 square cen-
timeters per volt-second, respectively; with current modulations of about 103 to
10% and with current density approaching 3 x 10* amperes per square
centimeter. Chemical treatments engineer the interparticle spacing, electronic
coupling, and doping while passivating electronic traps. These nanocrystal field-
effect transistors allow reversible switching between n- and p-transport,
providing options for complementary metal oxide semiconductor circuits and
enabling a range of low-cost, large-area electronic, optoelectronic, thermo-

electric, and sensing applications.

Solution-based processes such as spin coating,
dip coating, and inkjet printing offer substan-
tial cost reductions for the fabrication of
electronic and optoelectronic devices when
combined with materials such as organic
semiconductors (), carbon nanotubes (2),
nanowires (3), soluble precursors for inorgan-
ic semiconductors (4), and hybrid organic-
inorganic films (5). However, none of these
approaches can yet enable devices with per-
formance comparable to that of conventional
inorganic crystalline semiconductors. Im-
provement of the electronic performance in
these systems comes at the price of high-
precision and low-throughput fabrication tech-
niques (3) or else requires high-temperature
anneals that limit compatibility with flexible
plastic substrates. The trade-off between
device performance and fabrication costs
motivates the search for new classes of mate-
rials for low-cost electronics. Here, we report
the assembly of solid-state field-effect tran-
sistors (FETs) from solution-processable semi-
conductor nanocrystals.
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Charge transport in an array of nano-
crystals separated by insulating capping ligands
(a “nanocrystal solid”) depends on matching of
the energy levels of neighboring nanocrystals
(site energies, a), on the exchange coupling
energy between the nanocrystals (), and on the
Coulomb charging energy of the nanocrystal
array (E_) (6, 7). For efficient charge transport,
the dispersion of site energies Ao should not
exceed B, or Anderson localization will domi-
nate. If B < E_, the nanocrystal array can
behave as a Mott insulator (8).

Past studies have revealed low electronic
conductivity in semiconductor nanocrystal
arrays because of poor exchange coupling and
large concentrations of surface dangling bonds
that trap carriers in mid-gap states (9-12).
Sintering individual nanocrystals into a poly-
crystalline film increases film conductance but
leaves structural defects that limit the device
switching speeds (/3). Another approach to
enhance electron mobility in a nanocrystal
solid is based on cross-linking of the nano-
crystals by conjugated organic molecules (e.g.,
1,4-phenylenediamine) followed by electro-
chemical charging with several additional
electrons per nanocrystal (/4-16). Charge
screening by the electrolyte’s mobile ions
substantially reduces E_, facilitating the nano-
crystal charging (/2). The mobility increases
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because of a combination of trap filling and
the participation of multiple quantum con-
fined electronic states (1S, 1P, etc.) in charge
transport (12, 14). However, technological im-
plementations require FETs with insulated
gates capacitively coupled to the transistor
channel.

We selected PbSe nanocrystals because
they allow smaller Ao and E_ and larger B
values, compared to the extensively studied
CdSe and ZnO nanocrystal solids. In an en-
semble of strongly confined semiconductor
nanocrystals, charge transport occurs between
electronic quantum confined orbitals (/2), and
Aa can be estimated from the linewidth of the
first excitonic (1S, -1S,) transition (/5). We
optimized the synthesis (/6) to obtain mono-
disperse (<5% SD) PbSe nanocrystals, with the
full width at half maximum of the 1S,-1S,
transition below 40 meV (Fig. 1, A and B).
The 1S quantum confined orbitals in rock-salt
PbSe nanocrystals are eight-fold degenerated
(17) versus the two-fold spin degeneracy in
II-VI nanocrystals. Higher degeneracy and nar-
rower linewidth provide a higher density of
electronic states (DOS) available for the charge
transport. In a close-packed array of 8-nm
PbSe nanocrystals, the densities of 1S, and
IS, states are each ~5 x 102° eV~! cm™3,
an order of magnitude higher than the DOS
in arrays of CdSe or ZnO nanocrystals of the
same size and ~330 times the DOS in amor-
phous germanium (/5).

The exchange coupling energy scales ap-
proximately as B ~ exp[—«(d + 8)], where d is
the nanocrystal diameter, d is the interparticle
spacing, and k! describes the length scale of
the wave function leakage outside the nano-
crystal (6, 7). The large Bohr radius of elec-
trons and holes in PbSe (~23 nm in both)
suggests that their wave functions spill far
outside the volume of the nanocrystal, facil-
itating exchange interactions.

The charging energy E_ of a spherical nano-
crystal can be estimated as E_, = e*/(4ne_gd)
where €_ is the dielectric constant of the sur-
rounding medium. The dialectric constant for
bulk PbSe is very high (e ~ 250, as compared
to € ~ 6.2 for CdSe), with € > 100 measured
for individual 12-nm PbSe nanocrystals (/8).
This predicts an £, of <4 meV for a three-
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dimensional array of 8-nm PbSe nanocrystals,
which is a small fraction of thermal energy at
room temperature (ky7, where ky is the
Boltzmann constant and 7 is the temperature)
and an order of magnitude smaller than E_ for
analogous CdSe nanocrystal arrays (/6).

For electronic studies, close-packed PbSe
nanocrystal films, 35 £ 10 nm thick, were
deposited on highly doped Si wafers with 100-
nm-thick SiO, thermal gate oxide. Source and
drain Ti/Au (75/375 A) electrodes spaced from
4 um to 40 pm apart were patterned on the
SiO, surface before nanocrystal deposition (/6).

Small angle x-ray scattering at grazing
incidence (GISAXS) from 8-nm PbSe nano-
crystals assembled in the channel between
parallel electrodes showed well-resolved re-
flections (Fig. 1C), confirming both in-plane
and vertical particle ordering in a film that was
drop-cast from a hexane:octane (9:1 by vol-
ume) solution. The parallel source and drain
electrodes directed the crystallographic ori-
entation of growing superlattices (fig. S1).
Moreover, close-packed PbSe nanocrystals
showed strong preferential orientation of their
atomic lattices, favorable for charge transport
through P-quantized states (figs. S2 and S3)

As-deposited PbSe nanocrystal arrays were
insulating, with a conductance (G) less than
10711 S em™ !, because of ~1.5-nm interpar-
ticle spacing maintained by insulating oleic
acid molecules (Fig. 1B). Thorough washing of
the nanocrystal colloids (/6) removed a fraction
of the native capping groups, reducing inter-
particle spacing to ~1.1 nm and yielding a
higher conductance of G ~ 3 x 1071 Scm~1.
However, the removal of capping groups in-
troduced pronounced hysteresis in the current-
voltage (I-V) scans (Fig. 2A), probably due to
filling of traps associated with surface dangling
bonds. No gate modulation was observed in the
native nanocrystal films.

The conductance of PbSe nanocrystal solids
increased by ~10 orders of magnitude after
treatment with a 1.0 M solution of hydrazine in
acetonitrile (Fig. 2B) (16). The current through
the nanocrystal film can be modulated by
application of a potential to the back gate
electrode, producing an n-FET (7) (Fig. 2C).
Figure 3A shows a current modulation 7 /I .
of ~2.5 x 103 for a PbSe nanocrystal n-FET,
with minor hysteresis between gate voltage
(V) scans in the forward and reverse di-
rections (fig. S4). In the “on” state, low-field
conductance of PbSe nanocrystal film was
~0.82 S cm™2 (V, = 40 V), and the current
density in the saturation regime approached
2.7 x 10* A cm™2. Extracting field-effect elec-
tron mobilities () from a series of devices
yielded p,; ~ 0.4 cm? V~! s~ in the linear
regime and p, ~ 0.7 cm? V™! s71 in the sat-
uration regime (/6). The p_,, values increased
with nanocrystal size. The highest mobility,
P, = 0.95 cm? V7! s7!, was observed for
9.2-nm PbSe nanocrystals.

Vacuum treatment or mild heating (to
~100°C) of activated PbSe nanocrystal films
switched their conductivity from n-type (Fig.
3A) to ambipolar (Fig. 3B) and, finally, to
p-type (Fig. 3, C and D) as the hydrazine de-
sorbed. The resulting p-FETs showed room-
temperature hole mobilities p_, of 0.12 to 0.18
cm? V~! s71 current modulations of ~10?
(Fig. 3D), and “on” state current densities
approaching ~3 x 103> A cm™2 At 120 K,
current modulation increased to ~1.6 x 104,
whereas the hole mobility decreased to p, =
0.09 cm? V~! s~ ! and was almost independent
of the gate voltage (Fig. 3C). The hole
transport in PbSe nanocrystal solids most
probably occurs through the 1S orbitals (/9).
Switching between electron and hole transport
was reversible upon re-exposure to hydrazine,
allowing fabrication of complementary metal
oxide semiconductor circuits.
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Scanning and transmission electron micros-
copy (SEM and TEM) and x-ray diffraction
studies showed that the hydrazine treatment did
not change nanocrystal size or shape but mark-
edly reduced the interparticle spacing (Fig. 4A
and fig. S3). The reflections in GISAXS patterns
shifted to higher scattering (20) angles, showing
that interparticle spacing decreased by 0.8 nm,
i.e, from ~1.1 nm to ~0.3 nm (Fig. 4B) (/6).
Once hydrazine-treated, films neither dissolved
nor swelled on re-exposure to nonpolar solvents.
This allowed us to pattern PbSe nanocrystal films.
Local exposure to hydrazine solutions rendered
the regions conductive, whereas unexposed film
could be lifted off in hexane. Sequential layer-by-
layer deposition would allow different material
combinations, e.g., p- and n-conducting layers for
designing nanocrystal-based photovoltaic cells.

The absorption spectra of the conductive
PbSe nanocrystal films show excitonic peaks

Fig. 1. (A) Optical ab-
sorption spectrum of
a colloidal solution of
8-nm PbSe nanocrys-
tals in tetrachloroeth-
ylene. a.u., arbitrary
units; fwhm, full width
at half-maximum. (B)
TEM image of an array
of 8-nm PbSe nano-
crystals. g, and q, are
the lateral’and vertical
components of the mo-
mentum transfer, re-
spectively. (C) GISAXS
pattern of PbSe nano-
crystal film (76).
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Fig. 2. (A) /-V scans for a film of 8-nm oleic acid capped PbSe nanocrystals in which the voltage
scan rate is 0.5 V s~ (black) and 0.025 V s~ (red) and the channel length L and width W are 6 pm
and 5000 um, respectively. (B) Conductance G of a PbSe nanocrystal film versus time of exposure
to a 1 M solution of N,H, in acetonitrile. The error bars show the spread in data from five samples.
(C) Plot of drain current / versus drain-source voltage V., as a function of V for a nanocrystal
FET with a channel composed of 8-nm PbSe nanocrystals treated with hydrazine solution for 12
hours (L = 10 um, W = 2000 pm, with a 100-nm-thick SiO, gate dielectric).
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that shifted by ~20 meV to lower energy rel-
ative to native insulating films (Fig. 4C). The
persistence of excitonic peaks implies the elec-
tron and hole wave functions either remain
localized on the individual PbSe nanocrystals
or form narrow minibands due to exchange
coupling (20). At low temperatures, charge
transport in PbSe nanocrystal solids occurred
through variable range hopping, as confirmed
by linearization of low-field conductance in the
Mott coordinates (InG ~ T—") (8) (fig. S5).
The hydrazine treatment can simultaneous-
ly tune B, E_, trap density, and the doping level

Fig. 3. Device charac- 10*

of a PbSe nanocrystal solid. Hydrazine is a
Bronsted base and can gently react to remove
and replace the bulky oleic acid capping
ligands from the nanocrystal surface, reducing
the interparticle spacing and increasing p.
Hydrazine is also a strong Lewis base with lone
pairs of electrons that can saturate dangling
bonds at the nanocrystal surface in analogy to
primary amines (27). We might also speculate
about linking PbSe nanocrystals by bidentate
hydrazine molecules, as the mean interparticle
spacing is close to the length of a hydrazine
molecule. Hydrazine is a reducing agent, pre-

teristics of PbSe nano-
crystal FETs activated
with hydrazine. (A)
Plots of /Iy (solid line)
and /"2 (open circles)
versus V; at a constant
Vos = 40 V, used to
calculate current mod- s
ulation and field-effect
mobility in the satura-
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Fig. 4. (A) High-resolution SEM image of a PbSe nanocrystal film treated with a 1 M N,H, solution for
12 hours. (B) Small-angle x-ray scattering from an array of 8.1-nm PbSe nanocrystals before (red) and
after (blue) the hydrazine treatment. 26, scattering angle. (C) Evolution of the absorption spectrum of
the 7.5-nm PbSe nanocrystal film with time during a 4-hour hydrazine treatment (76). The initial
absorption spectrum is shown in red. The infrared absorption bands from the solvent are marked by
blue asterisks, and the dashed line indicates the position of the 1S,-1S_ excitonic transition in the

initial, insulating nanocrystal film.

venting oxidation of PbSe nanocrystals and
“repairing” any oxidized selenium surface sites
that might generate mid-gap levels (22). Re-
placement of oleic acid (e ~ 2) with hydrazine
(e ~ 52) also substantially reduces E_. The
increase of B and decrease of E_ helps to close
the Hubbard gap (8), enabling the insulator-
metal Mott transition in the nanocrystal solid.
Finally, hydrazine behaves as a charge-transfer
n-type dopant, as has been observed for PbSe
nanowires (23) and carbon nanotubes (24).

Annealing the activated PbSe nanocrystal
films at ~200°C for 1 hour and re-exposing
them to a hydrazine solution allowed us to
achieve degenerate doping and metallic con-
ductivity (G ~ 8.5 S cm™2) (fig. S6). The
semiconductor-metal transition was revers-
ible, as partial stripping of the hydrazine (6
hours at 40°C under nitrogen) yielded n-type
semiconducting films with high electron mo-
bility (u,,, ~ 2.5 cm? V=1 s71) (fig. S7), thus
demonstrating that tailoring of B and the
doping density allows controllable switching
between insulating, semiconducting, and me-
tallic states in PbSe nanocrystal solids.

Colloidal nanocrystals can now enable room-
temperature fabrication of n- and p-channel
field effect devices by inexpensive and high-
throughput solution-based processes. We ob-
served good performance for PbSe nanocrystal
FETs, even for long (e.g., 40 um) channels
(fig. S8). Such device dimensions are easily
accessible by stamping or inkjet-printing. The
observed field-effect mobilities in PbSe nano-
crystal films are comparable to the hole mo-
bility in pentacene films (2), although lower
than the electron mobility in the best solution-
processed inorganic semiconductors (4).

The hydrazine treatment is a general tech-
nique for increasing conductance in nanocrys-
tal solids. In addition to PbSe FETs, we have
assembled operational solid-state FETs from
PbS, PbTe, CdSe, and InP nanocrystals and
CdSe nanorods, thus demonstrating the appli-
cability of our approach to different materials.
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Nanoscale Imaging of Buried
Structures via Scanning Near-Field
Ultrasound Holography

Gajendra S. Shekhawat'? and Vinayak P. Dravid’-%>*

A nondestructive imaging method, scanning near-field ultrasound holography
(SNFUH), has been developed that provides depth information as well as spatial
resolution at the 10- to 100-nanometer scale. In SNFUH, the phase and am-
plitude of the scattered specimen ultrasound wave, reflected in perturbation
to the surface acoustic standing wave, are mapped with a scanning probe
microscopy platform to provide nanoscale-resolution images of the internal
substructure of diverse materials. We have used SNFUH to image buried nano-
structures, to perform subsurface metrology in microelectronic structures, and
to image malaria parasites in red blood cells.

Nondestructive real-space imaging of deeply
buried or embedded structures and features
with lateral resolution below ~100 nm is a
formidable challenge (/-5). Conventional im-
aging with noninvasive radiation, such as light
and acoustic waves, cannot achieve useful res-
olution below 100 nm because of the classical
diffraction limit (6-8). Scanning probe micros-
copy (SPM) and its analogs offer superb spa-
tial resolution but are sensitive only to surface
or shallow subsurface features (9, /0). Near-
field scanning optical microscopy offers sub-
wavelength resolution but is unable to image
optically opaque and deeply buried structures
(11, 12). Thus, with respect to nondestructive
real-space imaging, there is a clear void be-
tween the two ranges of length scales offered
by confocal/photon or acoustic/sonography
techniques (micrometer scale) (/3-16) and
SPM (nano- and subnanometer scale) (9, 10),
particularly if the features of interest are buried
deeper into the material, beyond the interaction
range of proximal probes.

The need for nondestructive nanoscale
imaging of buried and embedded structures is
critical for numerous materials, structures, and
phenomena as the scale of fabrication con-
tinues to shrink and the micro/nanofabrication
paradigm moves from planar to three-dimensional
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(3D) or stacked platforms. In microelectronics,
for example, such metrology challenges are
well articulated in the International Technolo-
gy Roadmap for Semiconductors (/7). The
need for a higher resolution, nondestructive,
real-space imaging approach is equally critical
in biological systems for noninvasive monitor-
ing of signal pathways, cellular transfection,
and other subcellular phenomena.

In conventional nondestructive imaging
approaches based on acoustic and light mi-
croscopy, classical diffraction limits the spatial
resolution in the far-field regime. For example,
the spatial resolution, 8, in an acoustic mi-
croscope is given by

8 = 0.51(vo/fNA) (1)

(7, 8), where v, is the speed of sound in the
coupling medium, f is the frequency of the
acoustic/ultrasonic wave, and N4 is the numer-
ical aperture of the lens. Conventional far-field
approaches are also limited by the need for
liquid lenses and coupling fluid, among other
considerations.

Several SPM-based techniques have been
introduced in recent years with mixed results
in the context of sensitivity to surface nano-
mechanical variations, ability to probe deeply
buried or embedded features, or quantitative
extraction of nanomechanical contrast. Force
modulation microscopy (also called ultrasonic
force microscopy) (/8—23) and heterodyne
force microscopy (24) are notable SPM-based
techniques that have enjoyed some success in
nanomechanical mapping of elastic and visco-
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elastic properties of soft and hard surfaces.
However, a wider deployment of these tech-
niques is generally marred by lack of reproduc-
ibility, unpredictable environmental effects in
the usual contact mode of imaging, and lack of
compelling evidence for demonstrated sensi-
tivity to buried and embedded structure. More-
over, these techniques use nonlinear tip-sample
interactions, where the origin of the dominant
mechanical contrast in the images is mainly from
differential surface mechanical properties with a
large physical contact between the cantilever and
sample; such methods are therefore not well
suited for imaging of soft materials such as
polymers and biological structures.

Here we introduce an imaging approach,
scanning near-field ultrasound holography
(SNFUH), that is sensitive to deeply buried fea-
tures, offers nanoscale lateral resolution with
depth sensitivity, and is equally amenable to
hard (engineered systems), soft (polymers and
biological structures), and hybrid materials. In
SNFUH, a high-frequency acoustic wave (on
the order of megahertz or higher, substantially
greater than the resonance frequency of the typ-
ical cantilever, f; ~ 10 to 100 kHz) is launched
from the bottom of the specimen while anoth-
er wave is launched on the SPM cantilever,
albeit at a slightly different frequency (Fig. 1).
The interference of these two waves would nom-
inally form a surface acoustic standing wave,
which is analogous to, for example, x-ray
standing waves that result from interference of
scattered and reference x-ray waves (23, 20).
The perturbations to the phase and amplitude
of the surface acoustic standing wave are
locally monitored by the SPM acoustic an-
tenna via the lock-in approach and a SNFUH
electronic module. As the specimen acoustic
wave is perturbed by buried features, the re-
sultant alteration in the surface acoustic stand-
ing wave, especially its phase, is effectively
monitored by the SPM cantilever. Thus, within
the near-field regime (which enjoys superb
spatial resolution), the acoustic wave (which
is nondestructive and sensitive to mechani-
cal and/or elastic variation along its path) is
fully analyzed, point-by-point, by the SPM
acoustic antenna in terms of its phase and
amplitude. Thus, as the specimen is scanned,
a pictorial representation of its acoustic wave
perturbation is recorded and displayed that of-
fers a quantitative account of the internal fea-
tures of the specimen.
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