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ABSTRACT: Controlling the sensing properties of a silicon nanowire field effect transistor
is dependent on the surface chemistry of the silicon nanowire. A standard silicon nanowire
has a passive oxide layer (native oxide), which has trap states that cause sensing inaccuracies
and desensitize the surface to nonpolar molecules. In this paper, we successfully modified
the silicon nanowire surface with different nonoxide C3 alkyl groups, specifically, propyl
(Si−CH2−CH2−CH3), propenyl (Si−CHCH−CH3), and propynyl (Si−CC−CH3)
modifications. The effect of the near surface bond on the sensor sensitivity and stability was
explored by comparing three C3 surface modifications. A reduction of trap-states led to
greater sensor stability and accuracy. The propenyl-modified sensor was consistently the
most stable and sensitive sensor, among the applied sensors. The propenyl- and propynyl-
modified sensors consistently performed with the best accuracy in identifying specific
analytes with similar polarity or similar molecular weights. A combination of features from
different sensing surfaces led to the best rubric for specific analytes identification. These
results indicate that nonoxide sensor surfaces are useful in identifying specific analytes and that a combination of sensors with
different surfaces in a cross-reactive array can lead to specific analytes detection.
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■ INTRODUCTION

Silicon nanowire (Si NW) field effect transistors (FETs) are
useful for the detection of analytes in the gas phase,1−6

something that has been illustrated in monitoring various types
of compounds.7−9 Controllability over the sensing properties
with FETs has been achieved via modification of the Si NWs
surface with monolayers that have different functional terminal
groups, functional chain lengths, or backbone struc-
tures.7,8,10−16 Typically, such modifications have occurred on
top of Si NW passive oxide layer,17−20 allowing increased
sensitivity and selectivity for certain analytes.7,8,21 However, the
presence of a native SiO2 layer at the Si NW surface can screen
the Si NW from the analytes to be sensed, lowering the
sensitivity of the FET device.22−25 Compared to Si NWs with
native oxide, oxide-free Si NWs that have been surface-
functionalized with amine-terminated alkyl monolayer via C−Si
bond show dramatically improved sensitivity toward (bio)-
chemical species.26

Recently, we showed that propenyl (CH3−CHCH−) and
allyl (CH2CH−CH−) groups can give nearly full coverage of
the oxide-free Si (111) surface, and the resulting Si surface
provides high stability against oxidations due to π−π
interactions between the adjacent molecules.18,22,27,28 Further-
more, we have shown that the density of reactive cross-linkers
(for further functionalization) can be controlled without
affecting the stability of the Si NWs.18,22,28 The modification
of Si NWs with CH2CH−C− and CH3− functionalities,
which also give nearly full coverage of the Si atop sites, cannot

achieve adequate stability and is therefore not appropriate for
our application.18,20,23,27,29 Also, modification of Si NWs
directly with simple C2−C11 alkyl chains or with backbones
having benzene group(s) is not appropriate either, as they
mostly cover 30−50% of the Si atop sites and exhibited a 3- to
10-fold higher oxidation rate than that of the CH3−CHCH−
Si NW.17,18,20,22,27,28,30,31

In the present article, we investigate the effect of the oxide
removal and the effect of bond structure one bond away from
the Si NW on the sensing properties of Si NW FETs when they
are exposed to volatile organic compounds (VOCs) in the gas
phase. The hypothesis being challenged is that different bond
structures atop of the Si NW surface allow different adsorption
of VOCs on the Si NW surface. Variances in the VOC surface
adsorption will produce changes in the number of electrically
conductive carriers between the device terminals, creating a
chemical response that is distinctively different from other
arrays of materials (cf. ref 32 for other systems). Therefore,
understanding the bond effects on the conductivity of
molecule-terminated Si NW FETs is an important component
for achieving control over their sorption-induced signal, and it
will be a significant focus of our research efforts.
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■ EXPERIMENTAL METHODS
Modifications of Silicon Nanowires. Boron-doped Si NWs (p-

type, ∼1−8 × 1016 cm−3) were grown on a silicon wafer (the
substrate) via chemical vapor deposition (8.5 ± 1.5 μm long; 40 ± 8
nm diameter) as previously published.33 Gold nanoparticles (∼20 nm
in diameter) were used as a catalyst for one-dimensional growth with
SiH4 and B2H6 growth gases. The gold nanoparticles, on top of the
grown Si NWs, were etched away with a solution of KI/I2 in H2O
(4:1:40 mass ratio) for 2 min. The substrate was then rinsed with
ethanol and water and dried with a dry N2 gas. The Si NWs were
suspended in a buffered HF solution (6:1 40%NH4F:49%HF) for 5 s
and subsequently rinsed with water, ethanol, and isopropanol. After
being dried with a dry N2 gas, the Si NW substrate was immersed in a
90−100 °C 0.65 M PCl5 chlorobenzene mixture with a trace of
benzoyl peroxide for 10 min.34 The substrate was rinsed with
chlorobenzene and tetrahydrofuran, dried with a dry N2 gas, and then
quickly transferred into a N2 glovebox. The substrate was immersed in
a 65−80 °C alkyl magnesium salt solution, 2.0 M propylmagnesium
chloride (CH3CH2CH2MgCl), 0.5 M 1-propenylmagnesium bromide
(CH3CHCHMgCl), or 0.5 M 1-propynylmagnesium bromide
(CH3CCMgCl), in a nitrogen environment for a 15 or 24 h reaction
time to achieve relatively low (∼55%) or high (∼100%) coverage
compared to a methylated Si surface (Si−CH3).

30 As previously
reported, it is only possible to achieve ∼55% coverage of the propyl
groups at a 24 h reaction time.28 To confirm surface coverage, X-ray
photon spectroscopy was conducted on a wafer exposed to the
alkylation process (Supporting Information, Figures S1 and S2) to
confirm surface coverage.
Fabrication of the Field Effect Transistor. The alkyl-modified Si

NWs were integrated into an FET device. A 40 nm titanium/110 nm
gold back gate was evaporated below a highly doped silicon wafer. The
modified Si NWs were unidirectionally sprayed on top of a thermally
induced silicon dioxide layer (Figure 1), averaging ∼50 NWs per

device.35,36 Eighteen pairs of 1300 μm long and 2 μm wide
interdigitated 40 nm titanium/110 nm gold source and drain
electrodes were added on top of a Si NW layer using a standard lift-
off photolithography process with an AZ5214 photoresist (Karl Suss
MA6). The area designated for the source drain was cleaned by oxygen
plasma for 1 min and exposed to a buffered oxide etchant solution for
5 s prior to the deposition of the titanium/gold source/drain
electrodes; the remainder of the wafer and the modified Si NWs
were protected with the AZ5214 photoresist.37 The photoresist was
removed with N-methyl-2-pyrrolidone. The back gate electrodes of
sensors were attached to a TO5 chip via a conductive silver paste, and
the source and drain were connected through gold wire bonding.

Table 1 lists the sensors used in this research. The Si NWs were
modified prior to the FET device construction because the PCl5

involved in the modification procedure can etch the Ti layer of source/
drain electrodes, making the FET device fail.

Sensors Array and Gas Analyte Bubbler Systems. Sensors
attached to TO5 chips were mounted onto a custom circuit board with
separated sites. The sensor array was loaded into a stainless steel
vacuum chamber (∼170 cm3 volume) with a vacuum output, analyte
input, and air vent all controlled by pneumatic valves. The sensing
measurement was performed using a Keithley 2636A SourceMeter in
conjunction with a Keithley 3706 switch/multimeter. A constant drain-
source voltage, Vds = +2 V, was applied while sweeping the source-gate
voltage Vg from +40 to −40 V. The drain-source current Ids, was
monitored over time. The gas analytes were created by bubbling air
through a liquefied VOC at a specified flow Fa, and the remainder filled
with an oil-free dry air (∼8−10% relative humidity) to reach a total
flow rate of FT = 1000 mL/min. The exposure plan to the sensors for
each analyte and concentration was (1) vacuum for 5 min, (2) analyte/
air for 8 min, (3) vacuum for 5 min, (4) analyte/air for 8 min, and (5)
vacuum for 5 min. The four concentrations used are Fa/FT = 0.01,
0.02, 0.04, 0.08. The 12 VOCs used, hexane, octane, decane, hexanol,
octanol, decanol, hexanal, cyclohexanone, ethylbenzene, toluene,
methyl ethyl ketone (MEK), and chlorobenzene, were HPLC grade
(Sigma-Aldrich).

Feature Extraction. The Ids and Vg curve was used to determine
independent features used in both the raw data evaluation and
statistical analysis. The maximum Ids current is defined as the on-
current (Ion), typically at Vg = −39 V, and the minimum Ids current is
defined as the off-current (Ioff), typically at Vg = 38 V. The tangent can
be taken at the maximum slope of the linear region of the collected
data; the intersection of that tangent with the voltage axis is defined as
the Vth, and the slope of that tangent (dIds/dVg) is proportional to hole
mobility μh, as defined by eq 1. In addition, current at a specific voltage
can be monitored. For example, the Ids at Vg = 0 V (IVg=0) can be
presented.
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Here, the width of the gate oxide, tox = 300 nm; the radius of the Si
NW, RNW = 40 nm; the bridged nanowire number, n; the dielectric
constant of silicon oxide, εox = 3.45 × 10−11, the length of the channel,
LNW = 2 μm; the constant drain-source voltage, Vds = +2 V.24 Sensing
features obtained at a VOC concentration of Fa/FT = 0.08 were used
for further statistical analysis.

Linear Discriminant Analysis. Linear discriminant analysis is a
supervised multivariate analysis method that uses a training set to
maximize separation between supplied classifications. The statistical
tool (SAS JMP, version 10 Pro) determines canonical variables (new
orthogonal axes) as a linear combination of the input variables to
maximize interclass variance while minimizing intraclass variance.
Linear discriminant analysis uses statistics and pattern recognition to
accurately identify two or more different groups of signals (or in our
case analytes). If a signal is sensitive but nonreproducible, it will have
poor accuracy through linear discriminant analysis. Also, only
independent features are used; the square of the Pearson product
moment correlation coefficient R2 less than 0.6 is determined to be

Figure 1. (left) Optical microscope (a) bright- and (c) dark-field
images of the source/drain electrodes of an FET device. (right) (b)
Bright- and (d) dark-field optical microscope images of zoomed
electrodes region with a Si NW bridged between electrodes.

Table 1. List of Surface Molecularly Modified Si NW Sensors
for VOCs Detection

sensor number molecular modification surface coverage (%)

S1 unmodified 0
S2 propyl (Si−CH2−CH2−CH3) 50 ± 10
S3 propenyl (Si−CHCH−CH3) 50 ± 10
S4 propenyl (Si−CHCH−CH3) 100 ± 10
S5 propynyl (Si−CC−CH3) 50 ± 10
S6 propynyl (Si−CC−CH3) 100 ± 5
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independent (i.e., R2 greater than 0.6 is determined to be dependent).
Through the results from linear discriminant analysis, we are able to
determine which near-surface bond structures (with or without an
oxide layer) have a higher sensitivity for specific analytes. Ideally, one
surface will be used to accurately predict analyte type and specific
analytes from the results, but results from a cross-reactive sensor array,
a sensor array of different modified surfaces, will be presented for
optimal analyte selectivity.
The classification accuracy is determined by a leave-one-out

method. Assuming n measurements, linear discriminant analysis is
computed n times using n − 1 data points. The left-out data point,
which is not included in the training set, is projected onto the
calculated model determining the classification. The accuracy is
determined as the percentage of 100 × (1 − the number of
misclassified points divided by the total number of data points), eq 2.

=

× −
− −⎛

⎝⎜
⎞
⎠⎟

%accuracy 100

1
leave one out misclassified points

total number of data points
(2)

■ RESULTS

Field-Effect Transistor Device with Modified Si Nano-
wires. After chemical modification via Grignard reaction,
propyl-modified (Si−CH2−CH2−CH3), propenyl-modified
(Si−CHCH−CH3), and propynyl-modified (Si−CC−
CH3) Si NW FETs were constructed. Figure 1 displays the
constructed FET device with spray-coated modified Si NWs.
Typically, ∼50 Si NW bridges exist on a single Si NW device.35

The final FET devices were checked with a probe station under
ambient atmosphere, and the Ion/Ioff ratios were over 1 × 103
see Supporting Information, Figure S3.
Response to Analytes. The sensor surfaces were exposed

to various volatile organic compounds to determine their
sensitivity and selectivity to analytes. Figure 2 shows the raw
data of on-current, hole mobility, and voltage threshold features
displayed in a column graph with error bars at an analyte
concentration of Fa/FT = 0.08. The large error bars of the
voltage threshold for sensors S1 and S2 show that these data
are inaccurate and unstable, and therefore, the voltage threshold
for sensors S1 and S2 will not be used in future analyses. Large
error bars are not observed on the on-current or hole mobility
features at any of the sensors. Also, large, reproducible
variability between the VOC signals is seen in sensor S4,
which indicates that a level of specificity can be achieved. In
addition, the hole mobility feature was found to have relatively
low standard division (SD) when surface coverage increases
(from ∼55% to ∼100% coverage; see Supporting Information,
Figure S4). The decrease in SD is expected since both sensors
S4 and S6 are stable in air, and complete alkyl-coverage, with
removal of oxygen (trap states) on the Si NW surface, also
indicates a reduction in SD.
Using a plus/minus statistical algorithm, the sensitivity

hierarchy of three sensing features (on-current, voltage
threshold, and hole mobility) at Fa/FT = 0.08 was calculated.
The results were plotted in hot plots to look at sensitivity and
to determine the ideal modified sensor (Figure 3). For on-
current, sensors S1 and S5 were less sensitive than S2 and S3.
For voltage threshold, sensor S5 was more sensitive than sensor
S3. Sensors S1 and S2 were not included because of the large
error bars found in Figure 2. For hole mobility, the sensors with
the lowest to highest sensitivities were found to be sensors S1,
S5, S3, and S2. The sensitivity hierarchy of these three sensing

features at low VOC concentrations was also studied, and the
same trend as the sensitivity hierarchy at Fa/FT = 0.08 was
observed (Supporting Information, Figures S5−S7).

Performance as a Cross-Reactive Sensor Array. Each
sensor has multiple independent (noncorrelated) features that
can be used to determine analyte specificity. Linear
discriminant analysis was used to identify analyte type and
subtype signals. Separate discriminant analysis models were
conducted for five groupings: (1) alcohol versus alkane; (2)
alcohol versus alkane versus ketone versus aromatic rings; (3)

Figure 2. Column graph of (a) on-current, (b) voltage threshold, and
(c) mobility of molecularly modified sensors as well as unmodified
sensors at VOC concentration of Fa/FT = 0.08. The Δ refers the
sensing signal changes between VOC exposure and vacuum, and
subscript “b” refers to the sensing signal in vacuum.
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subtypes of alkanes (hexane vs octane vs decane); (4) C6
molecules (hexanol vs hexane vs hexanal vs cyclohexanone);
and (5) aromatic rings (toluene vs ethylbenzene vs
chlorobenzene). The linear discriminant analysis model was
designed to select the best noncorrelated features to optimize
accuracy. The accuracy of each discriminant analysis model,
with independent features selected for each sensor, is displayed
in Tables 2−6.

Linear discriminant analysis showed, first, that the sensors
were capable of distinguishing between alcohols and alkanes,
Table 2. Sensor S1 was the best single sensor for distinguishing
between alcohols and alkanes, 90% accurate, due to its
hydrophilic surface, which attracts alcohols (hydrophilic) and

Figure 3. Hot plot (sensitivity hierarchy) in (a) on-current, (b) voltage threshold, and (c) mobility of molecularly modified sensors as well as
unmodified sensors at VOC concentration of Fa/FT = 0.08.

Table 2

sensor features

sensor
number misclassified accuracya 1 2 3

S1 5 90% IV=−5 IV=10 IV=28
S2 11 77% IV=18 IV=5
S3 8 83% Vth Ion IV=28
S4 11 77% Ioff IV=18 Vth

S5 8 83% Ioff IV=18 IV=−5
S6 6 88% Ioff IV=28 Ion
all sensors 1 98% IV=−5 (S1) IV=18 (S5) IV=28 (S6)

aAccuracy determined in predicting alcohol vs alkane of six different
analytes using a linear discriminant analysis built around the features
listed.

Table 3

sensor features

modification misclassified accuracya 1 2 3 4 5

S1 14 84% IV=−5 IV=5 IV=28
S2 29 67% IV=18 IV=5 IV=28
S3 31 65% IV=0 Ioff IV=28
S4 32 64% IV=18 Ion IV=0 μh
S5 33 63% IV=5 IV=28 Ioff IV=18 μh
S6 15 83% IV=0 Vth μh Ioff IV=28
all sensors 8 91% IV=−5 (S1) IV=5 (S2) Ioff (S6) Ion (S6) IV=18 (S5)

aAccuracy determined in predicting alcohol vs alkane vs aromatic vs ketones of 12 different analytes using a linear discriminant analysis built around
the features listed.

Table 4

sensor features

modification misclassified accuracya 1 2

S1 7 71% IV=0 μh
S2 9 63% IV=18 IV=10
S3 6 75% Ion IV=18
S4 6 75% IV=18 IV=28
S5 6 75% Ioff Ion
S6 7 71% Ioff Vth

all sensors 5 79% Ioff (S5) IV=18 (S4)
aAccuracy determined in predicting alkane analyte subtypes,
specifically hexane vs octane vs decane, using a linear discriminant
analysis built around the features listed.

Table 5

sensor features

modification misclassified accuracya 1 2 3

S1 9 72% IV=−5 IV=5 IV=28
S2 16 50% IV=18 IV=5 Ioff
S3 6 81% Ion IV=18 IV=28
S4 10 69% IV=18 μh Ion
S5 10 69% Ioff IV=18 IV=5
S6 7 78% Ion IV=5 IV=28
all sensors 5 84% IV=5 (S1) Ion (S3) IV=18 (S4)

aAccuracy determined in predicting C6 analyte subtypes, specifically,
hexane vs hexanol vs hexanal vs cyclohexanone, using a linear
discriminant analysis built around the features listed.
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does not attract alkanes (hydrophobic) (i.e., the hydrophilic
surface resulted in a relatively high signal for alcohol compared
to alkanes). For this reason, sensor S1 should not be as accurate
in distinguishing different types of alkanes as seen in Table 4.
Sensor S2 was the least accurate, 77% accurate, due to the
inconstancy in the measurement, as mentioned previously,
Figure 2. Only two features were used in sensor S2 model
because the other features correlate to (were not independent
of) the features used. A combination of sensor features from
various sensor chemistries, specifically, using the current at Vg =
−5 V of sensor S1, the current at Vg = 18 V of sensor S5, and
the current at Vg = 28 V of sensor S6, provided the best
accuracy, 98% accurate (1/48 misclassified point).
Next, linear discriminant analysis was used to distinguish

between alcohols versus alkanes versus ketones versus aromatic
rings, which revealed that sensor S1 was the best, 84% accuracy,
and sensor S5 was the worst, 63% accuracy, Table 3. Only three
features were used at various surfaces because additional
features were dependent (i.e., additional features correlate to
the best features found at each sensor); more features, up to
five, were accepted if the features were independent (i.e., they
did not correlate). Again, because of the unmodified sensor’s
hydrophilic surface, the unmodified sensor exhibits high
sensitivity for polar molecules (alcohol and ketones) and low
sensitivity for nonpolar molecules (alkanes) leading to high
accuracy in distinguishing chemicals based on “type.” A
combination of features and sensors was the most accurate,
91% accuracy (8/88 misclassified points), specifically, using the
current at Vg = −5 V of sensor S1, the current at Vg = 5 V of
sensor S2, Ioff and Ion of sensor S6, and the current at Vg = 18 V
of sensor S5.
Typically, distinguishing different types of alkanes, specifi-

cally, hexane versus octane versus decane, is difficult with Si
NW FETs.21 The discriminant analysis of sensor S1 found 71%
accuracy, significantly reduced from distinguishing analyte
types, Table 4. The most accurate sensors (75% accuracy) in
determining different alkanes were sensors S3, S5, and S4. The
most accurate discriminant analysis model, 79% accuracy (5/24
misclassified points), combined features from two separate
sensors, specifically, using Ioff of S5 and the current at Vg = 18 V
of S4.
C6 molecules are also difficult to distinguish using Si NW

FETs because of their low molecular weight, which causes them
to have a smaller effect on surface charging. Although sensor S1
was typically accurate in distinguishing molecular types (Table
2), it was inaccurate in distinguishing C6 molecules, hexane
versus hexanol versus hexanal versus cyclohexanone, with a 72%

accuracy (Table 5). The most sensitive and accurate sensor in
distinguishing C6 molecules was sensor S3 (81% accuracy). A
discriminant analysis model using features from three sensors,
specifically, the current at Vg = 5 V of sensor S1, Ion of sensor
S3, and the current at Vg = 18 V of sensor S4, provided the best
(84%) accuracy (5/32 misclassified points). Although sensor S1
did not perform well when it was used alone, the inclusion of
sensor S1 was important to achieve the higher accuracy due to
the different sensing mechanism (hydrophobic/hydrophilic
interaction) compared to sensor S3.
A discriminant analysis model was also used to distinguish

different aromatic rings, specifically, toluene versus chloroben-
zene versus ethylbenzene, Table 6. Sensor S1 was less accurate,
with an accuracy of 75%, compared to sensor S4, which had an
accuracy of 88%. The most accurate (92%) discriminant
analysis model (2/24 misclassified points) was from combining
features from two different sensors, specifically, using the
current at Vg = −5 V of sensor S1 and the voltage threshold of
sensor S4.

■ DISCUSSION
Alkyl modifications were reported on top of Si NWs via the
alkyl Grignard reaction without an oxide layer.27,28,30,34 Because
of steric effects, Si NWs can only be modified with the propyl
modification up to 55% coverage.27,28 Therefore, propenyl- and
propynyl-modifications were also conducted at 55% coverage
for a direct comparison. Further, the Si NWs were modified at
100% coverage (meaning that every topmost Si atom has the
alkyl modification, i.e., no oxide) with propenyl- and propynyl-
modifications. In the 100% coverage case, no Si−O bonds were
observed via XPS indicating that there was no passivated oxide
layer remaining.28 In addition, the oxygen content was
monitored over time to indicate that the sensor surface remains
stable over a prolonged period after being exposed to a humid
environment.28 The complete coverage has been known to
have increased stability, and the complete removal of trap states
is expected to increase stability and selectivity for nonpolar
analytes.28

The effect of surface coverage on sensing characteristics was
determined by comparing hot plots of sensor S3 to S4 and
sensor S5 to S6. Consequentially, an increase in surface
coverage induced the reduction of trap states on the surface
(i.e., surface oxygen).17 Using a plus/minus statistical
algorithm, as surface coverage increased for propenyl-modified
sensors, an increase in the normalized (from vacuum baseline)
signal of on-current, hole mobility, and voltage threshold
features was observed. As surface coverage for propynyl-
modified sensors increased, an increase of the normalized signal
of on-current was observed, but a sensitivity decrease of hole
mobility and voltage threshold was observed (Figure 3). The
increase in sensitivity from additional coverage was expected
because of the reduction in trap states which produce sensing
inaccuracies and reduce sensitivity.
A look at possible sensing processes with the propenyl- and

propynyl-modifications would clarify why a decrease in hole
mobility and voltage threshold is observed at propynyl-
modified sensors. With fewer Si−OH bonds, there should be
an increase in sensitivity to nonpolar VOCs specifically, because
the nonpolar analytes will cause a greater charge at the Si NW
surface with a reduction of trap states.9,25 Also, the C−C bond
near the Si NW surface will also affect how the response to the
dielectric medium close to the surface interacts with the
surrounding analytes.9,25 The double-bond in the propenyl-

Table 6

sensor features

modification misclassified accuracya 1 2

S1 6 75% IV=−5 IV=10
S2 7 71% Vth IV=10
S3 7 71% Ion Vth

S4b 3 88% IV=10 Vth

S5 6 75% IV=18 Ion
S6 5 79% IV=0 IV=28
all sensors 2 92% IV=−5 (S1) Vth (S4)

aAccuracy determined in predicting aromatic analyte subtypes,
specifically, toluene vs chlorobenzene vs ethyl benzene, using a linear
discriminant analysis built around the features listed. bThe most
sensitive sensor was sensor S4.
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modified sensors has the ability to transfer electrons to the
adjacent C−C bond.28 The ability to transfer electrons
increases the electron cloud of the FET, thereby increasing
its sensitivity. The electrons in triple bond are also delocalized;
however, it has been previously reported that the propynyl
modification has the ability to donate electrons to the Si
NWs.28 The reduction in sensitivity of the hole mobility and
voltage threshold features occurs because of an increase in
“virtual electrons” present in the Si NW. In vacuum, the raw
data of sensors S5 and S6 for the hole mobility feature were
22.4 ± 0.6 cm2/(V·s) and 43.5 ± 0.6 cm2/(V·s), respectively.
The increase of the propynyl-modified sensor features in
vacuum suggests that a saturation limit was achieved with
greater surface electron coverage. Overall, each surface-
modified sensor has improved sensing capabilities with
increased sensitivity and stability in 100% alkyl coverage,
compared to 55% coverage, because of the reduction in trap
states.
In summary, sensor S1 was accurate in distinguishing types of

analytes, specifically, those between polar and nonpolar
chemicals; however, sensor S1 was inaccurate in distinguishing
between specific polar or nonpolar molecules. The increase in
analyte selectivity is due to the Si−OH hydrophilic surface.
However, sensors with Si−OH have a low accuracy for
distinguishing nonpolar analytes. The propenyl-modified
sensors performed the best at identifying specific analytes,
especially nonpolar analytes. Propenyl-modified sensor surfaces,
due to the π−π bond, have an increased response to the
dielectric medium close to the Si NW surface, which made it
more sensitive to lower molecular weight analytes (C6
compounds) and nonpolar analytes. Propynyl-modified sensor
surfaces, which can donate electrons to the Si NW,28 showed
minimal sensitivity response (hot plots). However, propynyl-
modified sensor surfaces were the most reliable and stable when
exposed to analytes. Therefore, propynyl-modified Si NWs had
great selectivity toward identifying specific analytes. A
combination of unmodified sensors (to identify analyte type/
polarity), propenyl-modified sensors (for sensitivity and
selectivity of nonpolar analytes), and propynyl-modified sensors
(for increased stability and identification of analytes of similar
molecular weights) always proved to be the most accurate
sensor, where accuracies of over 79% of specific analyte
detection were continuously achieved.

■ CONCLUSIONS
Molecular modifications were achieved and integrated into Si
NW FETs. The sensing results showed that propenyl- and
propynyl-modified sensors provided higher accuracy and
sensitivity for specific analyte detection. Also, superior stabilities
and sensitivities were achieved as surface coverage increased
(i.e., trap states were reduced); however, the free electrons
from the triple-bond present in the propynyl-modified sensors
donated electrons to the Si NWs causing a saturation effect.
In addition, according to linear discriminant analysis models,

propenyl- and propynyl-modified sensors (sensors S3−S6)
proved to be more accurate in distinguishing specific analytes
compared to unmodified sensors (sensor S1). Propyl-modified
sensors (sensor S2) consistently performed with the least
specificity because of the high noise levels, variability, and drift.
Unmodified sensors consistently were able to selectively
distinguish the type of analyte but not the specific analyte.
However, the best accuracy was achieved by combining features
from different sensors. In general, combining a feature from an

unmodified sensor for the hydrophilic surface and a feature
from a propenyl-modified sensor for increased sensitivity and
stability afforded the highest analyte specificity.
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■ ABBREVIATIONS
FET = field effect transistor
Si = silicon
NW = nanowire

Symbols
Fa, flow of air through liquid analyte
FT, flow of total air flow through system
Ion, on-current
Ioff, off-current
S1, unmodified sensor
S2, propyl-modified sensor (55% coverage)
S3, propenyl-modified sensor (55% coverage)
S4, propenyl-modified sensor (100% coverage)
S5, propynyl-modified sensor (55% coverage)
S6, propynyl-modified sensor (100% coverage)
Vth, voltage threshold
μh, hole mobility
Vg, voltage between gate and source
Vds, voltage between drain and source
Ids, current between drain and source
IV=x, current between drain and source at a specified voltage
(x)
tox, thickness of oxide layer, 300 nm
n, number of nanowires on the FET, ∼50
RNW, the radius of the Si NW, 40 nm
εox, the dielectric constant of silicon oxide, 3.45 × 10−11

LNW, the length of the channel, 2 μm
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