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in both colloidal PbSe nanowire (NW)

and nanocrystal (NC) field-effect tran-
sistors (FETs),' " and more broadly in other
colloidal semiconductor NW and NC FETs,”~'°
and is currently limiting fundamental studies
of charge transport, device performance, and
application in more complex, integrated cir-
cuits. While it is widely believed that the pre-
sence of surface-bound water that hydrogen-
bonds to the silanol groups on the silicon
dioxide (SiO,) gate dielectric surface is princi-
pally responsible for hysteresis in carbon
nanotube (CNT),""'? organic,"*'* ZnO NW,"”
and Si NW FETs,'®'” hydroxyl passivated and
dehydrated PbSe NC** and NW devices show
no significant improvement in the large hys-
teresis. It has been reported that coating
single CNT devices with cured poly(methyl
methacrylate) (PMMA) down to the gate
dielectric surface nearly eliminates hyster-
esis."’"'® This has been attributed to several
key factors: (1) curing the PMMA releases
surface bound water on both the dielectric
and nanotube surfaces that causes hysteresis,
(2) the carbonyl groups in PMMA can bond
with the silanol groups on SiO,, and (3) PMMA
is hydrophobic, and both factors 2 and 3 keep
water from being readsorbed, preventing
hysteresis from readily returning.

Here we report a similar reduction in
hysteresis for PbSe NW FETs fabricated atop
SiO, gate dielectric layers thermally grown
on a Si back-gate when encapsulated in
PMMA, providing a model system to under-
stand more generally how to reduce hyster-
esis in FETs from colloidal nanostructures.
Unlike NC FETs, which are additionally com-
plicated by interparticle spacing and film
cracking, which may give rise to trap sites
within the semiconductor active layer,' >1°
single crystalline colloidal NW FETs are an
ideal system to investigate the role of
charge transport'® and the influence of

Large hysteresis has been observed
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ABSTRACT

f\ﬂal

We report low-hysteresis, ambipolar bottom gold contact, colloidal PhSe nanowire (NW) field-effect
transistors (FETs) by chemically modifying the silicon dioxide (Si0,) gate dielectric surface to overcome
carrier trapping at the NW-gate dielectric interface. While water bound to silanol groups at the Si0,
surface are believed to give rise to hysteresis in FETs of a wide range of nanoscale materials, we show
that dehydration and silanization are insufficient in reducing PbSe NW FET hysteresis. Encapsulating
PbSe NW FETs in cured poly(methyl) methacrylate (PMMA), dehydrates and uniquely passivates the
Si0, surface, to form low-hysteresis FETs. Annealing predominantly p-type ambipolar PbSe NW FETs
switches the FET behavior to predominantly n-type ambipolar, both with and without PMMA
passivation. Heating the PhSe NW devices desorbs surface bound oxygen, even present in the
atmosphere of an inert glovebox. Upon cooling, overtime oxygen readsorption switches the FET
polarity to predominantly p-type ambipolar behavior, but PMMA encapsulation maintains low
hysteresis. Unfortunately PMMA is sensitive to most solvents and heat treatments and therefore its
application for nanostructured material deposition and doping is limited. Seeking a robust, general
platform for low-hysteresis FETs we explored a variety of hydroxyl-free substrate surfaces, induding
silicon nitride, polyimide, and parylene, which show reduced electron trapping, but still large
hysteresis. We identified a robust dielectric stack by assembling octadecylphosphonic acid (ODPA) on
aluminum oxide (Al,05) to form low-hysteresis FETs. We further integrated the ODPA/AI,0; gate
dielectric stack on flexible substrates to demonstrate low-hysteresis, low-voltage FETs, and the

promise of these nanostructured materials in flexible, electronic drcuitry.

KEYWORDS: nanocrystals - colloidal nanowires - low-hysteresis - low voltage -
flexible transistors

device interfaces on hysteresis. Similar to
CNT FETs, we show that the reduced hyster-
esis in PbSe NW FETs encapsulated in PMMA
is consistent with the unique hydrogen
bonding that occurs between the hydroxyl
terminated surface of the SiO, gate dielectric
layer and the carbonyl group in PMMA,""2%2"
PbSe NWs aligned via electric field assembly
only span approximately 5—10% of the de-
vice channel, so PMMA can both encapsulate
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individual NWs and penetrate to the gate dielectric sur-
face to interact with the hydroxyl groups in reducing
hysteresis. However since most colloidal NC films depos-
ited by various techniques form uniform and continuous
thin films (spincasting,>® dip-coating,? and dropcasting®),
deposition of a top PMMA coating would be ineffective
as PMMA would not penetrate to the SiO, interface
needed to reduce trapping at the semiconductor-
dielectric interface. Further, since PMMA cannot with-
stand the solvents and chemical treatments used in the
deposition of many NC materials and in their doping, it is
necessary to develop a robust bottom gate dielectric
stack that does not require PMMA as a passivating layer.

We report bottom gold contact PbSe FETs atop a
range of gate dielectric materials and show hysteresis
is consistent with carrier trapping at the NW-gate
dielectric surface. Despite heat treatments and the
use of hydroxyl-free dielectric layers, large hysteresis
is observed on hydrophilic silicon nitride (SiN) and
hydrophobic polymer surfaces, indicating that surface
water and charge-trapping hydroxyl groups in PbSe NW
FETs are not solely responsible for the observed hyster-
esis. By modifying the gate dielectric surface chemistry
we fabricate ambipolar predominantly p and predomi-
nantly n-type FETs with dramatically reduced hysteresis.
We have identified a surface modified gate dielectric
stack, assembling octadecylphosphonic acid (ODPA) on
aluminum oxide (Al,053), that allows low-hysteresis FET
operation. Further, by implementing this device ge-
ometry on flexible substrates, we show low-hysteresis
and low-voltage operation on plastics and the promise
of integrating these materials in complex integrated
circuits.

RESULTS AND DISCUSSION

Encapsulation with Poly(methyl methacarylate) (PMMA). Similar
to our previous study,'® wet-chemically synthesized,
straight single crystalline PbSe NWs approximately
10 nm in diameter were aligned under an electric field of
10* to 10° V/cm between gold source and drain con-
tacts to form FETs. FETs with channel lengths of 20 um
were fabricated atop 250 nm of silicon dioxide thermally
grown on highly n-doped silicon wafers, serving as the
gate dielectric layer and back-gate of the FETs, respec-
tively. NW FETs were well washed in ethanol and chloro-
form to remove surface bound ligands, since insufficient
cleaning leads to poor current modulation. Devices were
then treated with 4.0 M of hydrazine overnight to increase
the current levels and reduce contact resistance to be-
come predominantly n-type, and reverted back to pre-
dominantly p-type by pulling low vacuum (30 mTorr) for
an hour." Posthydrazine treated PbSe NW FETs exhibit
both hole and electron transport, but stronger hole
transport gives rise to predominantly p-type ambipolar
behavior. Rigorous air-free conditions were used from
synthesis, purification, characterization, and device fab-
rication to prevent unintentional oxidation of the NWs,
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which has been shown to suppress the electron
current'?>?3 and inherent ambipolar'® behavior in PbSe
nanostructures as oxygen creates acceptor states in
PbSe, effectively acting as a p-dopant.

PMMA 495 A4 (4 wt % PMMA in anisole from
MicroChem) was degassed, brought into the glovebox
and 180 nm films were spincast atop predominantly
p-type ambipolar PbSe FETs and baked in inert atmos-
phere at 180 °C for 2 min to cure completely Figure 1A).
The drain current (Ip) versus gate voltage (V) charac-
teristics show that the originally predominantly p-type
device with hysteresis of 30 V became a predomi-
nantly n-type device with reduced hysteresis of 15 V
(Figure 1B and Supporting Information Figure S1A).
Device hysteresis is evaluated from the difference in
threshold voltage, calculated as the interceptin a linear
fit of the Ip—V; curve, for each sweep direction in V.
Devices coated with PMMA retained the reduced
hysteresis of 15 V over several weeks, but the charge
transport characteristics shifted from predominantly
n-type back to predominantly p-type over time (Sup-
porting Information, Figure S1B), which is discussed
further in the next section. Removal of the PMMA with
acetone returned the device to its original p-type beha-
vior with large hysteresis of 30 V, as evidenced by the
similar Ir—V; curves before and after PMMA encapsula-
tion, showing that the effects of PMMA are completely
reversible. Subsequent spin-casting, heating, and re-
moval with acetone cycles have been repeatedly per-
formed with independently fabricated devices from
multiple synthetic batches of NW solutions and are
shown to be consistently reversible and repeatable.

For PbSe NW FETs, the reduction in hysteresis even
occurs if the sample were not pretreated in 4.0 M of
hydrazine (Supporting Information, Figure S1C), which
has been shown to improve the current levels and
dope the contact regions at these concentrations,'®
indicating that charge transfer doping of the contact/
metal interface is not responsible for hysteresis reduc-
tion. To test whether the contacts or bulk were respon-
sible for hysteresis reduction, a 50 nm thick SiO,
blocking layer was fabricated, with rigorous air-free
techniques,'® on top of 19 um of the 20 um channel to
selectively encapsulate 0.5 um of the NW with PMMA at
the NW-source and drain interfaces (Figure 1C). The
Io— Vg characteristics show that the hysteresis remains
unchanged when selectively encapsulating only the
contacts (Figure 1D). Using a different blocking layer
length of 18 um to selectively encapsulate 1.0 um of
the NW at each of the source and drain contacts with
PMMA shows a more noticeable reduction in hysteresis
(Supporting Information, Figure S1D). The reduction is
not as significant as when 100% of the channel was
passivated with PMMA, indicating that the semicon-
ductor NW—gate dielectric interface dominates hys-
teresis in these devices. Measuring devices at lower
temperatures also reduced hysteresis (Supporting
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Figure 1. (A) Schematic of a PbSe NW FET with PMMA spincast on top and subsequently cured at 180 °C for 2 min. (B) Ip—Vg
characteristics for a PbSe NW FET uncoated (black), with PMMA spincast and cured at 180 °C for two minutes (red) and with
PMMA subsequently removed with acetone (blue). (C) Schematic of a PbSe NW FET with a SiO, blocking layer covering 95% of
the NW channel and PMMA spincast on top and subsequently baked at 180 °C for 2 min. (D) Ip—V; characteristics of a PbSe NW
FET with a SiO, blocking layer covering 95% of the NW channel uncoated (black) and with PMMA spincast on top covering the
remaining exposed 5% of the channel at the source and drain contact regions and cured at 180 °C for two minutes (red).

Information, Figure S1E) in PbSe NW FETs similar to
PbSe NC FETs,® suggesting that the observed hyster-
esis is temperature dependent.

Unlike CNT FETs, which were encapsulated in
PMMA in atmosphere, all encapsulations of PbSe FETs
had to be done under the inert conditions of the
nitrogen-filled glovebox due to the sensitivity of PbSe
NWs to oxygen. Even with devices already passivated
with PMMA, exposing the NW FETs to atmospheric
conditions immediately increased the hysteresis to
large values and made the FETs unipolar p-type, losing
their electron current and therefore ambipolar behav-
ior (Supporting Information, Figure S1F). Interestingly,
upon removal of the PMMA with anhydrous acetone in
the glovebox, the devices were returned to their
original ambipolar predominantly p-type behavior de-
spite being exposed to atmosphere for 6 h; in contrast
exposure of unpassivated NW FETs leads to irreversible
oxidation and changes in the FET characteristics. This
indicates that PMMA may be a sufficient blocking layer
to prevent irreversible oxidation of the NWs, suggest-
ing that short exposure to atmosphere of PMMA
coated structures may allow e-beam lithography to
provide a good route to fabricate advanced device
structures while preserving the intrinsic properties of
very oxygen and water sensitive nanomaterials.

The Effect of Oxygen on PbSe NWs. We investigated
the polarity switching (from ambipolar predominantly
p- to n-type) observed upon encapsulating the PbSe
NW FETs in PMMA. We confirmed that PMMA from
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different sources had no unintentional impurities that
could lead to the observed n-type conversion and
PMMA of varying molecular weight displayed nearly
identical Ipb—Vs behavior (Supporting Information,
Figure S2). Since the NW FETs are heated during the
curing of PMMA, we studied the role of heating and
cooling alone on the electrical behavior of the FETSs.
Without any PMMA encapsulant, heating the original,
ambipolar predominantly p-type PbSe FET for 2 min at
180 °C converted the device to ambipolar predomi-
nantly n-type behavior. Devices that were heated for
2 min between 50 and 180 °C show a clear transition,
with the electron current increasing and the hole
current decreasing with increasing annealing tempera-
tures, becoming equally ambipolar around 150 °C and
then predominantly n-type at higher temperatures
(Figure 2A and Supporting Information, Figure S3A,B),
for the same 2 min of annealing. Samples that were
heated for 1 h between 100 and 180 °C show a similar
trend in both the electron and hole currents, indicating
that the polarity switching happens within the first
2 min of heating (Figure 2A and Supporting Informa-
tion, Figure S3C,D). Twenty-four hours after removing
the device from heat, the predominantly n-type char-
acter converted back to its original predominantly
p-type behavior (Figure 2B and Supporting Informa-
tion, Figure S3E,F), similar to devices coated in PMMA.
Both the log of the electron and hole current levels
change linearly over the log of the time. Conversion of
the device characteristics upon heating and cooling
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Figure 2. (A) On currents at |Vg| = 50 V for electrons as a function of annealing temperature for 2 min (blue) and 60 min
(green), and for holes for 2 min (red) and 60 min (black). (B) Time evolution of electron (blue) and hole (red) on currents over
24 h after cooling, as well as original currents levels before heating for electrons (green dash line) and holes (black dash line).
(C) Ip—V characteristics of PbSe NW FETs before treatment (black), 10 s UV-ozone exposure (green) and heating at 180 °C for
2 min (red). (D) Ip— Vg characteristics of PbSe NW FETs before vacuum (black), 1 day under vacuum (blue), and 2 days under

vacuum (red).

was carried out consecutive times on the same device,
and found to yield similar current levels. Similarly,
reheating/cooling PMMA coated samples would switch
the polarity of the FET behavior.

PbSe is extremely sensitive to oxygen exposure.
Even at low-exposure levels of 5.3 x 107> Torr (<10
ppm), oxygen has been shown to adsorb on the surface
of PbSe nanostructures reversibly to dope it p-type.’
Therefore, it can be expected that even when storing
air-free synthesized PbSe nanostructures inside a ni-
trogen glovebox, small traces of oxygen are enough to
p-dope it over time until the surface is saturated with
adsorbed oxygen to favor ambipolar predominantly
p-type behavior. This is different from the irreversible
exposure at higher oxygen concentrations around 0.87
Torr' (>1000 ppm), where oxygen will form covalent
bonds with the NW surface and possibly the bulk,
and lead to formation of permanent lead—selenide—
oxides that suppress electron currents.***> Annealing
PbSe NWs in a nitrogen glovebox may provide enough
energy to desorb the surface-bound oxygen that is
acting as an unintentional p-type dopant. PbSe thin
films and crystalline powders have been reported to
desorb surface oxygen upon heating in vacuum, giving
rise to changes in semiconductor conductivity and
type.2®?” To test whether heat desorbs the oxygen
on the surface of PbSe NWs, samples were exposed to
UV—ozone for 10 s, which has been demonstrated to
intentionally and controllably oxygen-dope PbSe NWs
to form unipolar p-type FETs'® and PbS NC solar cells.?®

KIM ET AL.

Heating the oxidized PbSe NW FET in the glovebox
returned the device's electron current (Figure 2C),
showing the oxygen-effect to be reversible with heat.

The increase in electron current at the expense
of the hole current with increasing temperature
(Figure 2A), suggests the Fermi level shifts as the
p-doping level is reduced and oxygen is desorbed.
Using the changes in electron and hole currents with
temperature, assuming an Arrhenius activated energy
process,”® we find an activation energy of ca. 0.2—0.3
eV for the desorption of oxygen. Differences in electron
and hole trapping and injection may give rise to
variations in threshold voltages (Supporting Infor-
mation, Figure S3A—D) and therefore the calculated
activation energies. These results indicate that after
oxygen desorption PbSe NW FETs are ambipolar pre-
dominantly n-type FETs, which can be attributed to
two factors. First, it was reported that exposing PbSe
NCs to nitrogen reversibly converts it to n-type,' which
may contribute to the switch in carrier transport after
annealing since the PbSe NW surface is now accessible
to nitrogen-doping. Second, PbSe is known to be
extremely sensitive to deviations in stoichiometry.
Studies of single crystal powders and thin films have
shown PbSe with excess lead forms an n-type semi-
conductor, whereas with excess selenium, forms a
p-type semiconductor.”2°733 It has been reported in
the literature that colloidal PbSe NCs are characterized
by an excess of lead on their surface.3*3° Since NWs are
formed through oriented attachment of many colloidal
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TABLE1. Hysteresis for PbSe NW FETs Fabricated with Different Gate Dielectric Stacks on Top of 250 nm Thermally Grown

SiO, and with Surface-Modified Gate Dielectric Surfaces

Si0 -+ HMDS (250 nm)  SiN untreated (35 nm)  polyimide (180 nm)  parylene (250 nm) Al 0; untreated (20 nm)  Al,0; -+ ODPA (20 nm)

treatment AV, [volts] AV, [volts] AV, [volts] AV, [Volts] AWy, [volts] AVy, [volts]
aligned and EtOH 417 £ 127 60.7 + 7.4 60.9 4 10.2 325+ 6.7 582+ 5.10 3214104
24 h after heating 394470 418 £6.2 58.8 +10.8 276 + 3.4 384 + 814 100 £ 7.0
PMMA 153+£75 215+ 24 394 £ 55 337+ 24 1914+ 1.0 6.6 + 23

PbSe NCs,¢ it is likely that colloidal PbSe NWs may
exhibit an excess of lead, favoring predominantly
n-type behavior.

Upon removing the NW FETs from heat, over the
next 24 h, trace amounts of oxygen reversibly adsorb to
the NW surface to return it to predominantly p-type
behavior. Since devices were kept in a glovebox with
low-oxygen content, it may take considerable time to
adsorb enough oxygen to become reversibly p-doped. We
estimated in a glovebox with O, levels of 0.1 ppm, it would
take approximately 20 h to adsorb a monolayer of oxygen,
using rates of oxygen uptake at room temperature from
early studies of PbSe single crystal powders®” and account-
ing for the differences in PbSe surface area and oxygen
pressure. This agrees well with both our experiments
(Figure 2B) and literature report on oxygen readsorption
times of 20—24 h upon cooling for PbSe thin films in
vacuum.”® PbSe NW FETs placed and measured under
high vacuum (10~7—10"° Torr) showed a slow conversion
to predominantly n-type behavior (Figure 2D), indicating
that adsorbed oxygen is slowly desorbed from the PbSe
NW surface, similar to ethanedithiol (EDT)-treated PbSe
NCs that exhibit ambipolar predominantly n-type trans-
port when measured in vacuum.! However, due to the
extreme sensitivity of PbSe to oxygen, even inside a
nitrogen glovebox, in most cases PbSe nanostructures
would preferentially exhibit hole transport.

Modifying the Dielectric Surface to Reduce Hysteresis. It is
widely believed that the presence of surface-bound
water that hydrogen-bonds to the silanol groups on
the SiO, gate dielectric surface is principally responsi-
ble for hysteresis in CNT,'"'? organic,'®'* ZnO NW,'”
and Si NW FETs.'®"” By encapsulating PbSe NW FETs in
PMMA, the baking process to cure the PMMA should
desorb the surface bound water and the hydrophobic
nature of the PMMA coating would ideally prevent
water readsorption. The surface-bound water on SiO,
is also known to trap electrons,*®3® which is evident in
lower electron currents in FETs of a wide-range of
materials. Therefore, eliminating surfaces that are eas-
ily hydrated (such as hydroxyl groups) or annealing the
PbSe NW FETs should remove the surface bound water
and cause a reduction in hysteresis and increase of
electron current, even without the use of PMMA. We
modified the SiO, gate dielectric with two commonly
used methods to eliminate the surface adsorbed water.

First, prior to electric field alignment of the NWs, all
SiO, substrates were treated with hexamethyldisilazane
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(HMDS) prior to electric field alignment. By passivating
the polar silanol groups with trimethylsilyl-terminated
groups, the surface exhibits a lower affinity for adsorbed
water,>*4% which should reduce the density of charge
traps and the hysteresis. However, as reported with
PbSe NCs,>~* surface modification of SiO, with HMDS
did not cause a significant reduction in the hysteresis,
especially when compared to devices passivated with
PMMA [Table 1]. It has also been reported that octade-
cyltrimethoxysilane (OTMS) treated PbSe NC FETs ex-
hibit large transients at room temperature.®

Second, it has been reported that water-bound to
silanols on SiO, can be removed by heating in dry
environments at temperatures of 150 °C or above.”’
More recent studies have suggested that temperatures
of 200 °C'"*° are needed to fully dehydrate the SiO,
surface, hence devices were also heated under vacuum
(<0.1 Torr) for 6 h at 200 °C as a comparison. The
extended vacuum 200 °C heat treatment yielded
hysteresis values similar to that for devices only heated
for 2 min in a glovebox at 180 °C, indicating that the
majority of water desorption occurred in the first few
minutes of annealing PbSe NW FETs in inert atmos-
phere. Devices that were measured 24 h after heating
exhibited slightly reduced hysteresis and enhanced
electron currents, suggesting that dehydration or HMDS
passivation are not enough to significantly reduce the
large hysteresis (Figure 3A and Table 1). Since SiO,
surfaces inherently have hydroxyl groups that can
be easily saturated with surface-bound water, we
replaced the SiO, surface with reported hydroxyl-free
dielectric surfaces.

Hydroxyl-free hydrophilic Si and hydropho-
bic polyimide**** and parylene were employed
because these surfaces are not hydrated by water
molecules that are hydrogen-bonded to silanols as in
5i0,.%%4" All samples were heated at 180 °C for 2 min to
completely remove any residual water after electric
field alignment of the NWs, and the FETs were washed
with ethanol and chloroform to take away ligands on
the surface of the NWs. Measurements were done at
least 24 h after heating to allow devices to return to
predominantly p-type character. SiN substrates were
left unpassivated because silane reagents have poor
adhesion to the surface due to the lack of hydroxyl
groups and work effectively when untreated.*’” PbSe
NW FETs atop SiN (Figure 3B) show higher electron
currents and therefore more balanced ambipolar

42,43
N,
39,46

VOL.5 = NO.12 = 1007410083 = 2011 ACNJANIC)

WWwWW.acsnano.org

10078



60 -40 -20 0 20 40 60

60 -40 -20 0 20 40 60

-60 -40 -20 0 20 40 60

10°l Vi = -0.250V |
Si0,+HMDS
— -10-6 3 —
< <
—2107 —a

V,, =-0.250V]
ALO,

v, (v)

10® V,, =-0.250V V, = -0.250V V. =-0.250V/
\ SiN 10 7| Parylene ] \A|203+ODPA
e I N\ VAV/ZRR Ry |
< < 10° =
— - -
1018' \ 10.9 \ 10-3- 3
e N O W2 B =
60 -40 20 0 20 40 60 60 40 20 0 20 40 60  -60 -40 20 0 20 40 60|

v, (V)

v, (V)

Figure 3. Ip—Vps of PbSe NW FETs fabricated with (A) SiO,, (B) SiN, (C) polyimide, (D) parylene, (E) Al,Os, and (F) octa-
decylphosphonic acid (ODPA) functionalized Al,O5; gate dielectric stacks on top of 250 nm thermally grown SiO, before
(black) and 24 h after heat treatment at 180 °C for 2 min (red). Note: the current levels in each device differ as the gate dielectric
capacitance and number of nanowires spanning the channel are not the same.

behavior, indicative of the lack of hydroxyl groups,
especially when compared to HMDS treated SiO,
(Figure 3A). Despite increased electron currents, the
devices still exhibited large hysteresis after annealing.
SiN devices were further vacuum heated at 180 °C for
several hours to remove any remaining surface-bound
water, but did not yield improved hysteresis. Polyimide
and parylene are both hydroxyl-free and hydrophobic
substrates, which should present ideal surfaces for
reduced hysteresis PbSe NW FETs. Heated polyimide
and parlylene FETs yielded electron currents more
comparable to hole currents (Figure 3C,D) than SiO,/
HMDS FETs, once again indicative of the lack of water-
binding hydroxyl groups present on the surface that
may act as electron trapping sites. However, while
extended vacuum heat treatments at 180 °C and the
use of hydroxyl-free, hydrophobic polymer surfaces
show enhanced electron currents, the hysteresis re-
mained largely unchanged in these PbSe NW FETs.
Further, encapsulating the PbSe NW FETs with PMMA
atop the various hydroxyl-free SiN, polyimide, and
parylene dielectric surfaces did not yield devices with
as low hysteresis as devices fabricated atop SiO, gate
dielectric surfaces.

While dehydration of the FET and hydroxyl-free
dielectric surfaces did not significantly reduce hyster-
esis, it was suggested that the carbonyl group on
PMMA could hydrogen bond to the hydroxyl groups
on the SiO, surface?®?'*84% and aid in hysteresis
reduction.'” FETs with SiO, gate dielectrics exhibited
the most dramatic reduction in hysteresis when passi-
vated with PMMA, indicating that there is a unique
PMMA/SIiO, surface chemistry that could promote
hysteresis reduction in back-gated PbSe NW FETs.
Encapsulating PbSe NW FETs with other hydrophobic
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polymers, such as carbonyl containing polycarbonate
and flourinated Cytop (Supporting Information, Figure
S3A,B), was not effective in reducing hysteresis, further
signifying that PMMA uniquely lowers hysteresis.
PMMA is an amphoteric molecule,>® meaning it can
react both as an acid or a base, but has been shown to
adsorb more readily to acidic surfaces,”® so the acidic
nature of SiO,>' >3 will promote PMMA/SiO, adsorp-
tion. Unfortunately, PMMA devices are sensitive to
solvent and heat treatments, and a robust hydroxyl
passivation chemistry is necessary for NW and NC
device fabrication and doping. Other hydroxyl passiva-
tion chemistries were investigated, but PMMA proved
to be the most effective encapsulant (Supporting
Information, Table S1). In particular, while HMDS is
expected to bond with surface SiO, hydroxyl groups
as well and should exhibit reduced hysteresis, HMDS is
sterically hindered and its surface coverage is quite
poor, resulting in incomplete passivation of hydroxyl
groups,sz's“’55 which is evident in the low-electron
currents (Figure 3A). Therefore, we turned our focus
to an Al,O3 gate dielectric surface because it can be
modified with phosphonic acid self-assembled mono-
layers (SAMs),>**” which have been shown to passivate
the surface of dielectrics more effectively than silane
based SAMs on SiO,.>”

Both untreated Al,O; and octadecylphosphonic
acid (ODPA) SAM treated Al,O5 dielectric layers were
used to fabricate electric field aligned PbSe NW FETs,
cleaned with solvents to remove ligands and heated at
180 °C for 2 min to remove any remaining solvent. We
chose ODPA SAM modification of Al,Os in particular as
long alkyl-chain lengths form dense assemblies unlike
shorter chain analogues.®® PbSe NW FETs with bare
untreated Al,O3 and SiO,/HMDS gate dielectric layers
ACS
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Vs (V)

Figure 4. (A) Photograph and (B) schematic of flexible PbSe NW FET on Kapton substrate (C) Ip—Vps and (D) Ip—Vg
characteristics showing reduced hysteresis and low-voltage flexible, PbSe NW FET operation.

behaved similarly, displaying low-electron currents,
yielding higher electron currents only upon heating
(Figure 3AE). Similar to SiO; (even with HMDS passi-
vation), the gate dielectric surface of Al,Os is populated
with hydroxyl groups that can act as electron trapping
sites to suppress the inherent ambipolar behavior of
PbSe NW FETs. PbSe NW FETs atop Al,Os3 that were
encapsulated in PMMA yielded hysteresis values com-
parable to SiO,/PMMA devices, since both Al,03 and
SiO, possess the favorable hydroxyl/PMMA surface
chemistry to reduce hysteresis. Treating the basic
hydroxyl-terminated surface of Al,O5 with acidic ODPA
SAMs through acid/base chemistry will form alkyl-
(aluminophosphate).>® PbSe NW FETs fabricated atop
Al,O3/ODPA yielded devices with hysteresis values
even lower than SiO,/PMMA encapsulated devices
(Table 1 and Figure 3F). Unlike the hydrogen bonding
that has been reported to occur between SiO, hydroxyl
groups and the PMMA carbonyl groups, the Al,O5/
ODPA is a significantly stronger bond that reduces the
hysteresis even further. The surface coverage and
density of ODPA SAMs on the Al,O3 surface is also
greater than the silane-based materials on Si0,.>” The
transistors also retained their low hysteresis when
stored in a glovebox for several months, indicating
that the Al,O3/ODPA is a stable dielectric stack. Devices
were also immersed in 4.0 M hydrazine overnight to
see if the gate dielectric stack would withstand a
commonly used chemical treatment to dope nano-
structured materials, become n-type and retain its low
hysteresis. While devices became n-type, hydrazine
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increased the hysteresis significantly by at least 10V,
not only for Al,O3/ODPA PbSe NW FETs, but for SiO,,
SiN, and the polymer devices as well (Supporting
Information, Table S2). However, when heating post-
hydrazine treated transistors at 180 °C for 2 min,
devices switched back to ambipolar predominantly
p-type behavior and with low hysteresis, indicating
that the ODPA treatment could withstand even a
caustic base like hydrazine, making it a robust dielectric
stack for NW and NC FETs.

Flexible Low-Voltage and Low-Hysteresis FETs. One of the
technological benefits of using polyimide, parylene,
and Al,O5 gate dielectric layers is that these materials
can be deposited at low temperatures and integrated
in flexible electronics. PbSe NWs were aligned under an
electric field on varying dielectric stacks and exhibit
ambipolar characteristics similar to devices with SiO,
on a Si back gate, displaying the versatility of electric-
field alignment for a variety of surfaces. Unfortunately,
neither polyimide nor parylene are the optimal di-
electric materials for low-hysteresis devices. Aluminum
oxide has been used as a back gate dielectric material,
where Klauk et al. showed that flexible ultralow-power
organic FETs (OFETSs) could be operated using approxi-
mately 3—4 nm thicknesses of Al,05.>” Since electric
field alignment requires an electric field of 10* to
10° V/cm between gold source and drain contacts,
3—4 nm thickness of Al,Os is an insufficient insulator
and easily breaks down at such high field strengths,
even when passivated with ODPA. An additional 30 nm
of ALD (atomic layer deposition) Al,03 was deposited
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and passivated with ODPA so electric field alignment
could be employed to yield flexible PbSe NW FETs
(Figure 4A,B). Devices were heated to remove the
solvent as done above to yield low-hysteresis devices.
The measured capacitance for the Al,O3/ODPA dielec-
tric stack is 0.256 £ 0.014 uF/cm?, allowing for low-
voltage operation. Leakage tests were performed on
the FETs to verify device behavior was coming from
the PbSe NWs (Supporting Information, Figure S5A).
Devices still exhibit ambipolar behavior, as evidenced
by both the electron and hole transport in Ip—Vps
characteristics in both the hole (Figure 4C) and
electron accumulation regimes (Supporting Informa-
tion, Figure S5B) and in Ip—V curves (Figure 4D).
These are the first flexible, low-voltage (<5 V) and
low-hysteresis (<1 V) PbSe NW FETs and show the
promise of these nanostructured materials in flexible
electronics.

CONCLUSIONS

In summary, we show that surface-bound water is
not solely responsible for the observed hysteresis in
bottom contact PbSe NW FETs. By encapsulating PbSe
NW FETs in PMMA, we fabricated ambipolar predomi-
nantly p and predominantly n-type FETs with drama-
tically reduced hysteresis. Predominantly ambipolar

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 and Nanowire Alignment Preparation. The PbSe NWs
were synthesized according to previously reported methods.>®
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 was added slowly to prevent premature
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 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 reac-
tion 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. All purification was carried out in nitrogen
atmosphere using anhydrous solvents. Purified PbSe NW stock
solutions 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 im-
prove the dispersibility of the NWs.

Dielectric Preparation. All devices with varying dielectric sur-
faces, except the flexible device, were fabricated on an n-doped
Si wafer with 250 nm thermally grown SiO, from Silicon Inc. The
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n-type devices could be achieved by annealing or
placing devices under high vacuum to desorb the
surface bound oxygen, which has been shown to
suppress the electron current in PbSe nanostructures.
Despite careful air-free handling of the NWs, PbSe
exhibits extremely high sensitivity to trace amounts
of oxygen, even in an inert glovebox environment. We
demonstrated the versatility of electric field alignment
by fabricating bottom gold contact PbSe NW FETs atop
a range of hydroxyl-free and hydrophobic gate di-
electric materials that show enhanced electron cur-
rents, but still exhibit large hysteresis. We have iden-
tified a surface modified gate dielectric stack, ODPA
SAMs on Al,Os, that exhibits low-hysteresis FET opera-
tion. Exploration of alternative combinations of gate
dielectric layers and SAM chemistries and/or surface
modification of the NWs themselves may allow the
small, residual hysteresis to be eliminated. This robust,
low-hysteresis dielectric stack will not only allow us to
study the fundamentals of charge transport in PbSe
NWs, but in other colloidal nanostructured systems as
well. Additionally, by implementing this device geom-
etry on flexible substrates, we show low-hysteresis and
low-voltage operation on plastics and the promise of
integrating these materials in complex integrated
circuits.

Si wafers were treated with UV-ozone for 30 min before depo-
sition of varying dielectrics. All film thicknesses were confirmed
using either a capacitance measurement (metal/dielectric/
metal) using a HP 4276 A LCZ meter and/or surface profilometer
(Tencor, Alpha Step 200). The dielectric constant was assumed
to be 3.05 for polyimide, 3.15 for parylene-C, 7.5 for SiN, and 9.0
for Al,Os.

Polyimide Dielectric. Polyimide precursors (PI-2611 series)
were purchased from HD MicroSystems, and diluted in
N-methyl-2-pyrrolidone to a ratio of 1:2. The diluted polyimide
precursor was then spin coated (3000 rpm for 30 s) and cured
(350 °C for 30 min) to form approximately 180 nm polyimide
layer.

Parylene Dielectric. Parylene-C was purchased from Speci-
alty Coating Systems and deposited in a PDS 2010 system to a
thickness of about 250 nm.

Silicon Nitride. An Oxford Instruments PlasmaLab 100 sys-
tem was used to deposit 35 nm of plasma-enhanced chemical
vapor deposited (PECVD) SiN.

Aluminum Oxide. A Cambridge Nanotech Savannah 200
system was used to deposit 20 nm of atomic layer deposited
(ALD) Al,O05 at 250 °C using trimethylaluminum and water
precursors.

Flexible Device. Kapton 200 Type E films were obtained
from DuPont and served as the substrate. Kapton films were
cleaned for 5 min each in an ultrasonic bath of ethanol and
distilled-H,0, followed by a 30 min UV-ozone. Using a shadow
mask, 20 nm of aluminum was deposited through a shadow
mask and then placed in an Oxford Instruments 80Plus paral-
lel-plate reactive ion etcher (RIE). The back-gate sample was
briefly exposed to an oxygen plasma (150 W, 15 s) to increase
the thickness of the native Al,O3; and create hydroxyl groups
necessary for ALD Al,Os. After forming a thin oxide on the
aluminum back-gate, the flexible sample was placed in the
Cambridge Nanotech Savannah 200 ALD tool to deposit 30 nm
of Al,Os.
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Device Fabrication. For SiO,, SiN, and Al,O5 dielectric devices,
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 #m using a
Karl Suss Mask aligner and developed in MF-319 (Microposit).
The exposed sample was cleaned by an oxygen plasma (100W,
3 min) and metal was deposited by e-beam evaporation of 2 nm
of Ti and 18 nm Au. Metal was subsequently lifted off using
Remover PG (MicroChem). The SiO, 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. The SiN devices were untreated.
The Al,O3 device was prepared with a self-assembled mono-
layer following a previously reported procedure.’” Al,O5 de-
vices were submerged in 0.005 M octadecylphosphonic acid
(ODPA) (PCI Synthesis) in isopropyl alcohol solution over 16 h to
treat the Al,Os5 surface. Polyimide, parylene and flexible devices
were fabricated by evaporating Au through a shadow mask
made of silicon nitride membranes with very fine channel
lengths of 20 xm and widths of 1260 um. Flexible devices were
similarly treated with ODPA to passivate the Al,O3 back-gate.

Nanowire Alignment. NWs were aligned across device struc-
ture having a channel length of 20 um and channel width of
200 um (SiO,, SiN and Al,Os dielectric stacks) or channel length
of 20 um and channel width of 1260 um (Polyimide, Parylene
dielectric stacks, Flexible FET). NW solutions were dropcast
under dc electric fields of 10% to 10° V/cm, aligning NW arrays
across the prefabricated bottom electrodes. The number of
NWs spanning the FET channel is controlled by varying the
concentration and volume of the NW solution that is dropcast.
The NWs were washed with ethanol and then chloroform to
remove the HD-PVP polymer and organics. For n-type conver-
sion of the p-type NW FETs, 4 M of hydrazine (Aldrich, 98%) in
acetonitrile (Aldrich, anhydrous, 99.8%) was used (NOTE: hy-
drazine is toxic by vapor inhalation and skin absorption) or
heated at 180 °C on a hot plate in nitrogen atmosphere (Torrey
Pines). Electric-field directed assembly was carried out in an MBraun
nitrogen glovebox and all solvents used were distilled and
anhydrous.

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.

PMMA Encapsulation. PMMA 495 A4 (4 wt % PMMA in anisole
from MicroChem) was degassed and brought inside an MBraun
nitrogen glovebox. The PMMA was spin coated (3000 rpm for
45 s) and baked under nitrogen at 180 °C for 2 min to form a
180 nm thin film. PMMA (M,, ~ 996K) and anhydrous anisole
were also purchased from Aldrich, and combined to make a
4wt % solution. The PMMA in anisole from Aldrich was also spin-
cast and baked under similar conditions.

Blocking Layer Fabrication. An 50 nm thick SiO, blocking layer
was fabricated according to previously reported methods."® All
e-beam resists and developers were degassed and used inside
an MBraun nitrogen glovebox. An e-beam resist bilayer of 495
PMMA A4 (MicroChem) 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 Jackson). E-beam evaporation of the 50 nm SiO; blocking
layer was carried out in a nitrogen glovebox with an integrated
evaporator, followed by lift-off with anhydrous acetone.
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