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Pseudo Molecular Doping and Ambipolarity Tuning in Si
Junctionless Nanowire Transistors Using Gaseous Nitrogen
Dioxide

Vaishali Vardhan, Subhajit Biswas,* Sayantan Ghosh, Leonidas Tsetseris, Tandra Ghoshal,
Stig Hellebust, Yordan M. Georgiev, and Justin D. Holmes*

Ambipolar transistors facilitate concurrent transport of both positive (holes)
and negative (electrons) charge carriers in the semiconducting channel.
E�ective manipulation of conduction symmetry and electrical characteristics in
ambipolar silicon junctionless nanowire transistors (Si-JNTs) is demonstrated
using gaseous nitrogen dioxide (NO� ). This involves a dual reaction in both
p- andn-type conduction, resulting in a signi“cant decrease in the current
in n-conduction mode and an increase in thep-conduction mode upon NO�

exposure. Various Si-JNT parameters, including •onŽ-current (Ion), threshold
voltage (Vth), and mobility (µ) exhibit dynamic changes in both thep- and
n-conduction modes of the ambipolar transistor upon interaction with NO�

(concentration between �.� … �� ppm). Additionally, NO� exposure to Si-JNTs
with di�erent surface morphologies, that is, unpassivated Si-JNTs with a native
oxide or with a thermally grown oxide (�� nm), show distinct in”uences onIon,
Vth, andµ, highlighting the e�ect of surface oxide on NO� -mediated charge
transfer. Interaction with NO� alters the carrier concentration in the JNT
channel, with NO� acting as an electron acceptor and inducing holes, as sup-
ported by Density Functional Theory (DFT) calculations, providing a pathway
for charge transfer and •pseudoŽ molecular doping in ambipolar Si-JNTs.
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�. Introduction

Semiconductor nanowires play a cru-
cial role in integrated nanodevices and
systems.[�…�] Speci“cally, Si nanowires of-
fer advantages such as ease of fabrication,
compatibility with existing semiconduc-
tor technology, high carrier mobility, sta-
ble surface oxides, and excellent sensitiv-
ity to surface-adsorbed analytes.[�…�] The
precise control and tunability of electri-
cal transport properties in Si nanowires
has created numerous opportunities for
creating various functional nanosystems,
including photodetectors, LEDs, and �D
integrated electronics.[��…�� ] The main ad-
vantage of nanowires in transistors is
their superior electrostatic control and
scalability, enabling smaller, faster, and
more energy-e	cient devices. This re-
sults from their �D structure, which
allows for better gate control and re-
duced short-channel e
ects.[�� ] Among
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nanowire transistors, Si-JNTs, which do not possess gated
junctions,[�� ] have high surface-to-volume ratio and the ability
to chemically interact with surface analytes, exhibiting extreme
sensitivity to variations in the electrostatic potential on their
channel surfaces.[�,��…�� ]

To the best of our knowledge, most Si-JNTs exhibit unipolar be-
havior, demonstrating either hole-dominatedp-type conduction
or electron-dominatedn-type conduction depending on the type
of doping. However, ambipolar transistors are distinct in that they
are capable of facilitating both hole (positive) and electron (nega-
tive) transport.[�� ] This unique characteristic has produced inter-
est across various “elds, including complementary metal-oxide-
semiconductor (CMOS) devices, light emitting transistors, mem-
ory devices, neuromorphic computing, and sensors.[��,�� ] Am-
bipolar transistors enable the integration of bothp- and n-type
electrical characteristics within a single device.[��,��,�� ] In appli-
cations such as ambipolar “eld e
ect transistor (FET) sensors,
exposure to oxidative species induces dual responses: enhancing
conductivity in the p-conduction regime while reducing it in the
n-conductive mode.[��,�� ] This dual behavior signi“cantly expands
the parameter space, o
ering greater potential for algorithm de-
velopment in sensor calibration optimization.

To advance the development of nanoelectronics based on Si
nanowires, such as ambipolar JNTs, precise tuning of their
electrical properties is essential, a task that is still proving to
be challenging. Ex situ methods are becoming increasingly at-
tractive for achieving successful doping and manipulation in
Si devices.[��,�� ] Nanocrystals, especially nanowires, known for
their large surface-to-bulk ratio, o
er greater surface sites and
the possibility of doping through the external adsorption of
molecules,[�� ] rather than the incorporation of substitutional im-
purities. The potential for adsorbed molecules to provide shallow
electronic states for tuning the electrical properties of transistors
has received less attention, though some promising experimen-
tal results have been reported for surface transfer doping through
surface passivation of Si.[��,�
 ]

Changes in the electrical conductivity of Si upon adsorp-
tion of gas molecules has been reported for mesoporous Si
systems,[��…�� ] suggesting that molecular doping and the manip-
ulation of electrical properties in ambipolar Si-JNTs can be ac-
complished through the surface adsorption of speci“c molecules
such as nitrogen dioxide (NO� ). The interaction of NO� with Si
is a complex adsorption process that in”uences the molecular
coating of Si nanocrystals and noticeably alters their properties.
NO� adsorption enhances electrical conductivity in the meso-
porous Si layers.[�� ] Within the porous Si layers, NO� molecules
interact with the surface of nanocrystalline Si through a complex
physicochemical process that may involve adsorption, charge
transfer, the formation of donor-acceptor pairs, and chemisorp-
tion, resulting in the oxidation of Si surfaces. The passivation of
dangling bonds, and the formation of adsorption-induced com-
pounds can further increase the concentration of free charge car-
riers (holes) in nanocrystalline Si. Additionally, in a typical back
gated Si nanowire FET design, the analyte adsorbed close to the
charge carrier channel a
ects electronic transport through the Si
nanowire.[��…�� ]

In this study, we present experimental “ndings on the adsorp-
tion of NO� , as an oxidative gas-phase reagent, and resulting
molecular transfer doping on the surface oxide-encapsulated Si

nanowires. We show the extent of the surface reaction between
NO� and Si and its impact on the electrical properties of ambipo-
lar Si-JNTs exhibiting di
erent surface morphologies, for exam-
ple unpassivated (referred to as P�) and with thermally grown
silicon dioxide (referred to as P� and P�). The interactions be-
tween NO� and Si e
ectively in”uences various electrical param-
eters in ambipolar Si-JNTs, resulting in a distinct dual response
in both p- and n-conduction regimes to oxidative NO� gas. To
the best of our knowledge, similar surface-transfer doping of Si
nanowires leading to tuneable electrical properties and parame-
ters in ambipolar transistors has never been previously reported.
To gain deeper insights into the NO� -Si interaction, we have em-
ployed “rst-principle electronic structure calculations using den-
sity functional theory (DFT) to validate the in”uence of phys-
iosorbed NO� on the Si surface in Si-JNTs.

�. Results and Discussion

Figure � ashows a schematic of the ambipolar back-gated con“g-
ured Si-JNT device with Au/Ni contact pads (a �D schematic of
the device is shown in FigureS� , Supporting Information). The
scanning electron microscope (SEM) image in Figure�b shows a
representative Si-JNT, highlights a nanowire array consisting of
�� nanowires, each with a height of �� nm and covered by a native
oxide layer. All Si-JNT devices possess a channel length of �µm.
Figure�c,d displays transmission electron microscopy (TEM) im-
ages of cross sections of the Si-JNT device, showing the native
oxide layer (device P�) and a �� nm thick thermally grown SiO�

layer (device P�). The TEM images reveal a crystalline nanowire
core with an amorphous oxide layer at the nanowire surface.

Transfer characteristics of Si-JNTs were measured under am-
bient conditions. For the transfer characteristics, the back-gate
voltage (Vgs) was swept fromŠ�� to �� V using a butter”y sweep
(� to �� V, �� to Š�� V and Š�� to � V), while the drain-to-source
voltage (Vds) was kept constant at � V. Despite the devices being
nominally doped with phosphorous (n-type), the transfer char-
acteristics of the Si-JNTs with di
erent surface morphologies ex-
hibited typical ambipolar behavior. Figure�e shows a representa-
tive Ids-Vgscharacteristic plot of a Si-JNT with an unpassivated na-
tive oxide. The observed V-shape curve in log-linear transconduc-
tance (Figure�e ) indicates that the number of free carriers can be
controlled by the externally appliedVgs, resulting in gate-tuneable
hole and electron charge transport characteristics. The transport
characteristics involve both electron (or hole) depletion and hole
(or electron) accumulation. The energy band diagram for hole
conduction, the o
 state, and the electron conduction region is
presented in our previous publication on ambipolar transistor.[�� ]

The output characteristics (I ds-Vds) for a representative unpassi-
vated Si-JNT device is shown in Figure�f . Here, Vds varies from
Š� to � V while the back gate voltage is kept constant at �� V.
The use of Ni-based contact pads results in a clear Schottky (non-
ohmic) behavior, indicating thatIDS is non-linearly dependent on
VDS (Figure �f ; Figure S� , Supporting Information).

This trend suggests that the Ni silicide Schottky junction hin-
ders the formation of an ohmic contact for charge carriers. The
Schottky barriers are modulated by the back gate, and because
Schottky barrier height for holes is lower,p-type conductance
becomes apparent, resulting in ambipolar behavior that resem-
bles a recon“gurable “eld-e
ect transistor (RFET) rather than the
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Figure �. a) Schematic of the cross-section of the Si-JNT. b) Top-view SEM image of a Si-JNT nanowire array device. c) and d) show TEM images
of the cross-section of a Si-JNT device with a native oxide (�…� nm) and a �� nm thermally grown oxide respectively. e) Transfer characteristics of an
unpassivated ambipolar Si-JNT with a native oxide at a constantVsdof � V. f) Output characteristics of the unpassivated ambipolar Si-JNT while sweeping
Vsd from Š� to � V at Vgs= �� V.
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unipolar behavior typically observed in JNT devices. Additionally,
as noted in the experimental section, the Si-JNT fabrication began
with p-type SOI (top �� nm layer) with a carrier concentration of
� �� �
 cmŠ� . During phosphorus doping (n-dopant) to achieve the
target concentration of� �� �� cmŠ� , a recombination process oc-
curs, resulting in a dopant concentration of 
× �� �� cmŠ� (moder-
aten-doping). This recombination likely introduced hole charge
carriers in the nanowires, leading to the ambipolar behavior ob-
served in Si-JNTs.

The SiO� passivated (� �� nm) Si-JNT device (see, FigureS� ,
Supporting Information) showed improved transfer characteris-
tics compared to unpassivated (native oxide) Si-JNT devices. The
passivated devices exhibited reduced shift and hysteresis in the
transfer characteristics. In unpassivated Si-JNTs, the presence of
Si dangling bonds at the surfaces of the nanowires results in a
high density of surface states. These states contribute to electron
trapping during the forward and reverse voltage sweeps, causing
a shift in the transfer curve and hysteresis. Additionally, trapped
charges at the interface of the nanowires and the buried oxide fur-
ther contribute to this e
ect. These interface-trapped charges and
surface states are minimized by passivating the nanowires with
a thermally grown SiO� shell. The •onŽ current observed for all
Si-JNT devices with various surfaces falls within the microam-
pere range. Additionally, it was noticeable that the •onŽ-current
(I on) for p- andn-type has di
erent symmetries in passivated and
unpassivated ambipolar devices. For example, Si-JNTs with thin
(�� nm) thermally grown oxide exhibit a dominant p-type conduc-
tion, whereas those with a native oxide exhibit a prevalentn-type
current (see Figure�e ; FigureS� , Supporting Information). This
discrepancy could be due to the compressive radial strain induced
by di
erently thick oxide on the Si nanowires, thereby reducing
the barrier height of the electrons and holes.

We have also calculated other electrical parameters (µ andVth)
for ambipolar Si-JNT devices. The “eld-e
ect mobility,µ for the
Si-JNT devices was determined from the following equations by
considering the linear region of the transfer curve:[�
,�� ]

� =
gmL

WCVsd
(�)

C = � ��� � L
�
coshŠ�

�
d + � h

d

�� Š�

(�)

wheregm is transconductance,L and W are the length and width
of nanowire,d is the diameter of the nanowire (�� nm), C is the
gate capacitance for backgated nanowires (�.���× �� Š�� F),Vsd is
the source-to-drain voltage (� V),h is the thickness of the dielec-
tric (��� nm), � is the relative permittivity of SiO� (�.�) and � �

is the space permittivity (�.�� × �� Š�� F�mŠ� ). In ambient condi-
tions, the typical “eld e
ect mobility calculated from the transfer
characteristic curve (Figure�e ), for Si-JNTs with a native oxide
range between �…�� cm� VŠ� sŠ� for holes and between ��…���
cm� VŠ� sŠ� for electrons. The mobility range was calculated from
at least “ve Si-JNT devices on a single chip. In contrast, under am-
bient condition, the mobility for Si-JNTs with thermally grown
oxide (see FigureS� , Supporting Information) was between ���…
��� cm � VŠ� sŠ� for holes and ���…��� cm � VŠ� sŠ� for electrons.
Notably, the calculated hole and electron mobility of unpassivated
Si-JNTs is signi“cantly lower compared to Si-JNTs with thermally

grown SiO� layer. The reduced mobility for unpassivated Si-JNTs
can be attributed to carrier transport being hindered by scattering
centers at the rough nanowire surfaces of the nanowires, com-
pared to those passivated with SiO� . Devices with a �� nm ther-
mally grown thermally grown oxide exhibit signi“cantly higher
hole mobility compared to those with native oxide. This indicates
a higher-quality interface in the thermally grown oxide devices,
which reduces scattering and enhances hole transport. In con-
trast, the electron mobility (µe) in the native oxide devices is lower,
likely due to a higher density of traps and defects at the interface,
impeding electron movement.

Additionally, observed di
erences in mobility among devices
of same type may result from fabrication inconsistencies and dif-
fering degrees of ambipolarity. For example, the native oxide de-
vice, which is predominantlyn-type, exhibits very lowp-type cur-
rent, resulting in reduced hole mobility (device P�). In contrast,
Si-JNT with a �� nm oxide layer shows considerablep- and n-
type conduction, leading to higher mobility for both conduction
channels (device P�). This variability in the mobility was consis-
tently across all the Si-JNTs studied (� devices), both with and
without NO� interaction (refer to TablesS�…S�, Supporting Infor-
mation). The variation in ambipolar behavior and, consequently,
in the device is not only due to the passivation e
ect but also
arises from inconsistencies in the fabrication process. In partic-
ular, the nickel-silicide (NiSi) junctions play a critical role in in”u-
encing this behavior. The ambipolar behavior in silicon junction
devices can be signi“cantly a
ected by the quality and uniformity
of these junctions, which are highly sensitive to the rapid thermal
annealing (RTA) process. RTA impacts the formation and prop-
erties of the metal-semiconductor (Ni-Si) contacts, including the
phase, surface roughness, and contact resistance. Variations in
RTA conditions can lead to di
erences in Ni-Si contact properties,
causing inconsistent Schottky barrier heights or doping pro“les
at the junction. This, in turn, alters the charge carrier injection
e	ciency for both electrons and holes, a
ecting the degree of
ambipolar conduction. Therefore, the di
erent parameter values
observed for various Si-JNTs highlight the in”uence of fabrica-
tion precision, oxide thickness, and interface quality on carrier
transport, contributing to the variations in device performance.

Extraction of threshold voltages (Vth) was carried out using the
transconductance derivative methodology at low drain voltages
(Vds = � V). The mean threshold voltage (Vth) for the Si-JNTs
with native oxide isŠ��.
 V for the p-channel and ��.� V for the
n-channel conduction (andŠ��.� V for the p-channel and ��.� V
for n-channel for Si-JNT with �� nm oxide).

�.�. Interaction Between NO� and Si-JNTs

Electrical tests were undertaken to examine the adsorption and
interaction of gas molecules with Si-JNTs. The potential to adjust
the electrical conduction of Si-JNTs in bothp- and n-type con-
duction was systematically investigated by analyzing the trans-
port characteristics of ambipolar Si nanowires in an oxidizing
environment. This investigation included an analysis of changes
in the e
ective transistor parameters (I on, µ, and Vth) upon NO�

interaction.
In the ambipolar Si-JNTs, signi“cant changes in electrical char-

acteristics were observed in bothp- and n-channel conduction
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Figure �. Transfer characteristics of Si-JNTs with a) a native oxide (P�) and
b) a thermally grown oxide (�� nm, P�) under various NO� concentrations.

upon exposure to �� and �� ppm NO � (Figure � ). Despite expo-
sure to NO� (�� min at each concentration), the transfer char-
acteristics of all the devices retained their ambipolar nature, as
evidenced by typical U-shape con“guration of theI…V curves in-
dicating bothp-channel-dominated andn-channel-dominated op-
eration. However, the current in bothp- andn- conduction chan-
nels (left:p-type, right:n-type) shifted in opposite directions with
NO� exposure. An increase in the drain current was observed
with increasing concentrations of NO� (from �� to �� ppm) in the
p-side, whereas a decrease in then-type current was observed
with the same concentrations of NO� exposure. This phe-
nomenon is classi“ed as a •dual interactionŽ. All the Si-JNT sam-
ples showed a similar change in the current with NO� inter-
action. The increase and decrease in thep-and n-current upon
exposure to NO� exposure provides an opportunity to manipu-
late the symmetry and extent of ambipolarity in Si-JNTs. For ex-
ample, an unpassivated ambipolar Si-JNT withn-channel dom-
inated transport transitioned to an ambipolar device withp-
channel dominated transport upon exposure to �� and �� ppm
NO� (Figure �a ). Whereas upon NO� exposure, SiO� (�� nm)
passivated ambipolar Si-JNT becomes morep-channel dominant
with a decrease inn-channel current (Figure�b ). Signi“cantly,
a hole-mediated current can also be induced in the unipolar Si-
JNT device with adsorption of �� and �� ppm NO � (see Figure
S� , Supporting Information) on Si nanowire surface. Surface
adsorption of NO� can also inject holes as charge carriers in

Si-JNTs, inducing ambipolarity in ann-doped unipolar device.
Additionally, it was also observed that NO� interaction with Si-
JNTs further increases hysteresis in both passivated and unpas-
sivated devices (Figure� ). This hysteresis e
ect occurs because
NO� adsorption on Si-JNT surface can create the electron trap-
ping states during forward and reverse voltage sweeps. Simi-
larly, di
erent subthreshold swings observed for Si-JNTs with
native oxide and �� nm oxide (see Figure� ) can be attributed
to the lower quality of the native oxide layer. Native oxide, or
unpassivated oxide, has a higher density of oxide traps and in-
terface states compared to thermally grown oxide, particularly
at the interface with nanowire junction. These defects degrade
the capacitive coupling between the gate and the nanowire chan-
nel, resulting in a poorer subthreshold swing and increased
hysteresis.

Figure � depicts the changes in •onŽ drain current (I on) at �� V
for each mode of the ambipolar Si-JNTs. Figure�a,b, shows com-
parisons ofI on for ambipolar Si-JNT devices with and without a
passivating layer forp-mode andn-mode, respectively. In thep-
mode, I on shows an increase with increasing NO� concentration
(�� and �� ppm), whereas a decrease in the •onŽ current is ob-
served in then-mode of the device. A more pronounced change
in the •onŽ current for bothp- andn-mode of the ambipolar de-
vices was observed for Si-JNTs with native oxide, whereas Si-JNTs
with a �� nm thermally grown SiO � layer exhibited a less notice-
able change inIon compared to unpassivated devices. The grad-
ual increase in the •onŽ current with increased exposure of the Si
nanowires surfaces in the JNTs to NO� is attributed to the hole-
donating and electron-trapping nature of NO� .

[�� ] The surface in-
teraction of NO� with Si is a combination of both chemisorption
and physisorption. Thus, a larger number of physiosorbed NO�
sites on the Si surfaces could result in a more signi“cant charge
transfer and alteration in the conduction in Si-JNTs. As SiO� on
the Si surfaces can impede charge transfer from the Si conduc-
tive channel, Si-JNTs with a thicker thermally grown oxide exhibit
a less pronounced change in the •onŽ current compared to those
with native oxide. For JNTs with a native oxide, the conduction
channel is more substantially in”uenced by surface interaction
with NO� . A detailed exploration of possible charge transfer path-
ways due to NO� interaction with the oxidized surfaces of Si-JNTs
has been conducted using DFT calculations.

Another noteworthy observation is the greater change inIon for
the hole conduction channel compared to the electron conduc-
tion channel in the ambipolar Si-JNTs. For instance, a 
�% and
���% increase in the •onŽ current was observed in thep-channel
of the unpassivated ambipolar device (Figure�a ) with the intro-
duction of �� to �� ppm of NO � , respectively. However, a decrease
in current (��% and ��%) was observed in the n-channel of the
same device when the NO� concentrations was increased from ��
to �� ppm. We have further validated NO� -induced conduction
change in Si-JNTs using three additional unpassivated devices
(Figure S� and TableS� , Supporting Information) and two more
�� nm SiO � passivation (FigureS
 and TableS� , Supporting In-
formation). All devices showed an increase inp-type current and
a decrease inn-type current. Si-JNTs with an intermediate oxide
barrier height (� nm) also showed a similar trend in conduction
upon NO� interaction (Figure S� and TableS� , Supporting In-
formation). However, more profound e
ect of NO� on device pa-
rameters was observed for JNT with a thinner oxide layer (Figures
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Figure �. Comparision of� Ion upon exposure to �
 and 
� ppm NO � for various types of Si-JNTs, including JNT with native oxide (P�, shown in light
red) for a) p-type and c)n-type conduction, and Si-JNTs with a �� nm thermally grown oxide layer (P�, shown in sky blue) for b)p-type and d)n-type
conduction.

S� andS��c , Supporting Information), such as those with native
oxide. This is because the barrier height for charge tunneling af-
ter NO� adsorption on the surface is proportional to the thick-
ness of the oxide layer on the Silicon nanowire. Under NO� ex-
posure, electrons are captured by the gas adsorption, potentially
causing a shift of energy bands. This shift in energy levels re-
sults in a larger number of hole carriers being injected and rel-
atively less electron carriers are injected, leading to a prominent
change inp-type- operation. Remarkably, after purging the NO�
gas and replacing it with pure ZA at � SLPM, the conductance
and electrical transport properties of the Si-JNTs recovered within
� � h to nearly their original values (see FigureS� , Supporting
Information).

These observations demonstrate how NO� , as an adsorbed
molecular layer, can adjust bothp- and n-current in an ambipo-
lar device, thereby tuning the device characteristics •ex situŽ. As
depicted in Figures� and � , upon exposure to NO� , I on in the
negativeVgs region exhibits a noticeable increasing trend, while
I on in the positiveVgsregion shows a decreasing trend. The tran-
sition voltage (VT), corresponding to the transition points of the
U-shaped transfer curve in an ambipolar device (when depletion-
dominated transport shifts to accumulation-dominated trans-

port) shifts with the extent of NO� exposure (see FigureS�� , Sup-
porting Information). For all the devices,VT in hole-channel con-
duction shifts to the positive side (decreases), whereas it shifts
to the negative direction in electron-channel conduction upon
NO� exposure. Since NO� acts as electron acceptor, duringVG

sweeps from+�� V to VT (electron depletion), the electron den-
sity decreases, resulting in reduced current. Conversely, fromVT

to Š�� V (hole accumulation), hole density increases, thus in-
creasing current when NO� molecules interact with the ambipo-
lar Si-JNT. A similar shift in VT has been observed for the �� nm
thermally grown oxide devices, but to a lesser extent as compared
to the unpassivated devices (see FigureS�� , Supporting Infor-
mation). The entirety of the results indicates that the symmetry
in the hole and electron-dominated conduction in the ambipo-
lar Si-JNTs can be reversibly tuned by adsorption and desorp-
tion of NO� gas molecules, even at relatively low concentration
of �� and �� ppm. Enhanced p-type (n-type) and reducedn-type
(p-type) conductivity can be achieved by exposing the Si-JNT sur-
faces to NO� . Signi“cantly, a similar manipulation of ambipo-
lar characteristics of Si-JNTs can also be achieved with a much
lower NO� concentration of �.� ppm (see Figure S� , Supporting
Information). A clear change in drain current is observed on both
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conduction sides of the ambipolar devices (FigureS��a , Support-
ing Information) even at this low concentration of �.� ppm of
NO� . Additionally, a hole mediated current can also be induced to
implant ambipolarity into a n-type unipolar Si-JNT device (Figure
S��b , Supporting Information). However, unpassivated ambipo-
lar Si-JNT devices showed the highest change in on current, es-
pecially for thep-type conduction, upon exposure to �.� ppm NO�

compared ton-type unpassivated Si-JNTs and ambipolar Si-JNT
with thermally grown oxide, as observed for high NO� exposure
(FiguresS� and S��c , Supporting Information).

�.�. Interaction Mechanism of NO� on Si-JNTs

NO� , an oxidizing gas, acts as an acceptor of electron due to
its high electronegativity and molecular structure. The presence
of oxygen atoms, which are highly electronegative, gives NO� a
strong a	nity for electrons, making it an e
ective electron ac-
ceptor. Additionally, the NO� is a radical species with an unpaired
electron, leading to electron de“ciency. This de“ciency drives the
molecule to seek out electrons to achieve a more stable electronic
con“guration. Consequently, NO� can directly adsorb to the Si
surface in JNTs devices, either trapping electrons or interacting
with chemisorbed oxygen species.[��,�� ] This adsorption process
facilitates charge transfer, resulting in the removal of additional
electrons from the bulk, speci“cally from the conduction band of
Si. Also, the adsorption of NO� molecules, which captures free
electrons at the surface, leads to the release of trapped holes into
the valance band of Si, thereby increasing conductivity (on thep-
side). Such changes in electrical conductivity subsequently a
ect
the electrical characteristics of the Si-JNTs.

DFT studies have shown that NO� adsorption on Si leads to
the formation of various surface nitrogen-containing molecular
groups and the passivation of dangling bonds on the surface.[��,�� ]

This interaction subsequently in”uences the electrical conduc-
tivity of Si.[��,��…�� ] For example, surface transfer doping and
the resulting changes in electrical properties have been ob-
served in Si nanowires transistors with high surface to volume
ratio[�
,��,�� ](diameters� ��…��� nm). Guo et al. [�� ] reported that
partial electron transfer from Si silicon core to the surface is
negligible for bulk Si but signi“cant for surface-dominated Si
nanowires. They calculated an incorporation of� �� �� cmŠ� posi-
tive charges for an additional �.�
 electron charges at each surface
hydrogen atom in a ��� nm nanowire. Similarly, we have also ob-
served a considerable change in conduction (e.g., a ��� fold in-
crease inp-type conduction forn-dominant ambipolar Si-JNTs,
see TableS� , Supporting Information) in oxide-encapsulated Si
nanowires with a width of �� nm. We also provide DFT calcula-
tions supporting physisorption of NO� on O-terminated Si sur-
faces and resulting charge transfer. Until now, the majority of
calculations and predictions on NO� -mediated charge transfer in
Si are based on the postulation of a H-terminated Si surface, con-
trary to the Si-O surface of Si-JNT channels. To identify potential
atomic-scale con“gurations and mechanisms governing the in-
teraction between NO� and Si-JNTs, resulting in NO� -induced
molecular doping and changes in Si-JNT conduction, we per-
formed systematic DFT calculations. These calculations focused
on the interactions between NO� molecules and SiO� layer on the
surface facets of the Si-JNT channels. Of signi“cance is the inter-

action of NO� with the SiO� layers, given that all the Si nanowires
are capped by either a thermal oxide layer or a native oxide. We ex-
plored several possible con“gurations of NO� molecules above a
SiO� surface, modeled as alpha quartz with a supercell slab com-
prising of a total of ��� atoms. The most stable con“guration ob-
served involves physisorption of the NO� molecule, as shown in
Figure � a. Figure �b illustrates the calculated electronic density
of states (DOS) for the physisorbed con“guration.

The illustrated DOS reveals that physisorbed NO� molecules
generate several states within the energy bandgap of SiO� . Specif-
ically, four NO� -related gap states are identi“ed, with two (labeled
as (�) and (�) in Figure �b ) are occupied and two are unoccu-
pied (labeled as states (�) and (�) in the DOS, Figure�b ). The
presence of these NO� -induced states is consistent with experi-
mental observations, indicating the electron-accepting nature of
NO� molecules. While the exact positions of the unoccupied gap
states, (�) and (�), may be uncertain due to the known gap un-
derestimation by DFT, their calculated energies, relative to the
bandgap of SiO� , are proportionally comparable with the experi-
mentally determined alignment[�� ] of the Si bandgap within the
SiO� gap. If states (�) and (�) reside within the bandgap of an
underlying Si substrate, they can indeed trap electrons from the
conduction band of the Si substrate via tunneling, as observed ex-
perimentally. A schematic of the proposed mechanism for NO� -
induced electron withdrawal from the Si conduction band (CB)
to an NO� -related gap state (indicated on the left with a small hor-
izontal line) is shown in Figure �c . An electron initially located
in the CB of the Si substrate tunnels through (illustrated as a dot-
ted line) the SiO� layer and becomes trapped by the physiosorbed
NO� molecule on the SiO� surface.

Figure � illustrates that as the thickness of the SiO� layer coat-
ing increases from �…� nm (for native oxide) to �� nm, there is a
decrease in the impact of NO� on current conduction. This e
ect
can be attributed to the thick SiO� layer on the sidewalls of the
nanowires, which prevents the exchange or transfer of charges
from the adsorbed NO� gas molecules to the Si nanowire chan-
nels. Consequently, this impedes the manipulation of electrical
parameters in the ambipolar Si-JNTs. Additionally, this observa-
tion serves as compelling evidence that the charge-transfer pro-
cess and the subsequent molecular gating e
ect are pivotal mech-
anisms underlying the highly sensitive manipulation of the “eld-
e
ect properties of Si nanowires with NO� . To validate the signif-
icance of NO� absorbed states within the SiO� energy bandgap
in electron trapping from Si conduction band via tunneling, we
have tested Si-JNT device with an Al� O� top-layer on Si nanowire
channel (FigureS��a , Supporting Information). This Si-JNT de-
vice was subjected to �� ppm NO� exposure. As depicted in the
transfer curve (FigureS��b , Supporting Information), no signi“-
cant changes in thep- or n-current were observed upon exposure
to NO� . This outcome suggests role of energy gap alignment,
as disclosed from DFT calculation, in the selective role of Si-
SiO� system for characteristics manipulation of Si-JNTs via NO�
interaction.

�.�. The Impact of NO � on Di�erent JNT Parameters

To test the proposed NO� -mediated charge-transfer mechanism•s
ambipolar conduction variability and its potential to adjust
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Figure �. a) A physisorbed NO� molecule above a SiO� surface (Si: yellow, O: red, N: blue spheres). b) Electronic DOS corresponding to the con“guration
shown in (a), where VB (CB) denotes the valence (conduction) band of the material, and states (�)…(�) are located within the energy bandgap, with the
energy of the highest occupied state set to zero. c) A schematic showing a possible pathway for charge transfer.

the electrical properties of Si-JNTs, we performed a systematic
analysis of the transport characteristics and associated transistor
parameters in various NO� environments. Si-JNTs were assessed
in a controlled chamber exposed to ”owing NO� at two di
erent
concentrations: �� and �� ppm. Various transistor parameters,
such as threshold voltage and carrier mobility, were calculated
and compared across di
erent Si-JNT con“gurations.

The threshold voltage serves as is a fundamental metric for
characterizing JNTs. In JNTs, it represents the gate voltage re-
quired to fully deplete the device layer, that is, an •o
Ž state sim-

ilar to an accumulation-mode device, in contrast to MOSFET
where it is de“ned at the onset of inversion. Both the threshold
and ”at band voltages play critical roles, de“ning a device•s op-
erating range. Upon exposure to increased NO� concentrations,
the threshold voltage for hole-channel formation (hole accumula-
tion) shifts positively (decreases), while that for electron-channel
transport (electron accumulation) increases (Figure � ). These
shifts can be attributed to the electron-trapping e
ect of NO� .
The most signi“cant threshold voltage change for hole accumu-
lation was observed in samples with native oxide (Figure�a ),

Figure �. Impact of exposure to �
 and 
� ppm of NO � on the mobility (µ) and threshold Voltage (Vth) in ambipolar Si-JNT devices with a) native oxide
(P�) and b) thermally grown oxide (P�) devices forp-type (top panel: red) andn-type (bottom panel; blue) conductions.
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changing from Š�� V (ZA) to Š��.� V (�� ppm NO � ) and to
Š��.� V (�� ppm NO � ), with thermal oxide (Figure�b ) samples
exhibiting a less pronounced change compared to the Si-JNTs
with native oxide. DFT calculations show that NO� molecular ad-
sorption on ambipolar Si-JNT surfaces, trapping electrons from
the Si nanowire channels and leaving negative charges on the
sidewalls. This induces an additional negative gating e
ect on
the Si-JNTs, causing a positive shift in the transfer curve forp-
conduction and negative shift in then-conduction of the ambipo-
lar device. This shift toward more positive threshold voltage val-
ues correspond top-type doping by the deposited NO� molecules,
introducing additional mobile charges into the semiconductor
and shifting the Fermi level toward the highest occupied en-
ergy level of the semiconductor. Additionally, the observed pos-
itive shift in the threshold voltage suggests the generation of free
charge carriers (hole) alongside increased conductivity. We have
observed that the threshold (turn-on) voltage shifts to the right
with NO� exposure (Figure� ). As all measurements were con-
ducted at the same scan rate, this indicates that, with NO� inter-
action, the switch-on time for then-conduction increases, while
it decreases for thep-type conduction. However, the switch-on
speed is also in”uenced by the exposure time and concentration
of NO� .

In addition to the dual response of current and the shift of
threshold (turn-on) voltage, the interaction with NO� also re-
quires charge mobility to be considered as another parameter.
Figure � compares the evolution of charge mobility for both holes
and electrons when exposed to �� and �� ppm NO� . The impact
of NO� exposure is most pronounced for hole mobility, which in-
creases from a mean value of � to �.� and 
.� cm � VŠ� sŠ� for
the native oxide, while electron charge mobility decreases from

�.� to ��.� and ��.� cm � VŠ� sŠ� with �� and �� ppm of NO �

(Figure �a ). The increased mobility (p-type) with NO� indicates
enhanced hole transport in the Si channel. For devices passivated
with thermally grown oxide, mean hole mobility increases from
���.� to ��
.� and ���.� cm � VŠ� sŠ� , and electron mobility de-
creases from ���.� to 
�.� and 
�.
 cm � VŠ� sŠ� with �� and
�� ppm of NO � (Figure �b ). Di
erences in the initial mobility
values may arise from variations in the passivation of Si-JNTs,
inconsistencies in fabrication and di
ering degrees of ambipolar-
ity among the devices. This decrease in mobility indicates an in-
creased density of shallow trap states at interfaces, which can lead
to a lower measured (e
ective) mobility.[�� ] Si-JNTs possesses a
high concentration of charge trapping sites, thereby limiting elec-
tron mobility through trapped charge scattering. Conversely, the
enhanced mobility in p-type conduction could result from the
passivation of intrinsic shallow trap states by certain impurity
ionized charge carriers, facilitating conductivity through the “lm.
The substantial increase in hole concentration “lls the trapping
sites e
ectively and screens the trapped charges, thereby signi“-
cantly increasing hole mobility with NO� concentration. We ob-
served consistent changes in the JNT parameters across all de-
vices: four Si-JNTs with native oxide, three with �� nm thermally
grown SiO� and two with � nm thermally grown SiO� ). Specif-
ically, we noted an increase in the threshold voltage forp-type
conduction, a decrease inn-type conduction an increase in hole
mobility and decrease in electron mobility (see FiguresS�…S�
and TablesS�…S�, Supporting Information). Of note, although
we used �� min as the standard exposure time to demonstrate

the e
ects of NO� on Si-JNT parameters, changes were also after
just � min of exposure (see FigureS�� and TableS� , Support-
ing Information). A clear, gradual time-dependent change in the
Si-JNT parameters was observed with �� ppm NO� exposure.

The number of charge carriers has been calculated for the
native oxide based on output characteristics using the equation
below:

n =
IdsL

q� VdsA
(�)

whereIds is the drain to source current,Vds is the drain to source
voltage (set at � V),L and A are the length and surface area
of nanowire (Si JNT channel) respectively,q is the elementary
charge andµ is the carrier•s mobility. Upon exposure to �� ppm
NO� , unpassivated ambipolar Si-JNTs exhibit an increase in the
number of holes has from �.� × �� �� to �.� × �� �� , accompa-
nied by a decrease in the number of electrons from �.�× �� ��

to �.
 × �� �� . This implies a •pseudoŽ molecular doping insti-
gated by the gas phase NO� . Conversely, for ambipolar Si-JNTs
with a �� nm grown oxide layer, the number of holes show a tiny
increase from �.� × �� �� to �.� × �� �� , while the number of elec-
trons remains una
ected upon exposure to �� ppm NO� . In sum-
mary, the carrier concentration approximately doubles for holes
and decreases by approximately half for electrons in unpassivated
Si-JNTs, whereas there is no discernible change in carrier con-
centration for Si-JNTs with a �� nm grown oxide layer. This phe-
nomenon may be attributed to the presence of a thick oxide layer
(� �� nm) for thermally grown oxide passivated Si-JNT, which po-
tentially inhibits charge transfer processes.

�. Conclusion

In summary, we have demonstrated the potential of molecular
doping and tuning of ambipolar Si-JNTs characteristics in both
electron and hole conduction mode with the physisorption of
gaseous NO� . Various characteristics of the Si-JNT, includingIon,
Vth, andµ, have demonstrated dynamic changes in both thep- and
n- transport channels of the ambipolar JNT when exposed to NO� .
Notably,I on at the negativeVg region displays an increasing trend
while I on at the positiveVg region displays a decreasing trend
upon exposure to NO� . Signi“cantly, an ambipolarity could be
induced in a unipolar Si-JNT by the molecular adsorption of NO�
on the Si surface. The impact of NO� exposure (�� and �� ppm)
is signi“cant for both hole mobility and electron mobility which
rises and decreases by �.
 times respectively with �� ppm NO�

interaction. Additionally, the threshold voltage decreases forp-
channel transport and increases forn-channel transport in re-
sponse to NO� exposures. These observed response behaviors are
attributed to the hole-donating and electron-trapping nature of
NO� , as demonstrated by the increase in hole carrier concentra-
tion in Si-JNTs with adsorbed NO� . Encouragingly, these devices
can be bought back to its initial electronic state by withdrawing
the NO� exposure to the Si-JNTs.

This study illustrates that an oxidizing gas (such as NO� ), when
adsorbed as molecular layers, can e
ectively adjust bothp- and
n-currents in an ambipolar device, thereby “ne-tuning its device
characteristics •ex situŽ. These observations suggest that NO� can
be used as an activep-type dopant for thin Si nanowires. This
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gas-phase doping approach o
ers a scalable solution for doping
large scale device. For designing and fabricating larger devices in-
tended for future high-density applications, it is possible to engi-
neer the length and width of nanowires, as well as the size of the
contact pads and interconnects. We also suggest the ambipolar
transistors have potential for achieving highly selective and sensi-
tive gas detection by leveraging their dual response alongside JNT
parameters such as •onŽ-current, threshold voltage, and charge
mobility, especially when combined with additional rigorous ma-
chine learning experiments involving cross-reactive gases.

�. Experimental Section
Fabrication of Si-JNT Devices: Nanowire devices were fabricated from

ultra-thin silicon-on-insulator (SOI) substrates, comprising stacked layers
of silicon-insulator-silicon. The layer speci“cations were: a ��
µm thick
p-doped bulk Si carrier substrate, a thermally grown SiO� buried oxide
layer with a thickness of ��� nm and a �� nm intrinsic top Si layer (de-
vice layer) as shown in the schematic in Supporting Information (Figure
S� , Supporting Information). SOI substrates were employed to minimize
parasitic capacitance within the substrate, thereby enhancing device per-
formance. The diced SOI substrate dimensions for device fabrication were
� cm × � cm. Ion implantation and ”ash lamp annealing (FLA) of the SOI
substrates were undertaken, with doping via a chain implantation process
using phosphorus (n-type doping). Nanowires were fabricated through a
top-down approach using electron beam lithography (EBL) and reactive
ion etching (RIE).[�
,�� ] A negative tone resist, �% hydrogen silsesquioxane
(HSQ) (XR-�
�� from DuPont), was used to create the nanowire pattern
via EBL. Nanowires were exposed using a RAITH e-LINE PLUS EBL system,
with exposure parameters optimized to obtain speci“c dimensions and
morphology. A SENTECH inductively coupled plasma reactive ion etch-
ing (ICP-RIE) Si 
�� system was used to anisotropically transfer the HSQ
pattern into the device layer. After nanowire fabrication by EBL and RIE,
thermal oxidation of the nanowires was performed to obtain a uniform
SiO� layer (� and �� nm) on the surfaces of the nanowires. The oxida-
tion process was conducted at a temperature of at 	��°C under an O�
atmosphere for several seconds to achieve thin, high-quality oxide “lms.
Lastly, contact pads were patterned using EBL, and nickel (�� nm) and
gold (��� nm) were deposited on the substrate using e-beam deposition to
form source-drain contacts. Samples were annealed using FLA (at �.� kV
for � ms under N� atmosphere) to reduce contact resistance.[�� ] A new
process based on rapid thermal annealing (RTA) was implemented to fur-
ther reduce contact resistance. After fabrication of the metal contacts and
initial characterization, RTA was performed in a N� environment at a tem-
perature of �
� °C for �� s. RTA facilitates vertical di�usion of silicide to
create Schottky junctions at the source and drain contacts, enabling both
electron and hole conduction, resulting in device performance similar to
Schottky barrier-based FETs.[�� ] Detail of the silicide formation at the Ni-
Si contacts under RTA and FLA conditions is described in our previous
works.[��,�	 ]

Morphological Characterization of Si-JNTs: Si-JNTs morphology were
analyzed using a FEI quanta �
� scanning electron microscope (SEM) and
a Jeol ���� transmission electron microscope (TEM) operated at ��� kV.
Samples were prepared for TEM cross-sectional imaging with an FEI He-
lios Nanolab ���i system. The sectioned Si-JNT device was transferred to
a TEM grid and imaged by transmission electron microscopy (TEM, FEI
Titan �� operating at ��� kV).

Electrical Characterization of Si-JNTs: The electrical characterization of
Si-JNTs was performed using an electrical analysis setup consisting of two
Keithley ��
� source meters interfaced to a Nextron probe station. All elec-
trical measurements (I…Vcharacteristics) were performed using the Keith-
ley Kickstart software, version �.�.�.

Si-JNTs were exposed to and compared under various NO� ”owing en-
vironments with di�erent mixing ratios ranging from �.
 to 
� ppm. Exper-
iments examining the interaction of NO� with Si-JNTs were performed in a

semi-customized gas-tight micro probe station with a volume of ��� cm�

(Nextron). Zero air (ZA), that is, mixture of nitrogen and oxygen without
any trace gas, particles, and humidity, was introduced at a rate of �� stan-
dard litres per minute (SLPM) for �� min, followed by exposure to speci“c
NO� mixing ratios for �� min. Prior to exposure to ZA, Si-JNTs were dried
under vacuum for �
 min. All experiments were carried out at room tem-
perature and atmospheric pressure. The transfer characteristics of Si-JNTs
were recorded under ZA and at each NO� exposure to evaluate the tran-
sistor parameters such as threshold voltage (Vth), “eld-e�ect mobility (µh,
µe), and on-current (Ion), as well as to analyze the e�ect of NO� concen-
trations on these parameters.

Density Functional Theory (DFT) Calculations: To elucidate the atomic-
scale details for key interactions between NO� molecules and the oxidized
surfaces of the Si nanowires (in the Si-JNTs), quantum-mechanical DFT
calculations were undertaken. The calculations were performed using the
DFT code VASP[
� ] employing with an energy cuto� of 
�� eV, projector
augmented waves (PAWs),[
� ] and the generalized gradient approxima-
tion (GGA) Perdew„Burke…Ernzerhof[
� ] exchange-correlation (xc) func-
tional. Non-bonding Van der Waals interactions were accounted for within
the DFT-D� scheme.[
� ] Structural representations were generated using
the software VESTA.[
� ]
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