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Abstract

Surface doping of nano/meso-structured materials with metal nanoparticles to promote and
optimize chemi-transistor sensing performance represents the most advanced research trend in
the field of solid-state chemical sensing. In spite of the promising results emerged by metal-
doping of a number of nanostructured semiconductors, its applicability to silicon-based
chemi-transistor sensors has been hindered so far by the difficulties in integrating the
composite metal-silicon nanostructures using the complementary metal-oxide-semiconductor
(CMOS) technology.

Here we propose a facile and effective top-down method for the high-yield fabrication of
chemi-transistor sensors making use of composite porous silicon/gold nanostructures
(cSiAuNs) acting as sensing gate. In particular, we investigate the integration of cSiAuNs
synthesized by metal-assisted etching (MAE), using gold NPs as catalyst, in solid-state
junction-field-effect transistors (JFETSs), aimed at the detection of NO, down to 100 parts per

billion (ppb). The chemi-transistor sensors, namely cSiAuJFETs, are CMOS compatible,



operate at room temperature, and are reliable, sensitive, and fully recoverable for the detection

of NO, at concentrations between 100 and 500 ppb, up to 48 h of continuous operation.

1. Introduction

Detection of NO, has become increasingly marked for environmental control and personal
safety because of its dangerous effects on human health and environment, and its large
emission from on-road vehicle and industrial process exhaust, as reported by the European
Environment Agency (EEA). ' This fact leads to stringent regulatory laws and controls on
exhaust emissions level and composition and, in turn, to the need for miniaturized sensors
with low limit of detection, high sensitivity, high throughput, with small cross-sensitivity, for
a reliable detection of NO, at concentration as low as 53 ppb. >

Commercial NO, sensors are typically chemi-resistive and make use of semiconducting metal
oxides, such as tin oxide (Sn0O,), tungsten oxide (WO,), or zinc oxide (ZnO). Although they
do show excellent sensitivity, limit of detection is typically 1 ppm and operation temperature
is in the range of 200-600 °C.’ Challenges are reduction of the power consumption due to the
high operation temperature, as well as improvement of the limit of detection.

Because of their amplified response, lower-temperature operation, and tunable sensitivity,
with respect to chemi-resistor sensors, chemi-transistor sensors * > have led to extensive
research and their impact can be easily envisaged from analysis of markets related to health-
care, environment-control, food-safety.

Moreover, chemi-transistor sensors based on nano/meso-structured materials have
demonstrated to outperform their standard counterpart making use of bulk materials. This is
due to the higher surface-area and higher chemical-affinity of materials at the nano/meso-
scale that allow a more effective interaction with molecules coming from the surrounding
environment. Examples are carbon nanotubes °, graphene ’, porous silicon (PS) *, metal-oxide

nanowires °, organic polymers ", and silicon nanowires ' "%,



Remarkably, surface doping of these nano/meso-structured materials to promote and optimize
the chemi-transistor sensing characteristics represents a significant advance in the field of
solid-state chemical sensing. Excellent works concerning the modification of flat "> and
nano/meso-structured semiconductors via surface decoration with both metal and metal-oxide
nano-clusters/particles with size- and shape-dependent physicochemical properties have been
reported for metal-oxides ¥, carbon nanotubes ", III-V semiconductors '°. Commonly
exploited dopants for the detection of NO, and nitrogen oxide (NO), namely NO,, include
noble metals such as Pb, Pt, Ag and Au nanoparticles (NPs), owing to their privileged
catalytic properties and distinctive selectivity toward NO, gases. '* '® '>'" ¥ The inclusion of
metal nanoparticles on the nanostructured semiconductors leads to the synthesis of composite
metal-semiconductor materials with enhanced sensing capabilities achieved by bringing the
catalytic properties of the metal nanoparticles and the widely tunable bandgap of the
nanostructured semiconductors into play. In such composite materials metal nanostructures
act as gateways able to influence the transit of electrons to and from the semiconductor
interface onto which they are deposited. This gives rise to large and fast changes in the
electrical properties of the sensing material upon interaction with specific analytes, which
translate into an improvement of the chemi-transistor response in terms of dynamics,
sensitivity, and, more important, of selectivity.

In spite of the promising results emerged by metal-doping of a number of nanostructured
semiconductors, its applicability to silicon-based chemi-transistor sensors has been hindered
by the difficulties in integrating the composite metal-silicon nanostructures using the
complementary metal-oxide-semiconductor (CMOS) technology. Silicon-based chemi-
transistors have various advantages over the other nanomaterial-based ones, since the former
can exploit well-developed CMOS technology and process to integrate the chemi-transistors

into small chips together with control and readout electronics, thus envisaging fabrication of



sensing chips at low cost. As to metal-doped silicon chemi-transistor, only recently a silicon-
nanowire chemi-transistor decorated with Pd nanoparticles has been reported for H, sensing. "
Here we propose a facile and effective top-down method for the high-yield fabrication of
chemi-transistor sensors making use of composite porous silicon/gold nanostructures
(cSiAuNs) acting as sensing gate. In particular, we investigate the integration of cSiAuNs
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synthesized by metal-assisted etching (MAE), using gold NPs as catalyst, in solid-state
junction-field-effect transistors (JFETSs), aimed at the detection of NO, down to 100 parts per
billion (ppb). The chemi-transistor sensors, namely cSiAuJFETSs, operate at room temperature
and are reliable, sensitive, and fully recoverable for the detection of NO, at concentrations
between 100 and 500 ppb, up to 48 h of continuous operation. We argue that adsorption of
NO, on the cSiAuN surface modifies the fixed charge of cSiAuNs by efficiently depleting of
free electrons the silicon nanostructure via gold nanoparticle mediation and, in turn,
modulating the width of the space-charge region at the cSiAuN/JFET-channel interface. This
accounts for the fast and reliable variation of the sensor current at such low NO,
concentrations. Moreover, the possibility of tuning the thickness and to control the
morphology of the composite porous silicon/gold nanostructures is also investigated, thus
envisaging versatile physical and chemical properties of this material as sensing gate toward
the detection of NO,.

To the best of our knowledge, the use of MAE for the integration of nanostructured
silicon/metal composites into chemi-transistor sensors has not been reported so far and
represents a great potential for the fabrication of metal-doped (e.g. using Au, Ag, Pt) silicon-
based chemi-transistors with peculiar sensing features, in terms of sensitivity and selectivity,
towards specific gases. In fact, while significant efforts have been devoted to energy
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conversion application of silicon nanostructures prepared by MAE, only one work on

their gas sensing property has been reported using a chemi-resistor sensor.”*



2. Synthesis and characterization of composite porous silicon/gold nanostructures
(cSiAuNs)

Synthesis of composite porous silicon/gold nanostructures using MAE is thoroughly
investigated by chemical etching of silicon in HF/H,O, solution activated by gold
nanoparticles deposited on the Si surface by electron-beam assisted thermal evaporation, as
given in the literature > ***’. A systematic study is carried out on p and p* silicon so as to
investigate influence of nominal gold-thickness and etching-time on both morphology and
pore depth of the resulting cSiAuNs versus silicon resistivity.

It is well known that by properly tuning thermal evaporation parameters, e.g. temperature,
partial pressure, thickness and deposition rate, for nominal thickness in the nanometer range
the metal film coating gives rise to a surface coverage not fully connected and forms metal
nanoparticles or nano-islands that have similar distribution density and size, thus leaving
sections of the silicon surface free from metal. ***° With all the other parameters fixed, the
features of metal-NPs are deeply dependent on the nominal thickness of the film deposited,
which, in turn, is deeply affecting the resulting etched silicon nanostructure. Size, shape, and
distribution of the gold NPs change as the nominal thickness of the evaporated gold film
increases, from a few isolated nanoparticles of spherical shape with uniform distribution, to
partially interconnected patches of elongated NPs which tend to coalesce and form clusters. *'

2527 after immersion of

According to the commonly accepted mechanism for MAE of silicon,
the samples in solution of HF and H,0,, gold NPs rapidly sink into the Si bulk following the
main crystallographic direction (100) of the silicon substrate, thus creating as a result pores in
the Si substrate or, additionally, Si wires. The reaction mechanism consists in the reduction of
H,0,, promoted by metal clusters, and the oxidation of Si, subsequently etched by F ions.

Due to the catalytic activity of metal, holes (h") from the reduction of the oxidative agent are

injected into the valence band of silicon, therefore causing the Si etching right underneath the



metal clusters because of the much faster etching of the Si under metal catalyst than Si
without metal coverage. >

Figure 1-a,b,c shows Scanning Electron Microscope (SEM) images of different composite
porous silicon/gold nanostructures (cSiAuNs) obtained from silicon samples coated with
different nominal gold-thickness films, namely 0.7, 1.5 and 3 nm, and etched for a fixed time
of 90 s.

Firstly, we observe that morphology of pores and diameter of pillars of the cSiAuNs resulting
from the MAE process significantly depend on the nominal thickness of the metal film
deposited on top of the silicon surface and, in turn, on the size and distribution of the Au NPs
evaporated. In our experiments, namely 0.7 nm-thick Au coating on the silicon surface
corresponds to a low distribution density of the metal NPs, which leads to low porosity
c¢SiAuNs with vertical pores separated by crystalline silicon pillars with size comparable to
the pore diameter (Figure 1-a). Lift-off or Brownian movement of the metal NPs may occur
during the silicon dissolution in the case of thin film thickness, therefore contributing to the
formation of non-columnar silicon nanostructures. ***°> On the other hand, thicker metal films
of 1.5 nm lead to higher NP density and, consequently, to higher porosity cSiAuNs with
columnar morphology, where pores are separated by thin silicon pillars with more uniform
cross-sectional shape and height (Figure 1-b). According to the literature *°, by further
increasing the metal thickness up to 3 nm and, in turn, the density of NPs, both porosity and
aspect ratio of the resulting cSiAuNs are increased, up to the formation of silicon nanowires
(SiNWs). In fact, deposition of thicker gold layer through thermal evaporation leads to the
formation of non-uniform NPs with higher distribution density that tend to coalesce and form
clusters. *' The resulting etched nanostructures consists on thin walls of Si (the nanowires)
that tend to collapse in triangular shape inclined of 38° (Figure-1-c). " A clustering at the
silicon wire tips due to critical forces acting at the meniscus between air and pentane during

the final drying step is observed. *



Further characterization is performed on cSiAuNs obtained from the 1.5 nm-thick Au coating
(Figure 1-b) because of both its larger specific surface area compared to the composite
nanostructures obtained from 0.7 nm-thick Au coating (Figure-1-a), and its higher fabrication
reliability in terms of mechanical stability compared to the composite nanostructures obtained
from 3 nm-thick Au coating (Figure 1-c).

Figure 1-d, e, f shows SEM images of cSiAuNs obtained with 1.5 nm-thick Au coating and
etched at different times in a range of 30 to 90 s, with a step of 30 s. By tuning the etching
time we are able to control the composite porous silicon/gold nanostructure thickness.
¢SiAuNs maintain the same well defined homogeneous columnar morphology while the
thickness of the layer linearly increases in a range from 680 nm to 2 um, from 30 to 90 s, due
to the further sinking of metal nanoparticles upon prolonged immersion in the HF/H,O,
solution.

The relationship between cSiAuN main parameters, namely pore depth, Au thickness, and
etching time is summarized in Figure 1-g, h, which reports silicon pore-depth as a function of
Au-thickness coating and of etching time, respectively. Figure-1-g shows that cSiAuN layers
exhibit a depth from 1.2 um to about 2 wum, when Au thickness varies from 0.7 nm to 3 nm. In
particular, the increase of metal layer thickness from 0.7 to 1.5 nm determines a steep increase
of nanostructure depth, which reflects an augmented etching rate as the nominal metal
thickness changes from 0.7 to 1.5 nm. This augmented etching rate is due to the increasing
physical access of the etchant to the area *' underneath Au nano-islands (active site), which is
related to the increase of grain size and coalecence of gold NPs and, in turn, determined by
the augmented thickness of metal film deposited. *"*” By further increasing Au thickness,
c¢SiAuN depth becomes slightly dependent on both size and distribution of metal NPs and the
depth-thickness curve tends to saturate around 2 wm of pore depth (Figure 1-g). Such a
behavior can be explained by considering that the catalytic activity of Au nanoparticles has

been demonstrated to be very sensitive to the ratio between Au particle size and
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Au/semiconductor perimeter interface.”™” For clusters in an intermediate size range (Au
thickness between 1.5 nm and 3 nm), defect energies from the edge and corner atoms become
non-negligible and the ratio between the size of clusters and the perimeter interface is similar,
thus leading to the same physical access area to the etchant. Moreover, Figure 1-g also
evidences that the catalytic activity of gold NPs is not critically influenced by the doping of
silicon on which they are deposited, leading to similar etching rate Au-covered (under
identical conditions) regions both on a p+ (0.04 Q cm) (Figure 1-g, red line) and on a p (2.5-
4 Q cm) (Figure 1-g, blue line) Si substrates that differ from two orders of magnitude in
resistivity. *

Concerning the relationship between etching rate and doping level, for Au-covered (under
identical conditions) regions on p+ (0.04 Q cm) and on p (2.5-4 Q cm) Si substrates (Figure

1-h, red line and blue line, respectively), only small variations in pore size and etching depth
are observed, according to literature.*' With all the other parameters fixed, the Au-coated area
on the highly doped p+ Si is etched into a columnar porous structure with slightly deeper
pores (between 200 and 300 nm higher) but same rate of dissolution (20 nm/s), with respect to
the one obtained with low doped p Si (Figure 1-h, blue line). *

The presence of gold NPs on the porous silicon matrix is verified by X-ray photoelectron
spectroscopy (XPS) analysis of cSiAuNs, also providing information about both composition
and oxidation states of the deposited metal NPs and of the nanostructured silicon surface.

As shown in Figure 1-i, the Au 4f core level spectrum in cSiAuN exhibits a principal
component with 4f;, and 4f,, levels at 87.9 and 84.2 eV, respectively. It is interesting to
observe the small shift of 0.3 eV in the core-level binding energy in respect to Au foil (for
which 4f,, and Au,, peaks are located at 87.6 and 83.9 eV, respectively) that could be
ascribed to quantum size effect of NPs **. Two other components located at higher binding

energy (one at 88.6 and 85.0 eV and a less intense one at 89.6 and 86.0 eV) can be identified.



These features can be attributed to gold silicide (Au,Si) in good agreement with literature data
#% reporting the formation of intermetallic species Au, Si with x going from 2 to 7 ** during
AuNP deposition on silicon, composed of Au at different oxidation states that originates
several components in the Au 4f spectrum at higher binding energies than that of metallic Au.
The experimental ratio between peak areas of the metallic Au and Au,Si components is
estimated to be equal to 5. The presence of Au,Si species is further confirmed by the analysis
of Si 2p signal (data not shown) exhibiting three different components, specifically at 100.0

eV attributable to Si-Si bonds, at 102.4 eV due to the contribution of Si 2p states in gold

silicide, and at 103.7 eV attributable to SiO,. *

3. Integration of composite silicon/gold nanostructures into a chemi-transistors platform
(cSiAuJFET)

On the basis of the results obtained on the preparation of composite porous silicon/gold
nanostructures using different MAE parameters (section 2), cSiAuNs prepared from 1.5 nm-
thick Au coating and 90 s etching time are selected for the fabrication of chemi-transistor
devices, because of both the larger specific surface area and enhanced fabrication reliability.
Through a post-process step based on MAE of the CMOS compatible process-flow, junction-
field-effect transistor (JFET) exploiting a cSiAuN layer as extra sensing-gate is fabricated,
The resulting chemi-transistor sensor, namely cSiAuJFET, specifically consists of a p-channel
JFET in which the cSiAuN layer is selectively integrated on top of the p-channel between
source (S) and drain (D) terminals.

Figure 2 shows a schematic representation of the main process steps required for the
integration of the cSiAuN into a JFET device. The cSiAuJFET is fabricated on pn-type silicon

wafers (nominal resistivity of p-type and n-type silicon layers of 0.04 Qcm and 2-4 Qcm,

respectively). The metallurgical junction between p- and n-type silicon is located at 2.3 um

from top. The cSiAuJFET sensor is fabricated by defining aluminum source and drain
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contacts (both comb-like and parallel-plate in shape) on the silicon substrate. Aluminum
deposition is performed both on p-type silicon (front-side surface) and on n-type silicon
(back-side surface) (Figure 2-a). Both comb-like and parallel-plate source (S) and drain (D)
terminals are defined by patterning (1% mask) the aluminum film on top of the p-type silicon
(front-side surface) (Figure 2-b). Source and drain terminals are then protected using a
patterned photoresist layer (2" mask) (Figure 2-c), through which deposition of 1.5 nm-thick
gold layer on the p-type silicon between source and drain is performed (Figure 2-d). Selective
gold-assisted chemical etching of part of the p-type silicon between drain and source
terminals is performed to produce the composite porous silicon/gold nanostructured layer on
top of the p-channel, then the patterned photoresist is removed (Figure 2-e). Figure 2-e shows
the final structure of the chemi-transistor sensor of this work, which is characterized by two
independent gates: a solid electrical gate on the back-side, which allows the current of the
JFET device to be electrically tuned, and a nanostructured sensing gate on the front-side,
which allows the JFET device to be provided with sensing capability. Figure 2-f shows an
SEM cross-section of the typical composite porous silicon/gold nanostructured layer that is
integrated between drain/source terminals of the JFETs and exploited for sensing purposes.
An overall number of 24 cSiAuJFET sensors with same nominal thickness (1.2 um) and
morphology (columnar-like) of the cSiAuN layer are integrated on the same silicon die over
an area of 1 cm”. The sensors feature same channel length L=100 pwm, but different
drain/source terminals configuration (parallel-plate and comb-type) and size (effective
channel widths W of 300 um and 1500 um for parallel-plate configuration, 3000 m and
7500 um for comb-type configuration). Figure 2-g shows an optical microscope top-image of
different sensor structures with parallel-plate (W=1500 um) and comb-like (W=7500 um)

drain and source terminals. The cSiAuN (black areas) is clearly visible between source and
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drain contacts (white areas). Flat silicon surface (grey areas) not involved into the MAE
etching step and defined by the difference of 1™ and 2™ patterning masks is also noticeable.
The MAE approach allows fabricating a unique chemi-transistor sensor in which the
composite porous silicon/gold nanostructured material acts as a sensing gate, which operates
independently of the electrical gate of the JFET device. According to the literature, ® the
nanostructured sensing gate operates by modulating the depletion region width x, at the
c¢SiAuN/p-channel interface (Figure 2-f) upon adsorption/desorption of analytes on the
composite Si/Au nanostructured material itself, thus effectively modulating the p-channel
thickness and, in turn, the current flowing in the p-channel dependently on the gas
concentration, for a given gate voltage. On the other hand, the electrical gate operates by
modulating the depletion region width x, at the p-channel/n-silicon interface (Figure 2-f)
through electrical tuning of the gate terminal voltage of the JFET, thus effectively changing
the p-channel thickness and, in turn, the current flowing in the p-channel independently of the

gas concentration.

4. Detection of low concentrations of NO, using cSiAuJFET chemi-transistors

For gas sensing performance evaluation, the silicon die integrating cSIAuJFET devices is
soldered onto a TO-8 support and placed in a stainless steel chamber. A thorough electrical
characterization of the cSiAuJFET sensors is performed in NO, in the range 100-500 ppb at
room temperature (RT), using flow-through technique, up to 48h of continuous operation. For
all the experiments, flow-rate is maintained at 200 standard cubic centimeter per minute
(sccm), synthetic air is used as carrier gas, relative humidity is set to zero, and temperature is
set to 25+0.5 °C. The cSiAuJFETsS are biased in the saturation region (Vg=-2 V) and exposed
to synthetic air in the gas chamber for 60 min. This period is necessary to settle the output
response of the sensor to a stable current value (warm up period). We argued that desorption

of molecules (mostly water with donor-like behavior) adsorbed on the cSiAuN surface during
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storage in ambient air occurs in this phase, which leads to a decrease of the positive fixed
charge of the cSiAuN material and, in turn, to a reduction of the space-charge width in the p-
channel underneath the cSiAuNs and to an increase of the current flowing in the p-channel
during the warm up period. Afterwards the sensors are exposed to NO, for 30 min (adsorbing
phase) and then to synthetic air for 60 min (desorbing phase), repeating the protocol on the
entire concentration window (100-200-500 ppb), whereas the gate voltage (0,0.7,1.5,2.5V)
is tuned at the end of each adsorbing phase of 500 ppb. Time exposure has been chosen based
on the “The National Institute for Occupational Safety and Health” (NIOSH) according to
“Immediately Dangerous to Life and Health” (IDLH) levels, which correspond to
concentration of the toxic agent after 30-minute exposure. > *

Figure 3 reports experimental data on the gas sensing performance typical of cSiAuJFETs
with parallel-plate source and drain terminals and with channel width W=1500 pum.
Experimental data on the gas sensing performance typical of cSiAuJFETs with comb-type
source/drain terminals and with channel width W=7500 um are reported in Figure S1. For
completeness, experimental data simultaneously measured on four cSiAuJFETs with both
parallel-plate and comb-type drain/source terminals and different channel widths (300, 1500,
3000, 7500 pwm) are reported in Figure S2.

Figure 3-a shows a typical time-resolved curve (current versus time) of cSIAuJFET measured
upon NO, exposure at concentration of 100, 300, 500 ppb for different gate polarization
voltages Vs (Vgs =0,0.7,1.5,2.5 V). The drain-to-source current I,g of each sensor exposed
to NO, gas is continuously measured for two days (up to 48 h) and plotted against time. The
total gate current I flowing through the gate terminals of all the sensors under measure is also
continuously monitored as control, in order to rule out possible contribution of the gate
current changes to the sensor response under NO, exposure. The I; maximum value is of
several hundreds nA and occurs at the highest gate polarization voltage Vo= 2.5 V, which

allows to rule out significant contribution of the gate current when the sensor current I, is
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above 1 PA. For this reason, plots of time-resolved curves are limited to I, current values

above the threshold value of 1 pHA.

The sensors show a reliable behavior independently of the gate voltage values, with the sensor
current I,y quickly increasing when NO, is injected into the test chamber to reach the
saturation value in few minutes and then quickly decreasing when NO, is removed from to
restore the quiescent current value (Ig,) in synthetic air without significant drift. The effect is
evident by repeating the protocol up to 48 h. For each sensor, current changes increase as the
NO, concentration increases for all the tested V¢ values. Notably, the sensor behavior is well
reliable up to 2 days of continuous operation, independently of the polarization-voltage value
Vgs-

The current increase after the exposure to NO, could be explained by considering that NO,
behaves as electron acceptor. According to the theory, on the one hand, the increase on the
concentration of free-charge carriers (holes) in cSiAuNs (doping effect) due to adsorption of
NO, leads to an increase of the cSiAuN conductivity and, in turn, of the current flowing
through it. “** On the other hand, the decrease of the (positive) fixed charge density of
c¢SiAuNs due to NO, adsorption and consequent formation of NO, radicals leads to a
reduction of the space-charge width in the p-channel underneath the cSiAuNs and, in turn, to
an increase of the current flowing in the p-channel. * *According to the literature,” * while the
former mainly accounts for the chemi-transistor current variation at higher V4 values, the
latter accounts for the current variation at lower V4 potential values, which is the case of this
work. We argue that the small current flowing through the cSiAuNs of the chemi-transistor
sensor might account for the non-complete saturation of the cSiAuJFET current in steady-

state conditions .

Figure 3-b highlights time-resolved responses of the cSIAuJFET sensor in Figure 3-a, for the

different NO, concentrations and V54 values tested, in a narrower time-window (0 to 1h). On
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the one hand, the increase of Vg produces a reduction of the quiescent current in synthetic air
Ipso from 120 pA at V=0 V to about 4 LA at V= 2.5 V. On the other hand, the increase of
the NO, concentration produces a maximum absolute variation of the sensor current I, of 20
UA at V=0 V and of 7 pA at V;=2.5 V, for NO, concentration of 500 ppb. For all the tested
sensors, it is evident that by increasing the V¢ value the absolute current variation reduces,
whereas the relative current variation of the sensor increases. Rise and fall times are about 5
and 10 minutes, respectively, and only slightly dependent on the values of Vg, accordingly to
the literature on nanostructured chemi-transistor sensors based on JFET devices ® and
differently from those based on MOSFET devices. ' ** No significant variation of rise and
fall times are observed up to 48 h of continuous operation.

Figure 3-c reports the relative current variation A I of the sensor in Figure 3-a,b as a function
of the NO, concentration (calibration curve). Al is by definition (Ipg— Ipgo)/Ips, in the
saturation region at Vg=-2 V, where I, is the quiescent current value in air. For all the

tested devices, at fixed NO, concentration, A I; non-linearly increases with the Vg value in
the range 0 to 2.5 V; at fixed Vg values, Al linearly increases with the NO, concentration in

the range 0-500 ppb. Notably, all the sensors feature a linear calibration curve within the

range of NO, concentrations investigated.
Calculation of sensitivity (S), by definition S =0Al, / 8[N02] ,1s performed by taking the

slope of the linear regression curve best-fitting the experimental data of Figure 3-c, for each
tested Vs value within the NO, window of concentrations tested. Figure 3-d shows the values
of sensitivity as a function of the V4 voltage values typical of sensors with parallel-plate
drain/source configuration (please, refer to Figures S1b and S1c for comb-type configuration).
Experimental data in Figure 3-d are best-fitted with a quadratic curve, which highlight the
non-linear dependence of the sensitivity on the V4 voltage, for the case of parallel-plate

devices (comb-type devices show a linear dependence of the sensitivity value on the gate
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voltage). It is worth noting that, for V4 values between 0 V and 2.5 V the sensitivity of the
cSiAuJFET in Figure 3 can be varied of a factor of 5.6 from 2.5x10™ ppb™ to 1.4x10” ppb™,
thus demonstrating that tuning of this key parameter can be used to adjust the sensor response
in real-time without the need of using wide dynamic-range voltages. A variation of the gate
voltage from 0 V to 0.7 V is adequate to scale the value of S of 51.9%. As already reported,’
this result demonstrates that possible drawbacks of up-to-date gas sensors, such as aging

effects and fabrication reliability, can be effectively addressed.

By further comparison of experimental data in Figure 3 and Figure S1 that refer to parallel-
plate and comb-type source/drain terminal configurations, respectively, it is apparent that high
reliability over time (up to 48 h) (Figures 3-a,b and S1-a,b) and high linearity of the
calibration curve (Figures 3-c and S1-c) is achieved for all the tested sensors, independently
on both source/drain configuration and W/L ratio. As expected and coherently with the
channel width-to-length ratio (W/L) of the fabricated JFET devices, the different sensors
feature different I, current values under exposure to both air and NO, (Figures 3-a,b and S1-
a,b). For instance, 1,4 values are in the range of 20 LA (absolute value) for sensors with W=
300 wm, up to 1.8 mA (absolute value) for sensor with W=7500 um, in air at Vo =0V. A
comparison of time-resolved response curves of four cSiAuJFETs integrated on the same
silicon die with different source/drain terminal configurations and different W/L ratios is
reported in Figure S2-a.

It is worth noting that, sensors with parallel-plate drain/source configuration (smaller W/L
ratio) show higher relative current variation and, in turn, sensitivity value (Figure 3-c), with
respect to those with comb-finger configuration (larger W/L ratio) (Figure S1-c). A

comparison between calibration curves ( A I; versus NO, concentration) of four cSiAuJFETSs

integrated on the same silicon die with different source/drain terminal configuration, at

Vss=1.5V,is provided in Figure S2-b. Moreover, a quadratic dependence of the sensitivity
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value on the gate voltage V¢ value occurs for parallel-plate cSiAuJFETSs independently of
channel widths, whereas the dependence is linear for comb-type cSiAuJFETs, which means
that electrical tuning of the sensitivity is more effective for the former with respect to the
latter. We argue that such a difference between parallel-plate and comb-type sensors is mainly
related to slight variation in either thickness or surface area of the cSiAuN layer induced by

the different device patterns (e.g. due to corner effects) on the MAE outcomes.

5. Conclusions

Summarizing, in this work, Metal-Assisted Etching (MAE) is successfully demonstrated, for
the first time, as a powerful approach for the integration of composite silicon/metal
nanostructured materials, specifically composite silicon/gold nanostructures (cSiAuNs), into
JFET transistors, for the realization of a novel class of metal-doped silicon-based chemi-
transistor gas sensors, namely cSiAuJFET. The cSiAuJFET sensors operate at room
temperature and show fast and reliable response to NO, in the range 100-500 ppb without
significant aging effects up to 48 h of continuous operation, in terms of baseline drift,
response times, and sensitivity value, up to two days of continuous operation. Moreover, real-
time and effective tuning of the sensitivity of cSiAuJFET sensors by controlling the electrical
bias Vg of the transistor gate-terminal is demonstrated and no significant effects of the
different V4 voltage values on response times are seen.

Long-term measurements aimed at addressing possible performance degradation of
cSiAuJFET sensors beyond 48 h of operation, e.g. due to aging (oxidation) of the porous
silicon matrix, and interference measurements aimed at establishing the degree of selectivity
of cSiAuJFET sensors, e.g. towards other species (relative humidity) present in the
environment, will be subject of future work.

The proposed approach for the fabrication of metal-doped silicon-based chemi-transistor

sensors exploiting composite porous silicon/gold materials prepared by metal-assisted etching
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also envisages the possibility of tuning the sensor performance by selecting ad-hoc metal
catalysts (e.g. Ag, Pt, etc.), thus paving a way towards the CMOS integration of chemi-
transistor sensors with improved selectivity, lifetime, and reliability toward specific analytes,
as well as improved environmental sustainability. As a consequence, a further outcome is the
simultaneous integration on the same silicon chip of chemi-transistors with different metal
dopants, that is exploiting different nanostructured silicon/metal composites, and in turn
sensing features. This would lead to the development of array of miniaturized sensors with
electronically addressable metal-doped silicon nanostructures for E-nose applications.
Applications for these small-size, low-power electronic sensor arrays are in detection and
identification of toxic/explosive gases for personal safety and air pollution monitoring but

also in the chemical and biological sensing field.

6. Experimental Section

Composite porous silicon/gold nanostructures preparation

Composite porous silicon/gold nanostructures are produced both on p*-type (resistivity of
0.04 Qcm) and on p-type (resistivity of 2.5-4 Q cm) CZ-grown, (100)-oriented, silicon
substrates by using the MAE of silicon as given in literature.” %’ The Si substrates are firstly
cleaned to remove organic grease by soaking in acetone (99%, Sigma-Aldrich) and ethanol
(99.8%, Fluka Analytical) in ultrasonic bath at room temperature for 10 and 5 min,
respectively, then rinsed in de-ionized water two times and blown using dry nitrogen gas.
Afterward, the native silicon dioxide is removed by wet etching in a HF (48%, Sigma-
Aldrich):ethanol (99.8%, Fluka Analytical) solution (1:1 by vol). Subsequently, Au
nanoparticles from 2 mm x 2mm pellets of 99.95% purity gold (Testbourne Ldt.) are
deposited by electron beam-assisted thermal evaporation (home-made assembled using
Edwards parts) at room temperature and residual pressure of 10~ mbar on top of the cleaned

Si substrates. In our experiments different nominal thicknesses of gold, namely 0.7, 1.5 and 3
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nm, are deposited at deposition rate of about 3 nm/min. The Si samples coated with gold NPs
on top are immersed in an aqueous solution of hydrofluoric acid (HF, 48%, Sigma-Aldrich)
and hydrogen peroxide (H,0,, 30%, Sigma-Aldrich) for different times (30, 60, 90s) in order
to produce the composite porous silicon/gold nansotructures. Each experiment is repeated
three times in order to evaluate the average and standard deviation values. The concentrations
of HF and H,O, (1:1 by vol.) in the etching solution are chosen according to the literature on
this subject so as to enhance reproducibility and uniformity of the resulting nanostructured
material.*’ A polytetrafluoroetlyne (PTFE) cell that allows the front-side of the gold-coated
samples to be put in contact with the etching solution is used as experimental setup to perform
the MAE. When the etching process is over, the samples are rinsed with ethanol (99.8%,
Fluka Analytical), then with pentane (99%, Sigma-Aldrich), and eventually dried under

nitrogen gas flow for 20 min.

Integration of gold/silicon nanostructures into JFET devices
The cSiAuJFET is fabricated on pn-type silicon wafers (nominal resistivity of p-type and n-

type silicon of 0.04 Qcm and 2-4 Q cm, respectively). The metallurgical junction between p-

and n-type silicon is located at 2.3 um from the top. A thermal evaporation of 500-nm-thick
aluminum film is performed on both p-type silicon (front-side surface) and n-type silicon
(back-side surface) under a residual pressure of 10” mbar. Source and drain contacts (both
parallel-plate and comb-finger in shape) are defined (1% mask) on the aluminum film
deposited on top of the p-type silicon (front-side surface) by using standard UV
photolithography steps: i) positive photoresist (Microposit S1818 G2, Rhom and Haas)
spinning at 5000 rpm for 30 s and subsequent pre-baking at 115°C for 75 s on hotplate; ii) UV
exposure of the photoresist by using a contact lithography system (MJB3 Karl-Suss mask
aligner); iii) photoresist development using a Microposit 351 Developer (Rhom and

Haas):H,O (deionized) 1:5 by volume solution and subsequent post-baking at 115°C for 75 s
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on hotplate. Chemical etching of aluminum through the patterned photoresist is performed at
room temperature for 5 min in a solution of H;PO, (85%):HNO, (65%):CH,COOH
(99.5%):H,0 =16:1:1:2 (by vol). The sample is then rinsed in acetone (99%, Sigma-Aldrich)
and ethanol (99.8%, Fluka Analytical) for 15 and 5 min, respectively, in order to fully
dissolve the residual photoresist and clean the sample surface. Source and drain aluminum
contacts are then protected using a photoresist layer patterned by UV photolitoghraphy (2™
mask) using a magnified replica of the 1* mask that allows the aluminum contacts to be
overlapped by photoresist for a width of 50 pum. Electron beam-assisted thermal evaporation
of a 1.5 nm-thick gold (pellet, 99.95% purity, Testbourne Ldt.) film is carried out on the
front-side surface of the samples, thus enabling deposition of Au nanoparticles on the
photoresist-free p-type silicon surface between drain and source contacts.

The selective gold-assisted etching of part of the p-type silicon between drain and source
contacts is performed with a HF (48%, Sigma-Aldrich):H,0O, (30%, Sigma-Aldrich)=1:1 (by
vol) solution for 90 s, so as to integrate the composite porous silicon/gold nanostructured
layer on top of the JFET p-channel. A rinse of the sample in acetone (99%, Sigma-Aldrich)
and then in ethanol (99.8%, Fluka Analytical) for 15 and 5 min, respectively, is performed to
completely remove the photoresist mask covered with gold NPs and clean the sample surface,

then the sample is dried under nitrogen gas flow for 20 min.

SEM and XPS analysis

The as-synthesized samples were studied using a scanning electron microscope (SEM) JEOL
JSM-6390 at an acceleration voltage of 3kV.

XPS measurements are performed using an Axis ULTRA DLD Spectrometer (Kratos

Analytical, UK) with a monochromatic Al K o source operating at 225 W (15kV, 15mA). For

each sample a wide-scan spectrum (WS) is acquired in the binding energy range 0-1200 eV

with a pass energy of 160 eV and 1 eV step, while high-resolution regions are acquired with a
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pass energy of 20 eV and 0.1 eV step. In both cases, the area of analysis is about 700*300
um’. The base pressure in the instrument is 10 mbar. Data analysis and peak fitting is

performed by CasaXPS software. Surface charging is corrected considering adventitious C 1s

(BE =285 eV).

Electrical characterization of the chemi-transistors

The sensor characterization under calibrated concentrations of NO, in air is carried out using
the flow-through technique. The die integrating several cSiAuJFET devices is mounted onto a
TO-8 package and placed in a stainless steel test chamber with volume of about 10 cm® and
temperature controlled with accuracy of 0.5 °C. For all the experiments, the gas flow-rate in
the test chamber is maintained at 200 standard cubic centimeter per minute (sccm), synthetic
air (5.0 compressed dry air, Rivoira) is used as carrier gas, NO, (1000 ppb in dry air, Rivoira)
as target gas, relative humidity is set to zero, and temperature is set to 25 °C. Two digital
mass flow controllers (1179B, MKS Instruments) and a digital driving/readout system
(PR4000, MKS Instruments) are used to produce synthetic air /NO, mixtures with NO,
concentrations of 0—100-300-500 ppb.

Time-resolved curves (current versus time) of the cSIAuJFETSs are measured by biasing the
sensors in the saturation region. A Picoammeter/Voltage source (6487, Keithley Instruments),
which is used to contemporary set the voltage V,i=-2 V and measure the current I, between
the drain and source terminals over time. A Source-Meter unit (2400, Keithley Instruments) is
used to set the voltage V4 at different values, namely 0 V,0.7 V, 1.5 V,2.5 V, and
simultaneously measure the current I; between gate (electrical) and source terminals. The
cSiAuJFETs are exposed to synthetic air in the test chamber for 60 min prior to measurement
in order to settle the output response of the sensor to a stable current value (warm up period).
Afterwards the devices are exposed to NO, for 30 min (adsorbing phase) and then to synthetic
air for 60 min (desorbing phase), repeating the method on the entire NO, concentration
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window (100-300-500 ppb), whereas the voltage gate is tuned to a new value at the end of
each adsorbing phase of 500 ppb.

The measure system is PC-controlled using a LabView interface designed to guarantee the
correct timing among of all the different equipments. This comprehends driving the flow
controller for setting the right NO, concentration and driving the electrical measurement units

for recording the current of each cSiAuJFET on the chip.
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Figure 1. Preparation and characterization of composite porous silicon/gold nanostructures
(cSiAuNs) obtained by gold-assisted etching on (100) p-type Si with nominal resistivity of 2.5
Q cm using HF:H,0,:H,0 solution. Cross-sectional scanning electron microscopy (SEM)
images of cSiAuNs obtained: with fixed etching time of 90 s and different nominal gold
thicknesses (a) 0.7 nm, (b) 1.5 nm, (c) 3 nm; with fixed nominal gold thickness of 1.5 nm and
different etching times (d) 30 s, (e) 60 s, (f) 90 s. cSiAuN pore—depth as a function of (g) Au

thickness and (h) etching time. (i) X-ray photoelectron spectroscopy (XPS) analysis

highlighting Au 4f resolved spectra on ¢SiAuNs.
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Figure 2. Main fabrication steps of the cSIAuJFET sensor: (a) p-n silicon wafers (nominal
resistivity of p-type layer and n-type substrate of 0.04 Q cm and 2-4 Q cm, respectively, with
500 nm thick Aluminum on both front and back-side surfaces; (b) definition of source (S) and
drain (D) terminals of the JFET device by standard photolithography; (¢) S and D contacts
protection by using a patterned photoresist layer; (d) e-beam thermal evaporation of a 1.5-nm-
thick gold layer to obtain gold nanoparticles covering the p-type silicon surface between S
and D contacts; (e) synthesis of cSiAuNs between S and D contacts of the JFET device by
Au-assisted etching in HF:H,0,:H,O solution. (f) Scanning electron microscopy (SEM) cross-
sectional image of the typical cSiAuN selectively integrated between D and S terminals of
JFET device, with the depletion regions at the cSiAuN/p-channel interface and at the p-
channel/n-silicon interface, x; and x,, respectively, are highlighted. (g) Optical microscope
top-view of cSIAuJFET sensors with different S/D configurations: comb-type on the left and
parallel-plate on the right.
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Figure 3 Characterization and performance of parallel-plate cSIAuJFET sensor: (a) Time-
resolved curve (current versus time) of cSIAUJFET (parallel-plate D/S configuration)
measured upon NO; exposure at concentration of 100, 300, 500 ppb for different polarization
voltages Vgs (from 0 to 2.5 V) up to 48h of continuous operation and (b) in a narrower time-
window (1h). (c) Relative current-variation Alr as a function of NO, concentration
(calibration curve). (d) Experimental sensitivity curve (sensitivity versus gate voltage Vgs)
and best-fitting of experimental data with a quadratic curve.
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Supporting Information

Characterization and performance of comb-type cSIAUJFET sensors and comparison of four
cSiAuJFETs integrated on the same silicon die. This information is available free of charge
via the Internet at http://pubs.acs.org/
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