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olloidal semiconductor nanostruc-

tures have motivated widespread

interest in exploring the fundamen-
tal chemical and physical origins that give
rise to their unique electrical and optical
properties and in harnessing these proper-
ties in a range of device technologies, such
as low-cost and high performance field
effect devices,? thermoelectrics,>* energy
efficient photovoltaics,>® and photodetec-
tors.” Of particular interest are nanostruc-
tures of lead selenide (PbSe), a high mobi-
lity, infrared absorbing semiconductor that
exhibits strong quantum confinement in
nanostructured materials due to its large
Bohr exciton radius (gex &~ 46 nm) and its
uniquely large and similar electron and hole
Bohr radii (g. ~ ay, ~ 23 nm).2 Probing the
electronic properties of nanostructured ma-
terials and exploiting their characteristics in
applications require their integration in de-
vice architectures. Here we unmask the
intrinsic electronic properties of wet-chemi-
cally synthesized, PbSe nanowires (NWs)
through air-free preparation and integra-
tion to form the active, semiconducting
channels of field-effect transistors (FETSs).
We use spatially selective and concentration
dependent surface modification to engi-
neer the electrical characteristics of PbSe
NW FETs. Ambipolar FETs were prepared at
low concentrations of dopants, whereas, at
high concentrations, unipolar n- and p-type
FETs were formed using hydrazine and oxy-
gen, respectively.

Similar to dopants in bulk semiconduc-
tors, exposing the surface of nanocrystals
(NCs) to organic compounds has been re-
ported to provide a route to modify the
electronic properties of nanostructured
materials."® Most effectively hydrazine has
been reported to n-dope PbSe NC and NW
FETs"''2 and improve device charac-
teristics'> at typical hydrazine concentra-
tions of 1 M.""'°~12741> Removal of hydrazine
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ABSTRACT Wet-chemical methods, under rigorous air-free conditions, were used to synthesize
single-crystalline 10 nm diameter PbSe nanowires (NWs), and electric-field, directed assembly was
employed to align NW arrays to form the semiconducting channels of field-effect transistors (FETs).
Electrical measurements revealed as-aligned NWs in bottom, gold, contact FETs are predominantly p-
type ambipolar, consistent with the presentation of small barriers to electron and hole injection for
this low band gap semiconductor. Exposing the NW FET to UV-ozone p-doped the NWs, illustrating
the sensitivity of PbSe to oxygen, but controlled oxidation allowed the fabrication of unipolar p-type
FETs. Selectively exposing the contact region of as-aligned NW FETs to low to moderate
concentrations of hydrazine, commonly used to n-dope nanocrystal and NW devices, switched
the predominantly p- to n-type ambipolar behavior as if the entire NW channel was exposed. At
these hydrazine concentrations, charge transfer doping the metal—semiconductor interface
dominates the FET characteristics. Only upon exposing the NW FETs to high hydrazine concentrations
did charge transfer doping of the NW channel overcome the large intrinsic, thermally generated
carrier concentration of this low band gap material, modulating the NW carrier concentration and
forming unipolar n-type FETs. Pulling low vacuum removed surface hydrazine returning the
predominantly p-type ambipolar FET behavior. Doping and dedoping with hydrazine were
repeatedly reversible. By applying surface modification to n- and p-dope PbSe NW FETs, we
fabricated the first PbSe NW inverters, demonstrating the promise of these nanostructured materials
in integrated circuits.

KEYWORDS: nanocrystals - colloidal nanowires - electric-field directed assembly -
transistors - inverters

returns the NC FET behavior to p-type.’
Other simple amines'® and ethanedithiol*
have also been used to modify nanostruc-
tures, but the origin of the observed changes
in carrier transport measured in FETs upon
ligand exchange is not well understood and
remains difficult to control."’

Charge transport in NC FETs is further
complicated by variations in interparticle
spacing and film cracking, as it shrinks upon
exchange of the long, insulating ligands
used in NC synthesis and assembly with
the shorter ligands used to chemically dope
and convert the initially insulating film to
become conductive. In order to simplify the
problem and gain an understanding of the
role surface modification has on the electro-
nic properties of nanostructured materials
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and their devices, we investigated single-crystalline
colloidal nanowires (NWs). The NWs bridge the entirety
of the FET channel, avoiding the changes in interpar-
ticle spacing and cracking in NC films upon ligand
exchange, providing a model system to investigate the
role of surface modification on the electrical properties
of nanocrystalline PbSe devices. Here, we show, at low
concentrations of surface modifiers commonly used to
dope NC and NW FETs, charge transfer at the me-
tal—PbSe junction of the FET modifies carrier injection
and dominates the measured changes in device beha-
vior. While NCs have a higher surface area and may be
more readily doped than NWs, carrier concentration
modulation of the NWs in the channel is only observed
at much higher concentrations of chemical dopants.

Single-crystalline PbSe NWs were synthesized by
wet-chemical methods via oriented attachment of
NCs, as reported previously.'® Transmission electron
microscopy (TEM) [Figure STA] shows the synthesis
produced single-crystalline PbSe NW samples approxi-
mately 10 nm in diameter and over 10 um in length.
Rigorous air-free conditions were used from synthesis
to purification, fabrication, and characterization to
prevent oxidation of the NWs, which has been ob-
served in PbSe nanostructures.'®'*'7~% NW solutions
were dropcast under dc electric fields of 10? to 10° V/
cm [Figure S1B], aligning NW arrays across the pre-
fabricated bottom electrodes [Figure S1C, D]. Devices
were then well-washed in both ethanol and chloro-
form to remove excess ligands, namely the oleic acid
used in NW synthesis and the hexadecane-graft-poly-
vinylprrolidone (HD-PVP) used to aid NW dispersion.
Transmission FTIR and FET electrical characteristics were
correlated with device washing (Figure S2). Removing
surface-bound ligands improved FET transport char-
acteristics, whereas insufficient washing led to very
poor FET current modulation.

As-aligned PbSe NW FETs show evidence of both
hole and electron transport, known as ambipolar trans-
port, but stronger hole transport gives predominantly
p-type behavior [Figures 1A and S3A, B]. This is ob-
served as the Ip—Vps characteristics show holes accu-
mulate in the NW channel near the source electrode at
negative Vps and Vg. The closely spaced, sigmoidal
Io—Vps characteristics at low voltages, known as “cur-
rent crowding”?° [highlighted in the inset Figure 1A],
limit the device on-current. After multiple washings
with ethanol, chloroform, and acetonitrile, the ob-
served “current crowding” remains. We hypothesize
that either intervening material or physical space
remains between the surface of the electrodes and
the NWs, which is not removed upon washings with
common solvents. Immersing these devices in 4 M
hydrazine in acetonitrile (CH;CN) for 24 h converts the
device behavior to predominantly n-type. The device
remains ambipolar, as both hole and electron transport
are observed, but now the electron transport is more
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Figure 1. Ip—Vps characteristics of PbSe NW FETs (A) as-align-
ed, after (B) firstimmersion in 4 M hydrazine in acetonitrile,
and (C) pulling low vacuum. (D) Ip— Vg characteristics of the
NW FETs following the reversible conversion of FET beha-
vior from predominantly hole to electron transport corre-
sponding to (black) Figure 1A, (orange) Figure 1B, (green)
Figure 1C, (pink) 2nd 4 M hydrazine immersion, (blue) 2nd
pulling vacuum, (red) 3rd 4 M hydrazine immersion, and
(purple) 3rd pulling vacuum.

significant [Figures 1B and S3C, D]. After hydrazine
treatment, the Ip—Vps characteristics are linear at low
voltages [inset Figure 1B] and the device on-current Ip
is increased by a factor of 40. The electrons accumulate
in the NW channel near the source electrode at positive
Vps and V. Pulling low vacuum (30 mTorr) for an hour
on the devices is consistent with removing the hydra-
zine and recovers the NW FETs' predominantly p-type
characteristics [Figure 1C]. In order to verify that all of
the hydrazine was removed, devices were also placed
under high vacuum (1072 Torr) overnight and showed
no difference in their characteristics from those
pumped under low vacuum. The predominantly p-type
devices show improved Ip—Vps characteristics [inset
Figure 1C] and increased on-current by a factor of
15 compared to as-aligned PbSe NW FETs. Hydrazine,
even though it is subsequently removed, is an aggres-
sive and reducing solvent which may make a more
intimate metal-NW interface than that of the as-
aligned device. We show that this process is repeatedly
reversible as NW FETs can be converted from ambipo-
lar, predominantly p- to n-type, retaining their high
current levels, and back over multiple exposures to 4 M
hydrazine and removal under vacuum [Figure 1D]. As
shown in FTIR spectra [Figure S2], hydrazine does not
continue to remove significant quantities of surface-
bound oleic acid and HD-PVP but may, as has been
proposed, act as a Lewis base' or hydrazinium cation at
the PbSe NW surface, described further below. In
addition to the as-aligned device, all subsequent de-
vice characteristics show consistent and reproducible
Io—V¢ characteristics, forming ambipolar, predominan-
tly n-type FETs upon exposure to hydrazine and predo-
minantly p-type FETs with vacuum removal of hydra-
zine, as exemplified by electron and hole on-currents
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[Figure S3E]. The devices retain the same threshold
voltage (V7) for electrons and holes when predomi-
nantly n- and p-type, respectively [Figure S3F]. Mobility
values for the FETs range from 1 to 10 cm?/V-s but are
based on the lithographically defined channel widths.
Based on SEM images, the NWs sparsely span the
junction along its 200 um width (covering approxi-
mately 5% of the channel width); the mobility values
should be considered a conservative estimate. The
reversibility in the NW FET characteristics has been
measured over tens of device structures fabricated at
different times on different wafers [Figure S3E, F].

While previous work on as-aligned PbSe NW FETs
showed only hole transport,'? rigorous air-free condi-
tions enable these predominantly p-type devices to
also show evidence of electron transport, as seen in the
Io—V curves [Figure 1D] and the Ip—Vps characteristics
in the electron accumulation regime [Figure S3B],
indicating ambipolar behavior. The Ip—Vps character-
istics of ambipolar FETs show at high negative Vg hole
accumulation, at high positive Vg electron accumula-
tion, and at moderate Vg and high negative and high
positive Vps both electron and hole accumulation in
the FET channel. Even after hydrazine treatment, the
devices display ambipolar behavior when either pre-
dominantly p- or n-type. The asymmetry in the on-
currents (loy) for both electrons and holes is only about
1 order of magnitude when operating both predomi-
nantly p- and n-type devices [Figure S3E], even after
multiple cycles of hydrazine exposure and removal.
Measurement of the NW absorption in the FTIR reveals
these 10 nm diameter NWs have a small effective band
gap of 0.45 eV [Figure 2A]. Given the small effective
band gap of the NWs, small barriers are presented for
both hole and electron injection, as the sum of the
energy barriers for electron and hole injection
equal that of the energy gap.*® Given the similar
electron and hole mobilities for PbSe, the observed
ambipolar behavior at low doping is anticipated. The
small band gap of PbSe also manifests in a large
population of thermally generated carriers at room
temperature, giving rise to off-currents in the range
of 1 to 10 nA for thousands of NWs spanning FET
channels. By decreasing the operating temperature of
the PbSe FET, strong ambipolar behavior is observed
with a dramatic increase in the on/off ratio to 10° and
an increase in both electron and hole mobilities by an
order of magnitude [Figure 2B].

The intrinsic ambipolar behavior can easily be
missed if rigorous air-free conditions are not used to
avoid oxidation of the PbSe nanostructures. Oxygen
creates acceptor states in PbSe NCs,>"?? which cause
the material to become strongly p-type, increasing its
hole concentration at the expense of its electron
concentration and giving rise to a loss of gate
modulation'®'* in FET devices. PbSe NWs also suffer
from the same sensitivity to oxygen as bulk PbSe,

KIM ET AL.

Energy (eV)
06 05 04 03

(A) o7 o " (B) 10* ~
3 06 045ev || {0185 * 10° Vs = -0.250V
Fou
e 0. B -7
s 0328 £ z 10“3
-g . vn 10
g 02 = 10°
o
- -11
0.9 0.8 :.7 O.((i \(’)).5 0403 10—60 20 20 0 20 40 80
nergy (e'
v, (v)
(C) 10° (D) -1.0 -0.5 0.0 0.5 1.0
V5 =-0.250V 2
10° 1
< g0 =
=L107 £
€ 60
e
10° 5 40
-60 -40 -20 0 20 40 60 o 20
Ve (V)
G
0 o=
203526500 05 10
Voltage (V)
E E PbSe
E)_au PbSe Au F)_au Vacuum level Au
Vacuum level
Electrons Electrons
(‘ LUMO c LUMO
i),
E; E
-
HOMO J i HOMO D‘

Holes Holes

Figure 2. (A) Absorption spectrum of dropcast NWs (black)
before oxidation and (red) after 10 min of exposure to UV-
ozone (* is from —CH stretches). (B) Ir— Vg characteristics of
PbSe NW FETs (black) at room temperature and (blue) 77 K.
(C) Room temperature Ip—Vg characteristics of PbSe NW
FETs (black) treated with UV-ozone for (orange) 5 s, (green)
10 s, (red) 30 s, and (blue) 60 s. (D) Cyclic voltammetry of
PbSe NWs (black) washed in ethanol and (red) subsequently
treated in hydrazine. Schematic band diagrams depicting
the HOMO, LUMO, and vacuum levels and the Fermi energy
(Eg) for (E) as-aligned and (F) 4 M hydrazine treated PbSe NW
FETs.

which was verified by a blue shift in the NW absorption
peak after a 10 min UV-ozone exposure [Figure 2A].
However, controlled oxygen doping of PbSe FETs may
serve to be advantageous for enhanced p-type char-
acteristics. In order to better understand the role of
oxygen, devices were treated under UV-ozone for
varying times. Starting with an ambipolar p-type PbSe
NW FET, we see a significant loss in electron current
and a shift in the threshold voltage to more positive
voltages even after a short 5 s UV-ozone exposure
[Figure 2C], highlighting the importance of air-free
conditions in observing the intrinsic PbSe NW charac-
ter. We see further improvement in the p-type char-
acteristics for UV-ozone treatments up to 10 s, but
subsequent UV-ozone treatments longer than 10 s
cause the predominantly p-type PbSe NW FET to
degrade in performance and to suffer poor gate mod-
ulation, similar to the degradation reported for PbS NCs
in solar cells.®> Gold also forms a thin oxide upon
exposure to UV-ozone, which acts to increase the metal
work function by up to 0.16 eV at room temperature®?
and favors hole injection. However, we observed the
electron transport can be recovered after reimmersing
the devices in a 4 M hydrazine solution overnight. Gold
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Figure 3. (A) Schematic of PbSe NW FET with top insulating SiO, blocking layer. (B) SEM of blocking layer atop the PbSe NW
FET; (inset) higher resolution images. (C) Ip—V characteristics following the conversion of the NW transport behavior when
only modifying the NW-metal junction corresponding to the FET upon (black) fabricating the blocking layer, (red) immersing

in 4 M hydrazine, and (blue) pulling vacuum.

oxide is unstable in solvent and will be removed,** and
the NW surface is expected to be reduced by hydra-
zine.! By controlling the UV-ozone exposure time of
the NW FET, it is possible to control the degree of
p-type behavior seen in PbSe FETs, ranging from
predominantly p-type ambipolar to unipolar p-type.
Both optical [Figure 2A] and cyclic voltammetry (CV)
measurements [Figure 2D] were used to characterize
the absolute energy levels of the PbSe NWs before and
after hydrazine treatment. The potential was recorded
against the oxidation peak of a ferrocene/ferrocenium (Fc/
Fc™) redox couple, which has a reported highest occu-
pied molecular orbital (HOMO) energy level of —4.80 eV
and served as an external standard in our system.”® The
first reduction peak was used to calculate the lowest
unoccupied molecular orbital (LUMO) level, while the
HOMO was evaluated using the optical energy gap
from FTIR absorption spectroscopy (0.45 eV). Differ-
ences in the absolute potential levels of the PbSe NWs
are in reference to the Pt electrode, which mimics the
change that is observed against Au contacts. Based on
the reduction peak for untreated NWs at —0.63 V and
hydrazine treated NWs at —0.24 V, we can estimate
LUMO/HOMO levels for untreated and hydrazine trea-
ted NWs to be 4.17/4.62 eV and 4.56/5.01 eV, respec-
tively. While gold has been reported to have a work
function of around 5.1 eV, this energy level can only be
attributed to high purity clean gold under ultrahigh
vacuum (UHV). Outside of vacuum, the surface of gold
is readily contaminated, which can significantly modify
its work function to 4.7 eV.?*?” Since the NWs were
dropcast in a nitrogen glovebox rather than in UHV, we
expect the gold electrodes to be dirty. Based on the
more favorable band alignment of the untreated PbSe
HOMO level (4.62 eV) with the work function of the
dirty gold contact, the predominantly p-type behavior
of the as-aligned NW FETs may be attributed to band
bending promoting hole injection [Figure 2E]. The
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predominantly n-type behavior of PbSe NW FETs upon
exposure to hydrazine can be attributed to electron
transfer from hydrazine to the NW to form N,H, ", 2% 3°
which induces a negative charge and forms an inward-
pointing surface dipole. This surface dipole reduces
the local metal work function and effectively in-
creases the electron affinity and ionization poten-
tial of the HOMO and LUMO levels of PbSe nano-
structures,”>>' shifting the material's LUMO level
(4.77 eV) to be more favorable toward electron
injection [Figure 2F]. This process is reversible in
PbSe nanostructures, and once the sample is under
vacuum for a period of time, the hydrazine is re-
moved and the work function returns to favor hole
injection and suppress electron injection.

To further understand and isolate the role of the metal/
semiconductor junction on the measured electrical prop-
erties of NW FETSs, a SiO, blocking layer was fabricated on
top of 19 um of the 20 um NW channel to selectively dope
0.5 um of the NW at the NW—source and drain interfaces
[Figure 3A, B]. All methods to fabricate the blocking layer
were carried out in air-free conditions, as rigorously as
possible. In fabricating the SiO, blocking layer, experi-
ments were performed at each processing step, through
lithography and SiO, evaporation, to ensure the integrity
of the NW FETs remained unaffected [Figure S4]. There
were no signs of NW sintering or growth, as verified by
scanning electron microscopy, which is consistent with
reported heat treatments of PbSe NC films that show
electrical characteristics and conductivity that remain
essentially unchanged from the as-made films when
heated to 200 °C for 1 h.'® The e-beam resist developer
MIBK:IPA suppressed the device's electron current [Figure
54B], but pulling high vacuum (102 Torr) on the sample
recovered the ambipolar behavior, as shown by the
Ib— Vg curve after SiO, evaporation.

The predominantly p-type, ambipolar FET behavior
remained intact after fabrication of the blocking layer
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[Figure 3C]. Immersing the device in 4 M hydrazine in
acetonitrile for 24 h still converted the device to
predominantly n-type characteristics. Upon removing
the hydrazine under vacuum, the device regained its
predominantly p-type behavior. For predominantly
n- and p-type FETs, the current levels are similar to
those for NW FETs without the blocking layer, upon
exposure and removal of hydrazine, and show rever-
sible transport behavior by modifying only the contact
region. Different blocking layer lengths of 18 and 16
um were also fabricated on top of the 20 um channel,
creating 1 and 2 um gaps at the source and drain con-
tact regions. The device current levels for the FETs
when exposed to hydrazine and when hydrazine is
removed are invariant with the size of the gap at the
electrodes, despite the exposure and removal of more
of the NW length to hydrazine. Polarity switching of the
majority carrier in FETs from hole to electron transport
(from p-type to n-type) by selectively exposing the
NW—metal junction and the changes in HOMO and
LUMO energies extracted from cyclic voltammetry
measurements show that the energy level alignment
at the metal—nanostructure contact governs the mea-
sured device behavior.

Using 4 M hydrazine, we were unable to achieve
completely n-type unipolar devices. Therefore PbSe
NW FETs were immersed in higher concentrations of
hydrazine in acetonitrile [Figure 4A] to see if the
devices could be more strongly n-doped. Without a
blocking layer present, immersing the device in 8 M
hydrazine completely turned off the ambipolar beha-
vior and converted the FET to fully n-type, shifting V; to
be more negative. By controlling the hydrazine con-
centration used to charge transfer dope the NW FETs, it
is possible to control the degree of electron transport
seen in the device, ranging from ambipolar, predomi-
nantly n-type to unipolar n-type behavior. On the other
hand, using an SiO, blocking layer to protect the NW
channel and exposing only the contacts to 8 M hydra-
zine [Figure 4B], the device characteristics were still
ambipolar, predominantly n-type. These results show
that only modifying the band level alignment at the
PbSe—metal junction is not sufficient to make a uni-
polar device. Since PbSe is a small band gap material,
simply shifting the interface dipole without changing
the material's intrinsic carrier concentration is not
enough to suppress its inherent ambipolar character-
istics because PbSe NW FETs will always have small
barriers to both electron and hole injection. The only
way to fabricate a unipolar device is to change the bulk
carrier concentration by increasing the electron con-
centration at the expense of the hole concentration,
similar to our fabrication of unipolar p-type devices
using oxygen exposure [Figure 2C]. The PbSe FET
without a blocking layer upon exposure to 4 M hydra-
zine still exhibits ambipolar behavior. At low to moderate
doping densities, contact modification dominates
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Figure 4. Ip—Vg characteristics of PbSe NW FETs treated
with (black) 4 M and (red) 8 M hydrazine, (A) without and (B)
with a blocking layer. (C) Schematic band diagram depicting
the HOMO, LUMO, and vacuum levels and the Fermi energy
(Ef) for 8 M hydrazine doped PbSe NW FETs. Note the influence
of 8 M hydrazine on the magnitudes of the doping levels and
interface dipole is not known quantitatively.

the measured transport characteristics and the bulk
carrier concentration has not been significantly af-
fected. Given that PbSe has a high population of
thermally generated carriers, it is necessary to dope at
high concentrations (above the level achieved with 4 M
hydrazine) to significantly impact the intrinsic carrier
density and achieve unipolar transport. Figure 4C
shows a schematic band diagram for PbSe NW FETs
modified with 8 M hydrazine. Both devices with and
without blocking layers treated in 8 M hydrazine can be
returned back to their predominantly p-type state
under low vacuum for 1 h. Immersing the device in
12 M hydrazine ruined the devices, since hydrazine is a
caustic base and has been shown to dissolve lead
chalcogenides at high concentrations.3**3

By taking advantage of the control we have over
the PbSe device behavior, we fabricated bottom-contact
inverters using a unipolar p-type FET (treated for 10 s with
UV-ozone) and a unipolar n-type FET (treated with 8 M
hydrazine) [Figure 5A, B]. The gates of the FETs were
connected and used as the input of the inverter.
These are the first reported PbSe NW inverters which
exhibit promising gains of ~8 for both positive and
negative Vpp.

In summary, we report surface treated, bottom-
contact PbSe FETs with controllable and reversible
device characteristics (V4, lon), ranging from oxygen
treated unipolar p-type, ambipolar to high hydrazine
concentration treated unipolar n-type. Selectively
treating the contacts reversibly changes the predomi-
nant measured carrier to holes or electrons, exhibiting
the dominating role the metal—semiconductor NW
contacts have on charge injection in these devices at
low to moderate doping concentrations. The changes
in band alignment are also consistent with cyclic
voltammetry measurements and reflect the impor-
tance of interfacial doping on charge injection in FETs
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Figure 5. Transfer and gain characteristics of inverters constructed from unipolar p- and n-type PbSe NW FETs at (A) negative

and (B) positive Vpp.

for nanostructured materials. Since PbSe is a small
band gap semiconductor with a small barrier for both
electrons and holes, the device's ambipolar character-
istics can only be suppressed by modifying the high
concentration of thermally generated carriers at high
doping concentrations. Measurements of PbSe nanowire
FETs to liquid helium temperatures are being explored to
characterize charge injection and transport for differ-
ent surface modifications and concentrations. By taking
advantage of the control we have over electronic

METHODS SECTION

Materials for Nanowire Synthesis. All manipulations were carried
out using standard Schlenk-line techniques under dry nitrogen.
Tri-n-octylphosphine (further referred to as TOP, Aldrich, 90%),
oleic acid (OA, Aldrich, 90%), diphenyl ether (Aldrich, 99%),
amorphous selenium pellets (Aldrich, 99.999%), lead acetate
trihydrate (Fisher Scientific Co.), and n-tetradecylphosphonic
acid (TDPA, Strem, 97%) were used as purchased without
further purification. Anhydrous chloroform and hexane were
bought from Aldrich. To prepare a 0.167 M stock solution of
trioctylphosphine selenide (TOPSe), 1.32 g of selenium was
dissolved in 100 mL of TOP overnight by stirring.

Synthesis. The synthesis is based on a previous report:'® Lead
acetate trihydrate (0.76 g) was dissolved in 2 mL of OA and
10 mL of diphenyl ether. The solution was heated to 150 °C for
30 min under nitrogen flow in order to form a lead—oleate
complex. The solution was then cooled to 60 °C, and 4 mL of
0.167 M TOPSe solution were added slowly to prevent prema-
ture nucleation of PbSe. The combined lead—oleate/TOPSe
solution was injected under vigorous stirring into a hot
(250 °C) growth solution containing 0.2 g of TDPA dissolved
in 15 mL of diphenyl ether. After ~50 s of heating, the reaction
mixture was cooled to room temperature using a water bath.
Once cooled, the reaction vessel (still under N,) was transferred
to a glovebox, where the crude solution was mixed with equal
amounts of hexane, and the nanowires (NWs) were isolated by
centrifugation at 4300 rpm for 5 min. The resulting NW pre-
cipitate was redispersed in chloroform for further characteriza-
tion. Optical absorption spectra of PbSe NWs deposited on
double-side polished silicon substrates were collected with a
Nicolet 8700 FTIR in transmission. Figure 2A shows the absorp-
tion spectra of PbSe NWs.

Device Preparation. Devices were fabricated on an n-doped Si
wafer with 250 nm thermally grown SiO, from Silicon Inc.
Electrodes were patterned using photolithography with a bi-
layer of Lift-off Resist (LOR3A from MicroChem) and S1813
(Microposit). Samples were photolithographically patterned to
define channel lengths of 20 um and widths of 200 um using a
Karl Suss Mask aligner and developed in MF-319 (Microposit).
The exposed sample was cleaned by a 3 min O, plasma, and
metal was deposited by e-beam evaporation of 2 nm of Ti and
18 nm of Au. Metal was subsequently lifted off using Remover
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properties in PbSe NW FETs, we fabricated the first
PbSe NW inverters that show amplification and the
promise of these nanostructured materials in integra-
ted circuits. The fabrication processes we developed
for the blocking layer successfully preserved the in-
trinsic properties of these very oxygen and water-
sensitive nanomaterials, and we believe it can be used
for a variety of other air-sensitive materials and more
complicated devices, such as top gate and other dual
gate configurations.

PG (MicroChem). The fabricated devices were then put in a YES
(Yield Engineering Systems) Oven, where the fabricated devices
were first cleaned with an O, plasma and then vapor primed
with hexamethyldisilazane (HMDS, Aldrich, 99.9%) for 5 min at
150 °C.

Nanowire Alignment. NWs were dispersed in octane/nonane
at a 1:1 (vol:vol) ratio with several drops of 10 wt % solution
hexadecane-graft-polyvinylprrolidone  (HD-PVP) copolymer
(M, = ~7300) to improve the NWs' dispersibility. NWs were
aligned across the device structure having a channel length of
20 um and channel width of 200 um. The NWs were washed
with ethanol and then chloroform to remove the HD-PVP
polymer and organics, which was verified using a Nicolet
6700 FTIR. For n-type conversion of the p-type NW FETSs, varying
concentrations of hydrazine (Aldrich, 98%) in acetonitrile
(Aldrich, anhydrous, 99.8%) were used. (NOTE: hydrazine
is toxic by vapor inhalation and skin absorption.) Electric-
field directed assembly was carried out in an MBraun nitro-
gen glovebox, and all solvents used were distilled and
anhydrous.

Cyclic Voltammetry Measurements. Cyclic voltammograms were
obtained employing a three-electrode C3 cell stand and Epsilon
electrochemical workstation (Bioanalytical Systems, Inc.). 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF¢) was used
as the supporting electrolyte in acetonitrile. A platinum disk and
platinum wire were selected as working and counter electrodes,
respectively. A Ag/AgNOs (nonaqueous) electrode was used as
the reference electrode. The redox couple ferrocene/ferroce-
nium ion (Fc/Fc™) provided an external standard. Each cycle was
performed at a scan rate of 100 mV/s.

Blocking Layer. To achieve this structure, reversibly hydrazine
treated and vacuum exposed NW FETs with predominantly p-
type characteristics were used. All e-beam resists and devel-
opers were degassed and used inside an MBraun nitrogen
glovebox. An e-beam resist bilayer of 495 PMMA A4 (Micro-
Chem) and 950 PMMA A4 (Microposit) was spincast and baked
under nitrogen at 180 °C for 2 min for each layer. The PMMA
coated device was secured in a jar under nitrogen in the
glovebox and taken to the e-beam lithography tool, where
the blocking layer was exposed. After exposure, the sample
was developed in the glovebox with methyl isobutyl ketone
in isopropyl alcohol (MIBK:IPA 1:3, Honeywell Burdick and
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Jackson). E-beam evaporation of the 50 nm SiO, blocking layer
was carried out in a nitrogen glovebox with an integrated eva-
porator, followed by lift-off with anhydrous acetone.

An Agilent 4156C parameter analyzer in combination with a
Karl Suss PM5 probe station mounted in the nitrogen glovebox
was used to measure device characteristics. The source was
grounded, and a highly n-doped silicon wafer was used as a
back gate electrode.
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