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Abstract

We report uniform and reproducible thin film polycrystalline silicon (polysilicon) nanowire sensor
platform realized by an advanced spacer etch process in a mature 3 micron lithography for room
temperature detection of molecules in gas phase. The main strength of the technology is that it is
capable of producing polysilicon nanowires with perfectly rectangular shape and reasonably smooth
surface in a novel spacer etch process using low density plasma of SF, and O, gases from a thin film
of amorphous silicon (a-Si) layer. The conductance of the realized nano sensors scales reasonably
well with nanowire number and length and the measured electrical performance is found to be in
reasonable agreement with the design. The conductance variation of randomly distributed nano-
sensors in a 6 inch wafer is found to be less than 7% implying a well controlled fabrication process.
Comparative measurements in air, vacuum, hydrogen and isopropyl alcohol and 3D numerical
simulation on the evolution of surface states of nanowires upon exposure into different gas ambient
unequivocally demonstrate the potential of polysilicon nanowires for detecting molecules in gas
phase at room temperature with the promising gas sensitivity and impressive response/recovery
times. The nano-sensors are developed in a relatively cheap reactive ion etching system using a
low density plasma based special etch that provides high quality polysilicon nanowire sensors with
excellent uniformity and reproducibility for a simple, low cost, manufacturable route to gas-sensor
fabrication.

Keywords: Nanowires; Sensors; Biosensors; Nanodevices; Thin films

Introduction

In recent years, nanowire (NW) based ultrasensitive sensors have been widely investigated for
the potential of real time, high sensitivity and label-free detection [1-6]. The driving force towards
the development of nanowire based sensors is large surface to volume ratio, and also that one or
more of the physical dimensions are less than or comparable to the charge screening length, i.e.
the Debye length. As a result, electric field modulation by immobilization of biological or chemical
species on the surface affects carrier concentration across the entire cross sectional conduction
pathway [2] and hence, NW devices give extraordinary sensitivity [3-5].

Among different nanomaterials, silicon nanowires have the potential advantage of compatibility
with very large scale integration (VLSI) and complementary metal oxide semiconductor (CMOS)
technologies [7]. These benefits are some of the main reasons for the significant interest in silicon
nanowire based sensors with quite a large number of studies on the detection of analytes in aqueous
environment, mainly within the context of biosensing (e.g., to detect biological species like DNA,
proteins and viruses etc.) and only a few number of studies appearing for sensing in gas phase
for workplace safety, environmental pollution monitoring and for the development of novel, non-
invasive diagnostics for human healthcare [8]. However, commercial silicon NW based sensors are
still unavailable for analyte detection even in aqueous environment due to the difficulty in device
manufacturing processes, reproducible sensing/integration issues and most importantly due to
the unavailability of economically viable route for mass fabrication. Therefore, the development
of a simple and cheap route for nanowire sensor fabrication is needed which may enable mass
manufacture of nanowire sensors for personalized, pro-active and preventive healthcare.

Nanowire sensors can be fabricated either using top-down or bottom-up approaches. Bottom-
up approaches are capable of producing high quality single-crystal nanowires through metal
assisted catalytic process [6], which is simple and cheap. However, nanowire grown using this
process is not location controlled and hence, additional non-CMOS post processing steps like
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Scheme 1: Plastic substrate compatible thin film slicon nano-sensors and
molecule detection in gas phase.

electric field or fluid flow-assisted nanowire positioning is required
for electrodes definition making construction of functional device
arrays challenging [9]. Additional issues are metal contamination
and less control of structural parameters resulting in the poor device
uniformity and reproducible integration remains problematic.
These shortcomings are eliminated in top down approaches and
nanopatterning techniques like deep-UV [10] and electron-beam
[11,12] lithography have been used the past to fabricate single crystal
silicon nanowires. These techniques provide the advantages of the
high density integration possibilities related to the well known CMOS
processes, but have disadvantage of elevated budget associated with
these advanced lithography techniques and costly SOI wafers. Si
NW arrays have also been fabricated using nanoimprint lithography
[13], however, fabrication of the master replication stamp is not
straightforward due to the requirement of advanced lithography and
wafer-level patterning is challenging. To avoid expensive lithography,
silicon nanoribbon fabrication by conventional lithography and
subsequent thinning by oxidation [14], specialized wet etch [15],
wet etch-transfer [16] techniques have been reported which are time
consuming and hard to control across a large wafer area. As such the
best approach for Si NW fabrication is unclear at present time and
a phenomenological development is needed for a commercial scale
production [17].

Most recently, a low cost nanowire fabrication technology has
been reported which uses spacer etch process on a deposited thin film
[18-20]. This technology has attractive feature of defining polysilicon
nanowires with nano-scale dimensions using mature lithography
and industry standard deposition and spacer etch techniques. This
process also enables the use of glass or plastic substrates which
could open up opportunities in low cost disposable diagnostics and
in portable, wearable or even implantable sensors. However, the
main challenge in this technology is that the realized nanowires are
approximately quarter circle shaped as during dry etch of nanowires
no mask protection is used and hence, the corner of the nanowire is
affected by the plasma [19-22]. This makes control of the nanowire
volume across a wafer challenging and hence, manufacturability
of the process could be severely affected by degraded uniformity
and reproducibility in characteristics. Dry etch processes are also
susceptible to the creation of interface states due to etch damage
which may significantly affect the NW sensitivity by favouring charge

trapping at the Si/SiO, interface [15], degraded leakage [23] and sub-
threshold characteristics [24] thereby affecting the NW’s capability to
react efficiently to the manipulation of the gate (or molecular gating)
voltage. In fact, plausible uniformity in the nanowire characteristics
and economic feasibility of the nanowire realization process are some
of the key challenges for the commercial availability of nanowire based
devices in near future. We have previously demonstrated the potential
of polysilicon nanowires for detecting the proteins interleukin-8 (IL-
8) and tumor necrosis factor-alpha (TNF-a.) in aqueous environment
and have validated nano-sensors against standard enzyme-linked
immunosorbent assays (ELISAs) [25]. However, the detection of
molecules in gas phase using polycrystalline silicon nanowires and
theoretical study to gain physical understanding on the evolution of
surface charges of nanowires upon exposure of different gas ambient
are rare in the literature. A study of the wafer scale uniformity/
reproducibility; width, shape and surface morphology control of
polycrystalline silicon nanowires prepared by spacer etch process is
also not available in the literature.

This article first time performs a quantitative evaluation of the
uniformity and reproducibility of the thin film polycrystalline
silicon nanowire sensors and investigates the performance of the
nanowires in various gases with a view to gas sensing applications.
Perfectly rectangular and reasonably smooth polycrystalline silicon
(polysilicon) nanowires are realized by mature 3 micron lithography
and spacer etch using low density plasma of SF,/O, gases in low cost
reactive ion etch (RIE) equipment and, delivering appreciable control
of the nanowire width and shape across a 6 inch wafer. Comparative
measurements in air, vacuum, hydrogen and isopropyl alcohol are
conducted to demonstrate the nano-sensor’s capability to detect
molecules in the gas phase. In addition, ambient effects on the nano-
sensor conductance are studied for the first time using 3D numerical
simulations to gain physical understanding on the evolution of surface
charges of the polysilicon nanowires upon exposure of different gas
ambient.

Experimental

The sensor fabrication started with the deposition of 500nm
nitride and 100nm oxide layers on (100)-oriented n-type silicon
wafers with a doping of 10'/cm’ using plasma enhanced chemical
vapour deposition (PECVD) (Figure la). A photolithography step
was done using mature microelectronics lithography (line width >
3um) and the 100nm oxide layer was dry etched anisotropically to
create oxide pillars (Figure 1a). After resist strip and cleaning a 100nm
undoped LPCVD amorphous silicon (a-Si) film was deposited using
the pyrolysis of silane at 560°C and subsequently doped by boron
implantation ata dose of 1.5x10%/cm? and an energy of 25keV (Figure
1b). Another photolithography step was again done and source/drain
pad regions are implanted by boron at a dose of 4x10'*/cm?and an
energy of 35keV (Figure 1b). This a-Si film was dry etched using low
density plasma with 12sccm SF, and 12sccm O, at a pressure of 30mT,
a reactive ion etching (RIE) power of 160W, and a plate temperature
of 20°C in an Oxford Instruments capacitively coupled RIE system.
The etch leaves amorphous silicon spacers (nanowires) around the
oxide pillar sidewalls, while source/drain pad regions are protected
from etch by photoresist (Figure 1c). After resist stripping a 10nm
gate oxide was grown at 900°C which crystallised the amorphous
silicon to polycrystalline silicon and activated the implanted dopant.
Aluminium contacts were realised on the heavily doped source/
drain pads to either end of the polysilicon nanowire (Figure 1d).
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Table 1: The conductance ratio of NWs with different lengths with the conductance of 14um long NW. Measured NW blocks have 60NWs connected in parallel.

The conductance ratio of NWs with different lengths with the conductance of 14um long NW
Substrate voltage (V)

24 um 36 pm 48 pm 58 um

0 1.45 2.43 3.21 4.48

-5 1.6 2.35 3.32 4.62

-10 1.41 2.28 3.24 4.56

-15 1.46 2.25 3.16 4.34

-20 1.47 2.27 3.25 4.21

-25 1.55 2.31 3.31 4.43

length of 14pm.

Table 2: The conductance ratio of NWs for different numbers of NWs connected in parallel with the conductance of 10NWSs connected in parallel. The NWs have the

The conductance ratio of NWs for different numbers of NWs connected in parallel with the conductance of 10 NWs connected in
Substrate voltage (V) parallel
20 40 60 80 100 160
0 1.81 3.88 6 7.82 10.51 15.86
-5 1.93 3.8 6.23 7.83 10.84 15.8
-10 1.89 3.91 6.14 7.92 11.06 16.27
-15 1.83 3.88 6.41 7.89 11.05 15.9
-20 1.9 3.91 5.99 7.91 10.66 15.79
-25 1.88 4 6.06 8 10.97 15.94

An insulator layer was then deposited and subsequently a sensing
window was opened over the nanowires for effective passivation
of contacts from sensing regions (Figure le). Such a passivation
scheme provided the flexibility of testing nanowire sensors both in
aqueous environment and in different gases without any effect on
metal-semiconductor contacts in source/drain regions. The physical
structure of the nanowires (width, shape and surface morphology)
was investigated by plan-view and cross-sectional scanning electron
microscopy (SEM) and Nomarski Differential Interference Contrast
(DIC) Microscopy. Figure 2 shows a wafer map of the completed
nano-sensors consisting of 39 nano-sensor chips with numbers of
test structures for characterising etch uniformity across the wafer.
Each chip consists of eight nano-sensors where the outer nano-
sensors comprise 30 nanowires connected in parallel, each with
a length of 48um. The inner nano-sensors have different nanowire
lengths and/or nanowire numbers connected in parallel. Electrical
characterisation of the nano-sensors was performed using an
Agilent B1500A Semiconductor Parameter Analyser. The gas sensing
measurements were performed utilizing the sealed chamber of a
Lakeshore EMTTP4 probe station which was connected to a H, gas
cylinder with a pressure control valve. Simulations were performed
using a SILVACO TCAD Tool.

Results

Width and shape of nanowires after spacer etch

Figure 3a shows a cross-sectional Scanning Electron Microscopic
(SEM) image of the nanowire. The nanowires are rectangular in shape
with measured width and height of 95nm x 95nm. This provides a
good basis for reproducible control of the nanowire shape. Figure
3b shows a plan view SEM image and indicates that the nanowire
is continuous, with a reasonably uniform width. To quantify the
etch uniformity, the nanowire width has been measured from high
magnification plan-view SEM images in 20 different locations on
a wafer and values of mean and standard deviation are calculated.
The mean and standard deviation of width are found to be 95nm
and 4nm respectively while the original a-Si layer was 100nm thick.

This result indicates that the SF /O, plasma etch process is highly
anisotropic and therefore gives good control of the nanowire width.
To further quantify the etch uniformity, cross sectional SEM images
were captured from the test structures located at regions A, B and C
of Figure 2a. It is observed that the perfectly rectangular shape of the
polysilicon nanowires and its dimensions are well maintained across
the 6 inch wafer. This confirms the uniformity of the SF /O, plasma
etch. It is worth mentioning that reported polysilicon nanowires
prepared by spacer etch generally exhibit a roughly quarter circle
shape with pronounced etching in the horizontal direction indicating
the loss of anisotropy [19-22] (inset of Figure 3a). In addition,
sidewall striations and random accumulation of polymers are often
observed due to incomplete removal of passivation layers [26-27].
In this regard, the SF /O, plasma etch is better suited to nanowire
fabrication than alternative etches. Details of the etch uniformity
investigation are provided in the supplementary information.

Electrical characteristics

We now investigate the electrical characteristics of the fabricated
nanowires. Figure 4a shows output characteristics of 14um long
polysilicon nanowires for different substrate voltages (V). The
characteristic exhibits typical transistor like behaviour where
nanowire conductance is significantly affected by substrate bias
voltage. The I value at V=4V increases from 0.34nA at V_=0V to
0.28uA at V_=-25V. Figure 4b shows typical transfer characteristics
of nanowire measured for different values of drain to source voltages
(Vo). The characteristic exhibits a sub-threshold slope around
2.3 to 3.0 V/decade while substrate has been used as gate and
500nm nitride has been used as gate insulator. Activated doping
concentration of nanowire predominantly controls its sensitivity
as a sensor and this phenomenon is drastically different for single-
crystal and polycrystalline silicon nanowires for a same implant
dose. The implanted boron dose of 1.5x10"*/cm?* should deliver to
deliver a doping concentration around 1x10"cm™ in single-crystal
silicon nanowires as it is expected that all of the implanted dopants
are electrically activated by activation anneal. However, doping
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Figure 1: Schematic process flow of the polysilicon nanowire sensor
fabrication.

segregation at grain boundaries may capture some of the implanted
dopants for polysilicon nanowires and hence the electrically active
doping concentration may be lower than the expected doping of
1x10%cm?. To investigate this phenomenon, we have calculated
active hole concentration in our fabricated polysilicon nanowire using
the method described in our previous report [25]. It is found that
the active hole concentration is around 2x10'°cm™ for a bias voltage
of V_=-5V and V =0.5V, which is reduced to value of 7x10"°cm
at V=0V and V_=0.5V. This value of hole concentration indicates
electrically active doping concentration of polyslicon nanowires
which is noticeably lower that the expected doping concentration of
single-crystal silicon nanowires (1x10'8cm), thereby explaining very
low conduction in our nanowires.

To investigate the uniformity of the nano-sensors, Figure 5a
shows nanowire conductance as a function of nanowire length for
different substrate voltages (V). The measurements were performed
on-sensor blocks at different location on the wafer which vary from
one another in nanowire lengths as shown in Figure 2a. It can be
seen that the conductance increases with decreasing substrate bias.
The nano-sensor block with nanowire length of 14pm exhibits a
conductance of 1.5 x107uS at V=0V which increases to a value of
2.5uS at V=-25 V. The conductance increase of p-type polyslicon
NWs with negative substrate voltages (V,,) can be explained by the
significant hole accumulation in the NW body upon application of the
negative V  voltages. However, it is interesting to note that the NW
conductance decreases almost linearly with increasing NW lengths
at long nanowires whereas a mild non-linearity can be observed at
short nanowires due to the heavily doped contact pad/associated
aluminium contact resistances which affects the measurement at
short NW lengths. However, the conductance ratio of NWs with
different lengths with the conductance of 14 um long NW is presented
in Table 1. The exhibited conductance ratio of NWs are in reasonable
agreement with ideal values of 1.7, 2.6, 3.4 and 4.1 for 24, 36, 48 and
58 um long nanowires at all substrate voltages (VGS). Figure 5b
shows nanowire conductance as a function of the number of parallel
nanowires for various values of substrate voltage (V). It is observed
that the NW conductance increases linearly with increasing numbers
of NWs connected in parallel for all substrate voltages (V). The

'I'F'.ritlllﬂulei——‘l I

At 5o et o el e 2

0 ) (AR VRARID e LR 5 Gt

Inner nanowires

. nﬁﬁl'ﬁmi!'éém“@- ‘
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Figure 2: Wafer map of the completed nano-sesnor wafer fabricated using
low density plasma of SF, and O, gases in a cheap reactive ion etch (RIE)
equipment consisting of nano-sensor chips and test structures.

S/

v
Nanowire

Nitride

Team WO 10, Tmm

Figure 3: a) Cross-sectional and b) Plan view Scanning Electron Microscopic
(SEM) image of the nanowire defined from a thin film of a-Si layer deposited
on a prior fabricated oxide pillar using low density plasma based shallow
etch with a simultaneous flow of etchant SF; and inhibitor O, in a cheap
capacitively coupled reactive ion etch (RIE) equipment.

conductance ratio of NWs for different numbers of NWs connected
in parallel with the conductance of IONWs connected in parallel is
presented in Table 2. The exhibited conductance ratio is again found
to be in reasonable agreement with expected values of 2, 4, 6, 8, 10
and 16 for 20, 40, 60, 80, 100 and 160 numbers of NWs connected in

parallel at all substrate voltages (V).

To investigate the uniformity of the nano-sensors further, Figure
6 shows output characteristics of several 48um long nano-sensor
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Table 3: Comparison of the gas sensing figure of merit (i.e. conductance change, response/recovery times) of fabricated polysilicon nanowire sensors with the reported
pristine silicon based sensors for the detection of H, and polar volatile organic compound (i.e. IPA).

1.0x10”7

0.0

-
=

V, sweeped from 0.5 to
3Vin 0.5V steps E

Y

V)
Figure 4: Polysilicon nanowire electrical characterisation; a) Polysilicon
nanowire output characteristic (I, as a function of V  for different V ¢
values); b) Polysilicon nanowire transfer characteristic (I, as a function of
V¢ for different V¢ values). The nanowire has a length of 14 um and during
this measurement wafer substrate is used as gate with 500nm nitride as gate
insulator.

blocks at different substrate voltages (V). The nano-sensor blocks
have 30 nanowires connected in parallel and are chosen from five
different places on a 6 inch wafer (left, right, bottom and middle
of Figure 2a). The drive current increases with decreasing V . and
the average currents are 0.034+1.1%, 0.15+5.25%, 0.62+3.97%,
1.13+3.7%, 2.23+6.41% and 4.53+6.65% pA at Vs values of 0, -5, -10,
-15,-20 and -25 V and for Vi equal to 5V. The standard deviation of
drive current lies within the range 1% to 7%, thereby demonstrating
that the SF, and O, plasma etch process is reasonably uniform.

Si NW size Typelapproach Target Cor;;j]zﬁt;:ce Response time 'Recovery time Ref.
Inorganic gas
18% at 5% H, - -
NA Porous single crystal Si H, 47
50% at 10% H, - .
d = 300nm Single crystal Si NW synthesized
B by metal assisted H 60% at pure H 180 seconds No recovery 48
L = 5.25um i 2 2
chemical etch
5% H, in air
16% at 0.5 bar
32% at 1.0 bar
= ili i 0, -
ﬁ = zgnx Poly silicon rz_ar:?Swvlvrsr:;/ spacer etch H, 65% :.:1'[ 1.5 bar slg(?oiiiz 101 seconds | This work
= oo 5% H, in vacuum
70% at 0.5 bar
90% at 1.0 bar
97% at 1.5 bar
Polar volatile organic compounds
d=30t070nm Top down/bottom up grown single crystal Polar VOC
L =400nm to P Si T\ISVS gle cry (Methanol, Ethanol, 50% 40 seconds 50 seconds 45
lum Isopropanol)
d i95nm Poly silicon nanowire by spacer etch Polar VOC (IPA) 3.6 x 10°% 15 seconds 32 seconds | This work
L =58um (This work)
-, Gas sensing
4.0x10 T T T T
To demonstrate the nano-sensor’s capability to detect molecules
V_. sweeped from 0 to . . . .
P 20V in -V stags in gas phase and/or to elucidate the effects of the surrounding ambient
on the NW conductance, measurements were made in different gases.
< ; This measurent is done using a nano-sensor block which comprises
_g 2.0x10

58um long nanowires and 30 nanowires connected in parallel. Figure
7a shows the measured current sequentially in air, vacuum and H,
(5%) gases at different pressures as a function of time for bias voltages
of V=5V and V_=-10V. It is observed that the nano-sensor current
changes systematically as the gases are changed. It increases by 45%
when the ambient is changed from air to vacuum with a response time
(time taken to reach 90% of the equilibrium value) of 101 seconds. In
contrast, the change of ambient from vacuum to H, leads to a decrease
in NW current. Sequential flow of H, pressures 0.5, 1.0 and 1.5 bar
give decreases in NW current of 13%, 10% and 16% from the base
current level with response times of 100, 127 and 120 seconds. Figure
7b shows the time response of the NW current for Isopropyl Alcohol
(IPA). This investigation is done on the same nano-sensor chip that is
used in the previous measurement and the NWs are exposed to IPA
vapor by applying a drop of the solvent (5pl) to a tissue above a hole
in a measurement box. Notably the current is steeply increases by
450% from the low base current around 417nA in air when the NW
is exposed to IPA vapour. The response time of NW to IPA vapour is
found to be 15 seconds. The nanowire current recovered to the value
in air when the IPA vapour source was removed with a recovery time
around 32 seconds.

Figure 8a illustrates typical transfer characteristics of NW using
substrate as gate and 500nm nitride as gate insulator measured
alternately in air, vacuum, IPA and in H, gases at different pressures.
This measurement was performed on the same nano-sensor chip
that was used for time response measurement presented in Figure 7.
Some noticeable changes in the sub-threshold characteristics can be
observed when the nano-sensor chip was exposed into different gas
ambient. Exposure into air, vacuum, H, gases with different pressures
and IPA do not significantly changes sub-threshold slope of the
nanowires with a value around 2.6V/dec whereas a significant shift
of the sub-threshold characteristic is observed with the change of the
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Figure 5: Nanowire conductance as a function of a) Nanowire length and b)
Numbers of nanowires connected in parallel at different substrate voltages
(Vgs)- The measurements were performed on-sensors at different location
on the wafer which vary from one another in nanowire lengths and nanowire
numbers connected in parallel.

surrounding ambient. This shift is quantified using constant current
threshold method at a current level of 4x10-°A which is just below the
knee of sub-threshold curve. The ambient change from air to vacuum
exhibited a positive threshold voltage shift (AV ) of 2.47V whereas
the ambient change from vacuum to H, gas exhibited negative
AV, shift with values of -1.14V, -2.09V and -3.16V respectively
for H, gases with pressures of 0.5, 1.0 and 1.5 bar. The transfer
characteristic of the nano-sensor in IPA ambient is quite distinct with
a significant positive AV, of 10.48V with respect to air. Figure 8a also
demonstrate that the nanowire’s conductance change due to ambient
change from air to vacuum, air to IPA and vacuum to H, gas strongly
depends on the substrate voltage (V). The chosen V_=-10 V for
time response measurement presented in Figure 7 is in saturation
region of the characteristics and exhibited conductance changes are
low when nanowires’ ambient is changed. However, Figure 8b shows
the nanowire conductance change (%) as a function of substrate
voltage (V) when the ambient is changed from air to vacuum, air to
IPA and vacuum to H, gases with different pressures. As can be seen
from the Figure 8b, our polysilicon nanowire sensors demonstrate a
phenomenological response when the operating point is within the
linear region of the sub-threshold regime with peak conductance
changes of 1560%, 3.6 x 105%, 70%, 90% and 97% when the ambient
is changed from air to vacuum, air to IPA and vacuum to H, gases
with different pressures respectively. These results unambiguously
demonstrate the potential of poly silicon NWs as high sensitivity gas
sensors at room temperature.

Discussion

Spacer etch has been extensively used in CMOS process line for
creating nitride spacers prior to silicidation [28] and recently it has
been used for polysilicon nanowire definition [18-22]. Anisotropic
etching of silicon is typically achieved by sidewall passivation based
etching techniques [27,29-31] where directional etching is achieved
by inhibiting the isotropic chemical etch in lateral direction by
coating trench sidewall with polymers. Usually high density plasma

T T ; 3
10 |- Nanowire length =48,um 55 V=25V
No of nanowires = 30 o8 n

1 2 3 4 5
Ves V)

Figure 6: Output characteristics of 48um long nano-sensor blocks at different
substrate voltages (V). The nano-sensor blocks have 30 nanowires
connected in parallel and are chosen from five different places on a 6 inch
wafer (left, right, bottom and middle of Figure 1a).

associated elevated chemical reaction makes the isotropic tendency
of chemical etch difficult to control and an incomplete removal of
passivation component within the brief etch time required to process
thin film of a-Si layer [29-31]. This results in either the quarter circle
shape of NW or the formation of grass-like residues and pile-up of
excess polymers. In our spacer etch, the control of plasma density
and hence, the control of the isotropic tendency of chemical etch
is achieved by 4 times reduction of etchant SF, and the control of
the deposition/removal of passivation polymer is achieved within
the brief etch time required to process thin film of a-Si layer by 8
times reduction inhibitor O, flow rate in the system in comparison
to standard spacer etch process [29-31]. Figure 3 shows that such a
mechanism of low density SF /O, plasma on thin film of a-Si layer
delivered nanowires with ideal rectangular shape with hardly visible
sidewall striations and/or polymer particles or glass-like residues.
The perfectly rectangular shape and reasonably smooth surface of
polysilicon nanowire thus maintained across the 6 inch wafer and
the electrical outcome is quite promising. A reasonable agreement of
nanowire conductance with nanowire numbers and nanowire lengths
is achieved (Figure 5) and a less than 7% conductance variation of
randomly distributed nanowires across a 6 inch wafer is found (Figure
6). Previous reports suggest that size effects on nanowire transport
and conductance are highly anomalous [32]. This has been attributed
to the dominant surface charge effects due to the high surface to
volume ratio of nanowire and to the nanowire dimension or doping
variations due to the random fluctuation in the growth or etching
process [32-35]. However, our results show that the low density SF,
and O, plasma based RIE process is quite successful in maintaining
uniformity of nanowire dimensions and its inherent properties across
a 6 inch wafer while the process is inherently cheap.

Figure 7 and 8 show that fabricated polysilicon nanowire sensors
are extremely sensitive to ambient, H,, volatile IPA gases and it is
worth noting that the NW conductance noticeably increases when the
ambient is changed from air into vacuum. It has been reported that
adsorption of gas molecules from atmosphere traps carriers which
significantly influences the electrical properties of semiconductor
nanostructures [36-37]. However, the effect of these surface charges
on the conduction properties of nanowires is found to be inherently
process dependent [15,32,38]. Jie et al. [32] observed a reduction of
nanowire conductance in synthesized p-type silicon nanowires when
the ambient is switched from air to vacuum. This was explained
by adsorbed water molecules forming OH ions thereby causing
accumulation of excess holes in nanowire and an enhancement of
the conductance in air. In contrast, etched Si nanowires exhibited
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Figure 7: Time dependence of nano-sensor current | when the sensor was
exposed a) To air, vacuum and in H, gases with different pressures and b)
To vapours of IPA. For this measurement a nano-sensor block is chosen
which have 58 pm long nanowires and 30 nanowires connected in parallel.
The nano-sensor is supplied with bias voltages of V=5V and V = -10 V.

that original conductivity of silicon wafer is not inherited in
nanowires and p-type silicon nanowires showed significantly
reduced conductivity due to surface charge associated depletion [15].
Fujii et al. [38] observed conductance increase in p-type air bridged
structured silicon nanowires in vacuum that was prepared by dry
etch. Our results resemble etched silicon nanowires reported by Chen
et al. [15] and Fujii et al. [38] and a reduced conductivity is observed
due to surface charge associated depletion in air. However, these
surface charges are related to air and switching the ambient from air
into vacuum is found to reduce the effects of these surface charges
thereby increasing nanowire conductance in vacuum. Although the
exact constituents of these surface charges cannot be identified it can
be decided that these atmosphere dependent surface charges are most
likely donor type which has the characteristics of depleting p-type
nanowires by locally accumulating positive charges at the nanowire
surface in air.

To further investigate the nature of surface/interface states of
fabricated polysilicon nanowires in air, a 3D simulation of electrical
characteristics of p-type polysilicon nanowires is done by creating a
14um long, 95nm x 95nm polysilicon nanowire on 500nm nitride
and a n-type silicon substrate with a doping of 10'/cm® in SILVACO
TCAD platform. As fabricated, the NW is covered with 10nm oxide
layers and source/drain contacts are connected through a heavily
doped p-type silicon layer with doping density of 10*/cm’. To
accurately model the characteristics of the nanowire, a continuous
trap states (both donor-like and acceptor-like) distribution
across the energy band gap is used for polysilicon material with
parameters previously used in the literature for successful modelling
of polyslicon thin film transistors [39]. For surface states, acceptor
or donor type states with varying densities are invoked both in the
top oxide/polysilicon and bottom nitride/polysilicon interface and
tested. Donor-like and acceptor-like tail states, Gaussian distribution
of mid gap states inside polysilicon nanowire and different types of
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Figure 8: a) Sub-threshold characteristics of nano-sensor using substrate
as gate and 500nm nitride as gate insulator measured alternately in air,
vacuum, IPA and in H, gases with different pressures and b) nano-sensor’s
conductance change (%) as a function of substrate voltage (V) when the
ambient is switched from air to vacuum, air to IPA and vacuum to H, gases
with different pressures. This measurement is performed on the same nano-
sensor chip that was used for time response measurement presented in
Figure 7. The nano-sensor block has 58um long nanowires and 30 nanowires
connected in parallel.

surface states affect the electrical characteristics of p-type polysilicon
nanowires quite a different manner, the details of which is out of
the scope of the current manuscript and will be reported elsewhere.
However, Figure 9a compares the simulated and measured transfer
characteristics (I as a function of V  for V _ value of 0.5V) of the
14um long nanowire with different densities of acceptor like states.
As can be seen from Figure 9a, reported continuous distribution of
polysilicon defect states [39] and acceptor like surface states fail to
reproduce electrical characteristics of our polysilicon nanowires in
air. Acceptor like surface states only affects leakage current of p-type
polysilicon nanowire at the positive V  regime. Figure 9b compares
the simulated and measured transfer characteristics of the 14um long
nanowire with different densities of donor like states. It is observed
that donor type states affect polysilicon nanowire’s sub-threshold
and on current characteristics. Donor like states are located at the
lower half of the band gap whereas acceptor like states is located at the
upper half of the band gap. As a result, depending on the position of
the Fermi level which depends on VGS, donor like and acceptor like
states show different behaviour in different operation regime.

Figure 10a compares the simulated and measured transfer
characteristics (I as a function of V) for different V _ values for
the 14pm long nano-sensor block and it is found that donor type
surface states with a density of 1.6x10"/cm? is quite successful to
reproduce the measured sub-threshold characteristics of 14um long
nanowires in air at all V voltages. This implies that the surface states
of the fabricated polysilicon nanowires excluding grain boundary
defects is around ~10"/cm? which is similar to the synthesized single
crystal silicon nanowires reported by Jie et al (4.3x10"/cm?) [32] and
consistent with the observed surface charge densities of silicon (~10'/
cm?) [40]. It is worth mentioning that single crystal silicon nanowire
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Figure 9: Comparison of the simulated and measured transfer characteristics
(I,s as a function of V¢ for V ¢ value of 0.5V) in air for a nano-sensor
block with different densities of: a) Acceptor likes states and b) Donor like
states. The sensor block has a nanowire length of 14pum and during this
measurement/simulation wafer substrate is used as gate with 500nm nitride
as gate insulator.

with a growth direction can have a density of dangling bonds as high
as 10"/cm? [32]. To discuss the response of polysilicon nanowires
in H, and IPA ambient, Figure 10b compares the simulated transfer
characteristics (I as a function of V) of the 58um long nanowires
with different densities of surface states with the measured sub-
threshold characteristics of the nano-sensor block with 58um long
nanowires in different gas ambient. We are able to reproduce the
measured polysilicon nanowires transfer characteristics at different gas
ambient only by incorporating donor type states. The measured sub-
threshold characteristics in air is reproduced with donor type states
in the top oxide/silicon interface for a density of 3x10"!/cm?* which is
similar to the density of 1.6x10'"/cm? that was used to reproduce the
measured sub-threshold characteristics of 14 micron long nanowire
in air (Figure 4b and 10a) giving us confidence that the surface states
of the fabricated polysilicon nanowires is around ~10"/cm? excluding
defect states contribution from grain boundaries. The sub-threshold
characteristics in vacuum and H, gases with pressures of 0.5, 1.0
and 1.5 bars are reproduced with donor type states with densities of
8x10"/cm?, 1.3x10"/cm?, 2.2x10"/cm?, 10"*/cm? respectively. This
result shows that 2.2x10"/cm? number of states is annihilated when
the ambient is changed from air into vacuum whereas 5x10'°/cm?,
1.4x10"/cm? and 9.2x10'"/cm? number of states are introduced when
the ambient is switched from vacuum into H, gases with pressures
of 0.5, 1.0 and 1.5 bar respectively. The simulation result for NW
characteristics in IPA gas is quite interesting. The characteristics in
IPA is reproduced with a donor type density of 1x10%/cm? indicating
that almost all of the surface states in air (3x10"/cm?) is effectively
removed when the NW is exposed into IPA vapour. This implies that
the interaction of IPA vapour with NW surface cannot be explained
by OH: ion layer formation only. There is a complex mechanism of
I,, interaction with NWs that is reducing surface states and effectively
working as passivation agent for NW surface states [41].

Reported studies suggest that gas sensing using conventional
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Figure 10: a) Comparison of simulated and measured transfer characteristics
(I, @s a function of V_ for different V_ values) of nano-sensor in air which
comprises 14um long nano-wire and b) Comparison of the simulated
transfer characteristics (I ¢ as a function of V) of the 58um long nanowires
with different densities of surface states with the measured sub-threshold
characteristics of the nano-sensor block with 58um long nanowires in
different gas ambient. During this measurement wafer substrate is used as
gate with 500nm nitride as gate insulator.

metal oxide film and nanoparticle based sensors in room temperature
usually exhibit slow response/recovery times due to inherent electron
transfer mechanism and gas adsorption chemistry [42]. Silicon
nanowire based gas sensors are currently in interests due to its promise
for fast response in room temperature [42]. However, detection limit
(gas sensitivity) and/or conductance change upon gas exposure,
response/recovery times of silicon based sensors typically depend on
material topology (i.e. pore diameter/pore density for porous silicon
and nanowire density for bottom up grown or chemically etched
nanowires etc), nanowire dimension (i.e. diameter), doping density,
surface stoichiometry/texture etc. Although porous silicon is believed
to facilitate gas adsorption through randomly distributed pores,
typical response time of porous silicon thin film sensors for different
gases are around the order of several minutes [43,44]. In order to
achieve fast response utilizing high surface to volume ratio, silicon
nanowires are recently researched as gas sensors and response/
recovery times are reduced to a value around 25 to 60 seconds for some
gases [45,46]. Targeted analyte in gas phase and it's concentration
also have significant effect on sensing due to gas adsorption/de-
adsorption rate and time and hence, technology standpoint of our
nano-sensors need to be compared with silicon based H, and polar
volatile organic compound (i.e. IPA) sensors for same concentration
of H, gas and IPA vapour. Table 3 compares the gas sensing figure
of merit (i.e. , response/recovery times and conductance change) of
our polysilicon nanowire sensors with the only few reported silicon
based gas sensors for H, and polar volatile organic compound (i.e.
IPA). In this comparison we only consider pristine silicon material
without any surface modifications to judge the intrinsic capability
of our nano-sensor to detect H, and IPA molecules in gas phase. As
can be seen from the table our polysilicon nanowire sensors exhibit
much better response/recovery times in comparison to reported
silicon based H,/polar volatile organic compound sensors and
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Figure 11: Polysilicon nanowire's peak conductance change (%) with respect
to air as a function of H, gas concentrations for a) 95nm x 95nm and b) 10nm
x 10nm polysilicon nanowire at different pressures. The nano-sensor block
has 58um long nanowires and 30 nanowires connected in parallel.

demonstrate appreciable conductance change for H /IPA sensing for
the same concentration of H, (5%) and for the same environment
of I, exposure (ul drop of the solvent to a tissue above a hole in a
measurement box).

For safety applications gas sensors should be capable of detecting
targeted analytes below their lower explosive limits (LEL) which are
4% (40,000ppm) and 2.2% (22,000ppm) for H, gas and I,, vapour
respectively. To investigate the detection limit of the fabricated
polysilicon nanowires towards H, gas and IPA vapour, 3D simulation
of electrical characteristics is performed for 58um long polysilicon
nanowire by incorporating surface states densities corresponding to
different concentrations of H, gases and relative conductance change
is calculated. Figure 10b exhibited that 5x10'°/cm?, 1.4x10'"/cm?* and
9.2x10"/cm* number of states were introduced when polysilicon
nanowires were exposed to 5% H, gases with pressures of 0.5, 1.0
and 1.5 bar respectively. These information allowed us to incorporate
relevant concentrations of surface states corresponding to different
concentration of H, gas exposure at nanowire surface acknowledging
the fact that incorporation of H, gas in the defect states of a thin SiO,
layer on Si is predominantly reaction-controlled rather than diffusion
limited [49]. Figure 1la shows the nanowire's peak conductance
change (%) with respect to air as a function of H, gas concentrations for
58um long, 95nm x 95nm polysilicon nanowire at different pressures.
It can be seen that nanowire response (i. e. relative conductance
change) increases with increasing H, concentrations and for a same
concentration of H2 flow, increase in pressure makes nanowire more
responsive. Relative conductance change is the representative figure
of merit that sets the gas sensitivity of sensor. The nano-sensor
block tested for gas sensing comprised 58um long nanowires and
30 nanowires connected in parallel had a base current of 1.3nA at
V=-0.75 V (peak conductance change point) and 1% conductance
change corresponds to a 13pA change in current. Agilent B1500A
Semiconductor Parameter Analyser used for characterising electrical
response of our nanowires at different ambient are capable of

detecting even fA level of current. This can be set in differential mode
where sensor response with targeted gas exposure is compared with
sensor response in air to display the relative change in current and,
hence we set 1% relative conductance change as our lowest detection
limit. Figure 11a shows that the setting of 1% conductance change
as a viable detection limit allows the nanosensor block detecting
2500ppm, 900ppm and 200ppm of H, gases at pressures of 0.5, 1.0
and 1.5 bar respectively. The presented technology should be scalable
by depositing very thin a-Si layer followed by spacer etch and hence,
Figure 11b shows the nanowire's peak conductance change (%) with
respect to air as a function of H, gas concentrations for 58um long,
10nm x 10nm polysilicon nanowire at different pressures. It can
be observed that 10nm x 10nm polysilicon nanowire is capable of
detecting 550ppm and 280ppm of H, gases at pressures of 0.5 bar and
1 bar respectively. For a slightly elevated pressure than atmospheric
one (i.e. 1.5 bar) this sensitivity even goes below 100ppm. Elemental
gases (i.e. H,)) have very low sticking coefficient on silicon surfaces
whereas polar gas molecules like IPA has high sticking coefficient [50]
and, hence it can be safely stated that IPA gas sensitivity limit of our
polysicon nanowires is significantly superior that H, gas.

The aforementioned discussions unambiguously demonstrate
potential of our polysilicon nanowire technology for H, and IPA
gas sensing. In integrated sensor system, the sensing element is
part of a large electronic circuit where sensor response in targeted
gas is compared with reference response in air that is coupled with
differential amplification scheme to convert a hardly detectable
change in current to a detectable signal and hence, the sensitivity
limit the polysilicon nanowires can be further improved in sensor
system with integrated electronics. Using revolutionary advancement
of nanotechnology the sensor/reference chamber can also be coupled
with nano electromechanical system (NEMS) to control pressure
or to create vacuum. In this regard, our polysilicon nanowire's gas
sensitivity in vacuum may have interest and hence, polysilicon
nanowire sensor's response with respect to vacuum has also been
investigated and presented in the supplementary information section.
In such an arrangement, 95nm x 95nm polysilicon nanowire will be
able to detect 315ppm and 180ppm of H, gases at pressures of 0.5
bar and 1 bar whereas 10nm X 10nm polysilicon nanowire will be
able to detect 240ppm and 130ppm of H, gases at pressures of 0.5 bar
and 1 bar respectively. At H, gas pressure of 1.5 bar this sensitivity
will be phenomenological which is significantly lower than 100ppm.
The seminal review papers by Wan et al [51] and Smet et al [8] on
semiconducting nanowire gas sensors show that pristine silicon
nanowires demonstrate no appreciable sensor performance in H,
and hence, decoration of silicon nanowires with H,-sensitive pd
nanoparticles is attempted. It is found that such a strategy is quite
successfulin converting silicon based platform selective and responsive
for H, gas and silicon nanowires provide improved response/recovery
times around 15-20 seconds [52]. Similar to H, sensing, Hossam
Haick [53] used chemical functionalization of silicon nanowire for
selective polar VOC sensing and also found better response/recovery
times around 10-20 seconds in chemically modified nanowires in
comparison to the reported bare silicon nanowire [45]. While suitable
surface modification scheme can convert a typically irresponsive
silicon nanowire sensor responsive and selective for gas sensing with
a significant improvement in response recovery time, our inherently
responsive polysilicon nanowire sensors with impressive response/
recovery time obviously shows route towards promising sensors
for detecting molecules in gas phase by adopting suitable surface
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modification scheme and the platform has obvious advantage over
single crystal silicon nanowires in terms of cost, manufacturability
could open up opportunities in low cost disposable diagnostics and
in portable, wearable or even implantable sensors.

Conclusions

We have presented a uniform and reproducible thin film
polycrystalline silicon nanowire sensor technology by a rigorous
investigation of the effect of spacer etch on the nanowire dimension,
shape and have demonstrated room temperature gas detection using
polysilicon nanowires. Perfectly rectangular and reasonably uniform
polycrystalline silicon nanowires have been defined by spacer etch
using low density plasma of SF /O,gases from thin a-Si layer in a
low cost reactive ion etch (RIE) equipment and well established
3 micron lithography which delivered promising control of the
nanowire width and shape across a 6 inch wafer. The realized nano-
sensors’ conductance scaling with nanowire numbers and nanowire
lengths are found to be in reasonable agreement with the design. The
conductance variation of randomly distributed nano-sensors in a
6 inch wafer is found to be less than 7% implying a well controlled
fabrication process for nano-sensors. Comparative measurements in
air, vacuum, hydrogen and isopropyl alcohol have demonstrated the
potential of polysilicon nanowires as gas sensors in room temperature
with remarkable gas sensitivity and impressive response/recovery
times that are noticeably better than reported pristine silicon based
nano-sensors. 3D numerical simulations of polysilicon nanowires
have indicted the evolution of surface states in different gas ambient
which is the testament of gas sensing ability of the polysilicon
nanowires. The developed thin film polysilicon nanowire sensors
show route towards simple, low cost, mass manufacturable nano-
sensor fabrication which is compatible with glass or plastic substrates
could open up opportunities in low cost disposable diagnostics and in
portable, wearable or even implantable sensors.
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