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opportunities for signal transduction

associated with moderately selective
recognition of chemical and biological
species.' 3 Oxide-coated Si NW field effect
transistors (FETs) were functionalized with
amino siloxanes to impart relatively high
sensitivity toward pH and with a variety of
biological receptors to impart selectivity
toward biological species in solution.'*~>
Similar approaches were used for achieving
highly sensitive detection of polar analytes
in the gas phase (N,O, NO, CO, etc.).* How-
ever, the detection of nonpolar volatile
organic compounds (VOCs) still remains
challenging (cf. refs 6—8). For example, Si
NW FETs exhibited detection limits down to
20 ppb NO, but the same devices responded
weakly to 1000 ppm hexane (a nonpolar
VOQ)* and showed no response to 40 ppb
hexane. The low sensitivity toward nonpolar
analytes can in principle be improved by
modifying the Si NW surface with appropri-
ate organic receptors. For example, oxide-
coated Si NW FETs modified with alkane-
silanes, aldehyde-silanes, or amino-silanes
showed an improved response and sensi-
tivity when exposed to hexane at 1000 ppm.
Unfortunately, these improvements are still
far away from those required for successful
applications in different branches of indus-
try, homeland security, environmental mon-
itoring, and medicine."®”

The limited sensitivity of the Si NW FET
sensors toward nonpolar VOCs could be
attributed to four main reasons. The first
reason is the weak adsorption of nonpolar
VOCs in molecule-free sites; silane (or other)
molecules can cover as much as 50% of the
SiO, surface sites (i.e., number of silane mol-
ecules divided by the number of exposed
atoms on the surface). This relatively poor
coverage leaves plenty of molecule-free sites

Silicon nanowires (Si NWs) offer unique
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ABSTRACT Silicon nanowire field effect transistors (Si NW FETs) are emerging as powerful

sensors for direct detection of biological and chemical species. However, the low sensitivity of the Si

NW FET sensors toward nonpolar volatile organic compounds (VOCs) is problematic for many

applications. In this study, we show that modifying Si NW FETs with a silane monolayer having a low

fraction of Si—0—Si bonds between the adjacent molecules greatly enhances the sensitivity toward

nonpolar VOGs. This can be explained in terms of an indirect sensor—VO0C interaction, whereby the

nonpolar VOC molecules induce conformational changes in the organic monolayer, affecting (i) the

dielectric constant and/or effective dipole moment of the organic monolayer and/or (ii) the density

of charged surface states at the Si0,/monolayer interface. In contrast, polar VOCs are sensed directly

via VOC-induced changes in the Si NW charge carriers, most probably due to electrostatic interaction

between the Si NW and polar VOCs. A semiempirical model for the VOC-induced conductivity changes

in the Si NW FETs is presented and discussed.
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and, also, nanometric pinholes that can di-
rectly be occupied by all sorts of VOCs,
essentially and most effectively by polar ones
(due to the hydrophilic nature of SiO,). The
second reason is the lack of suitable non-
polar organic functionalities that can be
attached to the Si NWs. A recent study has
shown that nonpolar gases transfer more
energy to nonpolar surface functional
groups (9.2 kJ/mol) than to the polar ones
(6.9 kJ/mol) and vice versa.® The third reason
is the high density of surface states at the
Si0,/Si interface.'® The presence of native
SiO, at the Si NW surface is responsible for
interface states that lower the sensitivity of
the FET device in a sense that the FET does
not react efficiently to manipulations of gate
(or molecular gating) voltage'"'? Several
studies have shown that removing the oxide
and attaching an organic monolayer directly
to the Si surface, through chemical
(e.g., Si—C) bonds, increases the trans-con-
ductance values and allows the formation of
Si NW FETs with higher on—off ratios, as
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TABLE 1. Physical Properties of the Analytes Used for the
Exposure Experiments?’

analyte  P,"(Tor) &  dipole (D)  volume (&) formula
n-hexane 150 1.88 0 13.0 (Hs(CH,)4CH3
n-octane 14 1.94 0 146.6 (H;(CH,)6CH3
n-decane 14 1.98 0 180.2 (H;(CH,)sCH3
water 32 80.1 1.85 19.3 H—OH

ethanol 59 253 1.63 54.0 CHyCH,—OH
butanol 4 17.8 1.7 87.6 (H;(CH,);—0H
hexanol 1 13.0 248 121.2 (H3(CH,)s—O0H

“ Py stands for the analyte's vapor pressure at 25 °C. b ¢, stands for the dielectric
constant of the analyte at 20 °C.

compared to Si0,—Si NW FETs'' '3 (cf. also refs 14 and
15). Nevertheless, there are practical and technical
limitations to these approaches, including, but not
confined to, the poor oxidation resistance'*'®'” and
the complexity of the functionalization procedure,
especially when the Si NWs are already integrated in
a device platform. The fourth reason is the high density
of trap states at the air/SiO, interface. The presence of
native SiO, at the Si NW surface is responsible for
surface trap states (SiO™) that cause “hysteresis”,
namely, a lag in the response obtained in the forward
and backward electrical scans of the source—drain
current (lys) versus gate voltage (V). These species
serve as sorption sites for water molecules,'® thus
severely hindering the device/sensor performance.

In this paper, we show that attaching appropriate,
dense hydrophobic organic hexyltrichlorosilane (HTS)
monolayers that passivate most of the SiO,/Si NW
surface trap states in a FET device could serve as a
successful and simple strategy to achieve and main-
tain high sensitivity toward nonpolar VOCs. A semi-
empirical model that describes the conductivity
change upon exposure to nonpolar VOCs will be
presented.

RESULTS AND DISCUSSION

The effect of HTS monolayer on the sensing char-
acteristics was studied by exposing the functionalized
and pristine Si NW FETs to a number of polar and
nonpolar VOCs in the gas phase (see Table 1). Figure 1
shows a schematic representation and an image of a
representative Si NW FET test device that was modified
with a 0% cross-linked HTS monolayer (ie, a HTS
monolayer that has the lowest possible fraction of Si—
O—Si bonds between the adjacent molecules).’® 2’
Figure 2 shows the source—drain current (lys) versus
gate voltage (V) characteristics of a typical test device
during exposure to different concentrations of octane
and decane, as representative examples for nonpolar
VOCs. The observed Iy at high negative Vg was almost
equal to Igqs in air. I4s systematically decreased upon
applying positive gate voltages and increasing the VOC
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Figure 1. (a) Schematics of a back gate Si NW FET config-
uration. (b) Optical microscopy image of a representative Si
NW FET. (c) TEM image of a representative Si NW having
~5 nm native oxide on its surface.

concentration. Based on these data the threshold
voltage (Vi) was extracted from the extrapolation of
the linear part of the I4,—Vgs and the hole mobility (u1,)
was extracted using the following relationship:*?

_ dlgs In{(2dox + Rnw)/Raw } Law
h AV 270 Vas

m

where d,, is the width of the gate oxide, ., is the
dielectric constant of the oxide, Ry is the radius of
the Si NW, and Ly is the length of the channel. A
linear increase of the Vy, and uy, was observed with
the VOC concentration, as shown in the upper insets
of Figure 2. Exposure to equivalent polar VOCs and
water molecules (cf. Table 1) led to significantly different
responses. Indeed, the I3;—Vys response of the HTS-Si
NW FET at high negative gate voltages exhibited,
respectively, higher and lower currents than the con-
stituent base responses upon exposure to polar VOCs
(ethanol, butanol, and hexanol) and water molecules
(see Figure 3). At positive gate voltages, the lgs—Vq;s
response showed no differences between the pre-
exposure and post-exposure signals to polar VOCs and
water molecules. Exceptional was hexanol, which led to
lower I4s—Vgys responses during the exposure process.
For all polar species, Vi, and uy, exhibited a proportional
linear correlation with the VOC concentrations (not
shown).

The conductivity response of the HTS-Si NW FET
sensors was calculated according to AG/Gy = (G — Gp)/
Go where G is the steady-state conductivity of the
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Figure 2. Linear-scale (left y-axis) and logarithmic-scale
(right y-axis) presentations of I4;—Vys measurements
with various concentrations of (a) octane and (b) decane.
The upper insets of panels (a) and (b) present Vy, (blue
circles) and u;, (red rhombus) as a function of the con-
centration of octane and decane, respectively.

sensor upon exposure to VOC and G is the baseline
conductivity of the sensor in the absence of analyte.
Figure 4 shows the AG/G, of a HTS-Si NW FET sensor for
different concentrations of octane and decane, as
representative examples. As could be seen in the
figure, the AG/G, values were zero at high negative
gate voltages and were negative at positive back gate
voltages. For the latter, AG/G, was almost constant
after a given back gate threshold. Figure 5 summarizes
the AG/Gg values calculated for the same HTS-Si NW
FET sensors toward all polar and nonpolar VOCs stu-
died here. As could be seen in the figure, all polar VOCs
showed a nonzero positive conductivity change at
high negative voltages and a maximum close to the
base Vi, In contrast, the water molecules showed a
nonzero negative conductivity change at high nega-
tive voltages and a minimum close to the base V. The
sensitivity of the HTS-Si NW FET sensor toward non-
polar VOCs exceeded the sensitivity toward polar
molecules. For example, at a V; ~ 0 the sensor
responses to ~55 ppm hexane, ~55 ppm octane,
and ~60 ppm decane were about —5%, —25%, and
—45%, respectively. At the same gate voltage, the

responses to ~25000 ppm water, ~60 ppm ethanol,
and ~50 ppm butanol were about —20%, +5%, and
+30%, respectively (see Supporting Information, Table
1S). This behavior could be attributed to the formation of
adense HTS monolayer'®~2" that acts by transferring the
recognition event of the nonpolar VOCs to the Si NW
while preventing polar molecules from reaching the
Si NW surface. In support of this claim, we observed
negligible responses of pristine Si NW FET sensors
upon exposure to nonpolar VOCs and nonstable and
nonreproducible responses upon exposure to polar
VOCs, as summarized in the Supporting Information,
Table 1S.

The observed electrical characteristics before and
after exposure to VOCs indicate the involvement of two
physical effects in the sensing process. The first effect
could be ascribed to direct changes in the (volume)
charge carriers inside the Si NWs, most probably due to
electrostatic interaction between the Si NW and polar
VOCs. This direct effect could be evidenced from the
correlation between the Si NW response and the dipole
moment of the VOC. More specifically: (i) nonpolar
VOCs showed no response at high negative gate
voltages and (ii) polar VOCs showed positive responses
upon increasing their dipole moment. The second
effect could be ascribed to indirect changes in one or
a combination of the following parameters: (i) the
dielectric constant of the organic monolayer; (ii) the
effective dipole moment of the organic monolayer;
and/or (i) the charged surface-state density of the
SiOy/monolayer interface. This could be evidenced
from the observation of negative responses at more
positive gate voltage (i.e., above the Vy;,) for larger VOC
dimensions, whether having polar or nonpolar fea-
tures. The weight of the direct and indirect effects in
the sensing process depends on the VOC character-
istics. As an illustrative example, one should mention
the higher response of the HTS-Si NW FET for butanol,
as compared to ethanol, at positive gate voltages.
Since ethanol and butanol have similar dipole mo-
ments, but different chain length, the difference in the
response could be attributed to the structural para-
meter. VOCs that have both longer chain length and
stronger dipole moment, such as hexanol (Table 1),
exhibited significantly more pronounced responses
either at positive or at negative gate voltages. The
opposite response sign but similar response shape of
water could be attributed to the direction of the dipole
moment when it interacts with the HTS monolayer. It is
reasonable to assume that the water molecules diffuse
into the HTS monolayer and reside close to the SiO,
surface, while pointing the OH groups toward the SiO,
coating of the Si NW. In contrast, polar VOCs interact
with the HTS monolayer through the carbon chain,
while pointing the OH groups out of the SiO, coating of
the Si NW.
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Figure 3. Linear-scale (left y-axis) and logarithmic-scale (right y-axis) presentations of /3;—Vys measurements before and after
exposure to (a) water, (b) ethanol, (c) butanol, and (d) hexanol at different concentrations.

The total conductivity in the Si NW FETs can be
expressed through'®

2n
G = qu, (nh(vgs — Vth)+7s> (2)
Rnw

where g is the electron elementary charge, uy, is the
holes mobility, ny, is the hole volume density (i.e., the
holes accumulated by applying a voltage with a gate
electrode), ny is the negative charged surface-states
density, and Ryw is the radius of the Si NW. Accordingly,
AG/Gy, originating from analyte adsorption, can be
formulated as follows:

AG 1 Hnh(A@{D}) — tnolno
GO RN_W nhO(VgS - Vth)+1 thonso/RNW
2 Nso
1 UpNs — UnoNso
3
+RNW Nho(Vgs — Vin) UpoNso 3)
~hw Thofes — T 4 g
2 Nso

where the index “0” stands for the absence of analyte
(i.e., baseline signal). As could be seen in eq 3, AG/Gy is
composed of two main expressions. The first is ascribed
to the direct effect, where the ny, is affected by the electric
field (or potential, Ap) induced by a physical adsorption
of the nonideal layer of polar VOCs.® The magnitude
and the sign of this conductivity change is proportional
to the magnitude and direction of the VOC's dipole
moment. We speculate that the maximum seen in the
relative conductivity of polar VOCs near the V4, is related

PASKA ET AL.

to the VOC polarizability in the presence of the gate field.
For relatively large dimensions of polar VOGs, this effect
might occur through change in the VOC orientation
inside the adsorptive (HTS) monolayer. This speculation
might explain the pronounced response of hexanol
upon applying a positive gate voltage. The second
expression is ascribed to the indirect effect, which con-
sists of two main parts. The first part of this (second)
expression is a prefactor (PF) that presents the ratio
between the n;, and surface holes (2n,o/Rnw, i.e., holes
induced by the negatively charged surface state). The
second part of this (second) expression presents the
relative change of the product of mobility multiplied by
the charged surface-state density (Aunny/unonsp). Ac-
cording to this expression, AG/G, approaches zero at
high negative gate voltage (PF—0). Applying higher
positive gate voltage increases the AG/Gg, to a value that
is equivalent to Aunny/Unonso, Meaning that devices are
most efficient at positive gate voltage, where the devices
are almost turned off (ie, low hole volume density,
PF—1).2* Therefore, the observed minimum in Figure 4
is Aunny/unonso. Extracting the normalized PF values
showed a linear correlation with the VOC concentration
(see upper insets in Figure 4a and b and Supporting
Information, Table 2S).

Analysis of the sensing result via the PF revealed
(i) the PF was independent of the type or concentration
of the nonpolar VOG; (ii) the PF was independent of the
un or Vi, of the device after exposure; (i) the PF was
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The noisy conductivity at high positive voltages could be
related to current changes on the order of the noise magnitude
(pA). Noisy response also seems to occur near the limit of
detection.
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Figure 5. Counter map of the relative conductivity change
at different gate voltages for the polar and nonpolar VOCs
at different concentrations. In the case of hexanol, the gate
voltage, where minority carrier (electrons) appears, shifts to
alower value and the relative conductivity change becomes
positive (decrease of surface holes is equivalent to increase
of surface electrons).
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Information, Table 2S).
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Figure 7. Calculated values of the prefactor (PF) of HTS-Si NW
FET from three different devices having different electrical
properties (see Figure 6 and Supporting Information, Table
2S). The PFs of devices 1 and 2, calculated upon exposure to
octane, exhibited identical properties. The PF of device 3,
calculated upon exposure to decane, had the same shape as
device 1, but was shifted to a positive voltage by ~3.8 V. This
shift is equal to the Vi, difference of the base devices.

characterized by an exponential shape at high nega-
tive voltages (see Supporting Information, Figure 1S);
and (iv) the PF was dependent on the Vy, of the base
device (Vino). With these findings in mind, we test our
understanding by calculating the PF from three differ-
ent HTS-Si NW FET devices: devices 1 and 2, which have
the same Vi, but different upo, and devices 2 and 3,
which have similar upo but different Vi, (see Figures 6
and 7 and Supporting Information, Table 2S). As can be
seen from Figure 7, the PFs of devices 1 and 2 were
identical, while the PF of device 3 was shifted by ~3.8V
to higher positive gate voltages. This shift is exactly
equal to the Vi, difference of the base devices
(between devices 3 and 1/2), thus confirming the
validity of eq 3.
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According to the proposed model (eq 3), the type of
nonpolar VOC manifests itself only in Aunng/unonso. It
seems that the most critical parameter for sensing
the nonpolar VOCs is the interaction between the
monolayer and nonpolar VOC. In other words, the
electrical features of the Si NW FET device per se
(tn, Vin, etc) have lesser effect on the sensing
process. To validate this claim, the change of the
surface-state density (ns — nyo/nyo) for the three different
devices (cf. Supporting Information, Table 2S) upon
exposure to hexane, octane, and decane was calculated
(see Figure 8). As could be seen in the figure, for each

METHODS

The investigated Si NWs in this study were prepared by the
vapor—Iliquid—solid growth technique, yielding p-type (111) Si
NWs doped with boron to a doping level of ~10'® cm™32®
Transmission electron microscopy (TEM) data indicated that
these Si NWs consisted almost entirely of smooth Si cores
(~60 nm in diameter) coated with a ~5 nm native SiO, layer
(see Figure 1c). Devices were fabricated by integrating an
individual Si NW with source and drain Au/Ti electrodes
(10 nm Ti and 100 nm Au) that were mutually separated by
2 um on top of a 100 nm thermally oxidized degenerately doped
p-Si (0.001L cm resistivity) substrate (see Figure 1a and b). The
devices were functionalized with a stable 0% cross-linked
hexyltrichlorosilane monolayer using the two-step amine-pro-
moted reaction procedure described elsewhere.'”2" This
monolayer was shown to passivate a majority of oxide surface
states and to result in a stable, reproducible, and minimal drift
and/or hysteresis for Si NW FETs upon exposure to humidity.

The response of the Si NW FETs upon exposure to a series of
nonpolar VOCs (hexane, octane, and decane; see Table 1) as well
as to a series of polar VOCs (water, ethanol, butanol, and
hexanol; see Table 1) was examined. For this purpose, a probe
station that is connected to a device analyzer (Agilent B1500A)
was used to collect the electrical signals of the Si NW FETs before
and/or after exposure to VOCs. Voltage-dependent back-gate
measurements (lqs—Vys), swept backward between 440 and
—40 V with 200 mV steps and at 1 V source—drain voltage (Vys),
were used to determine the performance of Si NW FET sensors.

PASKA ET AL.

VOC, the calculated ng — nyy/ng, values for the different
devices were identical, disregarding the initial x,, and
Vin- An interesting observation from Figure 8 is that the
longer the chain of the nonpolar VOC (i.e.,, decane >
octane > hexane), the higher the obtained response
per 1 ppm (see Figure 8). It is reasonable to assume that
the longer the nonpolar VOC, the higher the conforma-
tional disorder within the (HTS) monolayer, and the
higher the response.

CONCLUSIONS

We have presented experimental evidence that
nonpolar VOCs could be detected with improved
sensitivity using a proper surface modification of Si
NW FETs. Our results indicate that sensing nonpolar
VOCs could be ascribed to adsorption of nonpolar
VOCs between or on top of the chains and/or in the
pinholes of the adsorptive monolayer. We speculate
that this adsorption process induces conformational
changes in the organic monolayer and affects the
dielectric constant, the effective dipole moment of
the organic monolayer, and/or the charged surface-
state density of the SiO,/monolayer interface. These
effects, in turn, change the conductivity of the Si NW.
Setting apart the water response is a major step toward
the development of Si NW FETs for the development of
a cost-effective, lightweight, low-power, noninvasive
tool for the widespread detection of real-world VOCs in
environmental, security, food, or medical®® 2 applica-
tions. Still, more research with different chain lengths
of the functionality of the Si NWs is required in order to
fully understand and confirm the observed results.

For achieving the latter, oil-free air having 15% relative humidity
and <0.3 ppm organic contamination was passed through a
glass bubbler containing a liquid phase of the VOC of interest
(purchased from Sigma Aldrich Ltd. and Fluka Ltd., having >99%
purity and <0.001% water). The air emitted from the bubblers,
mostly under saturation conditions, was diluted with oil-free air
to reach lower levels of VOC concentrations. This way, the
system was able to regulate the VOC concentration levels
between P,/P, = 0.0001 and P,/P, = 0.1 (Note: P, and P, stand
for the partial pressure and the saturated vapor pressure of the
analytes, respectively). The concentration levels of VOCs were
measured by a commercial photoionization detector (PID;
ppbRAE 3000; Rae Systems, US), having a detection limit of
~10 ppb. In order to ensure referenced data, after each
exposure cycle each device was cleaned with a 5 min flow
and 10 min sonication cleaning with chloroform and 12 h drying
in an 80 °C vacuum oven. Restoring the base (ie., before
exposure) [gs—Vqs as the reference starting point after each
sensing procedure, for an overall period of 6 months, has not
affected its performance nor caused a device drift.
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