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ABSTRACT: We report on the sensing of different polar and nonpolar volatile
organic compounds (VOCs) in an atmosphere with background humidity
(relative humidity: 40%), using molecularly modified silicon nanowire field
effect transistors (SINW FETs). In this endeavor, a systematic comparative
analysis is performed with: (i) SINW FETs that were functionalized with a
series of molecules having different electron-withdrawing and electron-donating
end groups; and (ii) SINW FETs that are functionalized with a series of
molecules having similar functional groups but different backbone lengths. The
analysis of the sensing signals are focused on three main FET parameters:
(i) changes in the threshold voltage, (ii) changes in the carrier mobility, and
(iii) changes in the on-current, compared to the baseline values under vacuum.

Using discriminant factor analysis, the performance of the molecularly modified
SiNW FETs is further analyzed as sensors array. The combination of sensors having the best discriminative power between the
various VOCs are identified and discussed in terms of their constituent surface modifications.
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Bl INTRODUCTION

The demand for fast, low-cost detection and online monitoring
of volatile organic compounds (VOCs) has increased over the
years in a variety of fields. For example, in the field of health
care applications, the detection and identification of VOCs
may lead to the development of novel, noninvasive diagnostic
methods for a wide range of diseases, including different types
of cancer,"™*° tuberculosis,' " kidney failure, 314 parkinson’s
disease,">'® and many others (cf. recent reviews and refer-
ences 2, and 17—20). In this field, VOCs are used as disease
biomarkers that are released from the infected area(s) to the
bloodstream, from where they are emitted to the exhaled
breath, skin, and urine. In the fields of workplace safety and
environmental monitoring, there is a growing need for
monitoring VOCs from exogamic sources, mostly from
industrial processes,”*> that could be hazardous, even at very
low levels,” to humans, animals, and plants.23

An emerging approach for the detection of VOCs is based on
(semi-) selective recognition by means of silicon nanowire
(SINW) field effect transistors (FETs).>*" Sensors based on
SINW FET' have clear advantages over other sensing platforms:

e In comparison with nanomaterial-based chemiresistors,**~>*
SiNW FETs provide additional degree(s) of freedom in oper-
ation and/or sensing. More specifically, SINW FETs allow
tailoring the response not only by the voltage applied between
the adjacent (source and drain) electrodes, but also by a gate
voltage.””** Hence, SINW FETs allow extracting multiple de-
vice parameters that increase the number of independent sensing
features per sensor during each measurement.*>~>’
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o In comparison to organic FETs, SINW FETs offer a wider
range of carrier mobility.>>*® Although the carrier mobility of
most ‘high-performance’ organic FETs fall in the range of 1—10
cm?/(V s) (with the exception of single crystal structure, which
may achieve higher values®), significantly higher carrier mo-
bility values (1000—1350 cm?/(V $))*>*” have been reported
for SINW FETs. Additionally, the carrier mobility of SINW
FETs can be controlled by a deliberate modification of the
constituent synthesis,***” by the number of SiNWs that lie
between the source and drain electrodes,*” and by other factors.

o In comparison to CNT-based sensors, SINWs are always
semiconducting and the semiconducting-metallic transition is
less affected by the chirality and the diameter.*' Furthermore,
SiNWs can be more easily integrated into standard VLSI fabri-
cation and processing than CN'Ts.**~*

In addition to these advantages, the ability to tailor the
surface chemistry of the SINW surfaces by layers of (bio)
chemical modification®**~>" affects the device’s stability,*>*
enhances the electrical properties,”> > and widens the
possibilities for the interactions between the SiNWs and
the VOCs.'~'?212%5% Despite these prominent advantages, the
currently available SINW FETs have drawbacks. The sensing
capabilities of SINW FETs toward nonpolar VOCs are signifi-
cantly reduced compared to the detection of polar VOCs.
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Table 1. List of Silane Molecules Used in This Study

Table 2. Volatile Organic Compounds (VOCs) Used for the

Exposure Experiments

VOC formula
n-hexane  CH;(CH,),CH;
n-octane CH,(CH,)sCH,
n-decane  CH;(CH,)sCH;
ethanol CH,CH,O0H
1-hexanol ~ CH;(CH,);OH
l-octanol  CH;(CH,),OH

VOC

1-decanol

buthylether
cyclohexanone
1,3,5-trimethylbenzene
chlorobenzene

water

formula
CH,(CH,),0H
(CH,);COCH,4
(CH,)scO
CoHy(CH),
CeH,Cl
H,0

interactions between the VOC molecules and the modified
molecules on the SINW surface via molecular gating, including:

no. of
group  sensor name formula
end 1 trichloro(3,3,3- F,C;H,CL;Si
group trifluoropropyl)silane
2 (3-bromopropyl) BrC;H(CLSi
trichlorosilane
3 (3-aminopropyl) NH,(CH,);(OCH,),Si
trimethoxysilane
4 trichloro(phenethyl)silane CgH,CL3Si
S 1H1H2H2H- F,C oH,CLSi
perfluorodecyltrichlorosilane
chain 6 trichloro(hexyl)silane CeH,5ClLSi
length 7 trichlorododecylsilane C1,H,sCLSi
8 hexadecyltrimethoxysilan C,6H;5(0OCH;);Si
9 trichloro(octadecyl)silane C,sH;,CLSi

In previous studies, we have examined the effect of the
molecular layer structure on the sensing properties of SINW
FETs.>*~* This examination included a systematic monitoring
of the influence of the cross-linking between adjacent molecules
in the molecular layer,”>*’ the influence of the functional (end)
group of the molecular layer,”® and the influence of the chain
length of the molecular layer.”® These studies indicate that polar
VOCs are usually detected through the change of dipole
moment of the molecular layer attached to the SINW and/or
electrostatic effect of the polar VOCs on the SINW channel.”**’
The sensing of nonpolar VOCs has been associated with indirect

(i) changes in the dielectric properties of the functional organic
monolayer; and (ii) changes in the density of charged surface
states at the monolayer/SiO, interface.”>>” In the event of
sensing nonpolar VOCs associated with indirect interactions, it
was found that the longer the chain length of the molecular layer,
the higher VOC molecules adsorbed on SiINW surface, and the
higher the sensing response.”” It was also found that an organic
layer could detect both polar and nonpolar VOCs, and that the
interaction between electron-withdrawing or electron-donating
functional groups and VOC molecules may determine the
direction of threshold voltage change.28 In either case, the effect
of the functional group on the shift direction of the threshold
voltage was found to be more significant compared to the
effect of chain length.zg’29 Moreover, it has been proven that
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Figure 1. (a) Scheme of SINW sensor modified with silane monolayers that have either different functional groups or different alkyl chain lengths.
(b) Image of the SINW sensor arrays used in this study. Twenty sensors are loaded on a custom-made circuit board (green color) and VOC exposure
measurements are performed in a stainless steel chamber. (c) Iy, (at V=2 V) as a function of V, for sensor 5 at exposures to chlorobenzene. (d) I,
(at Vg4 = 2 V) as a function of time during an exposure cycle at V= —18 V.
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Figure 2. The AV, Ay, and Aly of bare and molecularly-modified SINW FETSs upon exposure to nonpolar VOCs at p,/p, = 0.4. (a—c) Display of
the changes in the parameters for different end groups. (d—f) Display of the changes in the parameters for different chain length.

eliminating the trap groups, such as hydroxyl groups (OH),
decreases the hysteresis effect and improves the sensing
properties even at different levels of humidity.>®

In the present study, we have explored the sensing perfor-
mance of SINW FETs with a variety of surface modifications
upon exposure to different polar and nonpolar VOCs in an at-
mosphere of real-world background humidity (relative hu-
midity: 40%). We have systematically analyzed and compared:
(i) SINW FETs that were functionalized with a series of
molecules having different electron-withdrawing and electron-
donating end groups; and (ii) SiNW FETs that were func-
tionalized with a series of molecules having similar functional
groups but different backbone lengths. The analysis focused on
the following sensing parameters of the SiNW FET sensors: (i)
changes in the threshold voltage (AVy), (ii) changes in the
mobility (Apy,), and (iii) changes in the on-current (AL,),
compared to the baseline values under vacuum. Furthermore,
we have analyzed the discriminative power of sensor-arrays
based on different combinations of molecularly modified SINW
FETs, using discriminant factor analysis and leave-one-out
cross-validation. The optimized sensor-arrays allowed excellent
discrimination between polar and nonpolar VOCs, as well as
between the separate VOCs inside each group (polar and non-
polar), even in the presence of a realistic humidity back-
ground. The discriminative power of the different sensor-
combinations is discussed in terms of their constituent surface
modifications.

11174

B EXPERIMENTAL SECTION

SiNW Synthesis. p-Type SiNWs having 8.5 + 1.5 ym length and
40 + 8 nm diameter were grown on Si substrates by means of chemical
vapor deposition, using Au as catalyst and a 1:20 000 gas mixture of
SiH, and B,H, as described in refs 28 and 54. The grown SiNWs had
a single crystalline Si core covered by S + 1 nm of SiO, and contained
pronounced low index facets, such as (111), (100), and (112).**%°

SiNW FET Fabrication. The fabrication of FETs based on aligned
arrays of Si NWs was described in ref 28. Briefly, the Au catalyst at the
opposite end of the grown SINW attached to the growth substrate, the
SiO, layer coat each Si NW, and the residual Au contamination of the
SINW surface were carefully removed by immersing the SINWSs’
growth substrate for 15 s in buffered HF, followed by 2 min of
KI:L,:H,O (mass ratio 4:1:40). The SINWs’ growth substrate was then
placed in a vial with S mL ethanol. The vial was introduced into an
ultrasonication bath for 6 s to distribute the SINWs from the growth
substrate to the ethanol. The ethanol containing SiNWs was then spray-
coated on pre-cleaned SiO,/Si(100) (p-type; resistivity, 0.001 Q cm;
300 nm thermal oxide; 10 nm Ti/200 nm Au back gate). The spray
coating process (described in ref SS5) generated well-aligned NW
arrays (~1 NW/100 um?*).The SiNWs/substrates were then rinsed
with acetone, methanol, and ethanol and followed with a treatment
of 1 min 50 W oxygen and S s buffered HF. Finally, 18 pairs of 10 nm
Ti/110 nm Au interdigitated source-drain (S/D) electrodes (length,
1300 pm; width, 2 pum; spacing, 2 ym) were applied on top of the
SiINWs by means of photolithography (using Karl Suss MA6Mask
Aligner) and lift-off processes, as described in more detail elsewhere.*®
The number of contacted SiNWs with S/D electrodes was examined
by optical microscopy (Olympus BXSIRF-S; dark field mode) and
scanning electron microscopy (e-LiNE, Raith, Dortmund, Germany).
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Figure 3. AVy, Ay, and Alyy of bare and molecularly modified SINW FETs on exposure to polar VOCs at p,/p, = 0.4. (a—c) Display of the
changes in the parameters for different end groups. (d—f) Display of the changes in the parameters for different chain length.

Modification of the SiNW FETs. The fabricated SiNW FETs
underwent a cleaning process which included several steps: (i)
sonication in acetone, methanol, and isopropanol for 1 min for
each solvent; (ii) drying in spin coater for 1 min at 4000 rpm; (iii)
plasma process (30 min, SO W oxygen). A silane solution was made
with toluene solvent for NH,(CH,);(OCH,);Si, CgH,Cl;Si,
C16H33(OCH;),Si modifications. For the other modifications, the
solvent was chloroform. The reaction time for the most of the
modifications was 40 min. CgHyCLSi and C;¢Hi3(OCH;);Si were
the exceptional cases, in the sense that the reaction time was 70 min.
At the end of the reaction time, all the samples were washed with the
same solvent from the preparation solution and were sonicated for
10 min and dried with a spin coater for 1 min at 4000 rpm. The
samples were stored in vacuum oven (0.1 mtorr) at 100 °C. Table 1
presents the studied modifications. As seen in the table, the molecular
modifications were divided into two main groups: (i) a series of
molecules having different electron-withdrawing and electron-donating
end groups but with equivalent chain lengths and different linking
groups; except for sensor S, which had a different configuration of the
backbone; and (ii) a series of modifications with the same end groups
(CH,;) but with different backbone lengths.

Surface Analysis. XPS analysis was performed to verify the pre-
sence of the relevant modification on the device’s surface. Bare and
molecularly modified SiNW arrays on 200 nm Al/Si(100) substrates
were tested by X-ray photoelectron spectroscopy (XPS) for surface
characterization (Thermo VG Scientific, Sigma Probe, England;
monochromatized X-ray Al Ka 1486.6 eV source), as described

elsewhere.”®”” The XPS spectra was analyzed by a peak fitting software
(XPSPEAK version 4.1) after subtraction of a Shirley background,
while using C 1s (C—C) peak at 285.0 eV as a reference for binding
energy calibration. Evaluation of the surface layer thickness was made
by spectroscopic ellipsometer (SE, M-2000 V, J. A. Woollam Co.,
Inc.). Bare and molecularly modified SiO,/Si substrates were tested at
60, 65, 70, 75, and 80° incidence angles on an open sample stage, as
described elsewhere.”® The molecular layer thickness was determined
by a three-phase functional layer/native oxide/Si(111) model. An
absorption-free Cauchy dispersion of the refractive index with values of
n (146 at 1000 nm, 1.61 at 250 nm) was assumed for all molecular
cap-layers. Thickness assessment was made by examining the samples
before and after modification.

Sensing Measurements of the Modified SiNW FETs. The
fabricated SINW FET devices were bonded to TO-S holders and
loaded to a custom-made circuit board. The circuit board was then
inserted into a stainless steel chamber (total volume of ~100 mL)
connected to a set of device analyzers. The sensing measurements to
VOCs’ exposures were performed using Keithley 2636A system
SourceMeter and Keithley 3706 system Switch/Multimeter. A
Labview-controlled automated flow system delivered pulses of VOCs
at controlled concentrations. In a typical experiment, sensors were
kept for 1S min in vacuum, followed by 20 min of VOC vapor in air,
followed by another S min of vacuum environment to purge the
system. Electrical measurements of source—drain current (I4) vs. back
gate voltage (V,) at source—drain voltage (V) of 2 V were recorded
prior, during, and after the exposure. The VOC vapor was generated

dx.doi.org/10.1021/am403421g | ACS Appl. Mater. Interfaces 2013, 5, 11172—11183
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(a) AV, (V) at p/p~0.02

(b) AV, (V) at p/p;=0.04

Figure 4. AV, (V) for all the studied sensors at various p,/p, values: (a) p,/p, = 0.02; (b) p./p, = 0.04; (c) p./p, = 0.1; (d) p./p, = 0.4. The values

were calculated by subtracting the average value of the initial vacuum step from the average value of the exposure to VOC.

through a bubbler system. Air was bubbled into VOCs liquid phase. As
a result, vapors from the VOCs were formed. Four increasing concen-
trations of vapor in air were tested, p,/p,= 0.02, 0.04, 0.1, and 0.4 (p,
and p, represent VOC’s partial pressure and the total vapor pressure,
respectively). The measurements were performed at ambient humidity
background of 40% relative humidity. The background humidity
was introduced as a real-world confounding factor. Table 2 lists the
examined VOCs in the experiment.

Data Analysis. The following parameters were extracted for each
sensor response: (i) changes in the threshold voltage (AVy,), (ii) changes
in the carrier mobility (Agy), and (iii) changes in the on-current
(AIoy), compared to the baseline values under vacuum. Discriminant
Factor Analysis (DFA)® was performed for an advanced discrim-
ination between different VOCs. DFA is a supervised, linear method
based on a training set of classified information. In this method, new
orthogonal axes (canonical variables) are found as a linear combi-
nation of the input variables. These factors are calculated to: (i)
minimize the variance inside each class, (ii) maximize the variance
between the different classes. Leave one out cross-validation method
calculates the discrimination accuracy. Given n measurements, the
DFA was computed n times using n — 1 training vectors. The vector
left out during the training part is projected onto the DFA model
which was built, creating a discrimination result. The discrimination
accuracy is valued as the averaged performance over the n tests.

Statistically significant differences (p-values) between canonical
variables of the different classes were studied using the Wilcoxon test, a
non-parametric statistical test for data that is not normally distributed.

Values p < 0.05 were considered to be a significant statistical
separation between the two tested classes.

B RESULTS

General Electrical Characteristics of the FETs. Two sets
of SINW FET's were prepared as described in the Experimental
Section. The first set incorporated a series of molecules with
different end groups but with equivalent chain lengths and
different linking groups; except for sensor S, which had a dif-
ferent configuration of the backbone. The second set
incorporated a series of modifications with the same end
groups (CH;) but with different backbone lengths and different
linking groups. The XPS and ellipsometry results agreed well
with the results reported previously”®** and confirmed the pre-
sence of a monolayer on the surface for all the sensors.

Figure la presents a schematic illustration of the molecularly
modified SINW FET's and Figure 1b presents a photo of SINW
FET arrays used in this study. Figure 1c shows the recorded I
vs. V; data of sensor S at exposures to chlorobenzene as a
representative example. As seen in Figure 1, the Iy, values were
similar for all vacuum steps. At the same V,, on exposure to
chlorobenzene, the I4 increased compared to the vacuum steps
(Figure 1d). The higher was the p,/p, of chlorobenzene the
higher the I;. On the basis of the series of measured Iy vs.
V, curves, AVy, Apy, and Algy (Ioy is defined as the Iy at

dx.doi.org/10.1021/am403421g | ACS Appl. Mater. Interfaces 2013, 5, 11172—11183
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(a) Apy, (cm?/V-sec) at p/p;~0.02

(b) Apy, (cm?/V-sec) at p/p,~=0.04
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Figure 5. Ay, (cm?/(V s)) for all the studied sensors at various p,/p, values: (a) p,/p, =0.02; (b) p./p, = 0.04; (c) p./p, = 0.1; (d) p./p, = 04.

Vy = —40 V) were calculated on exposure to VOCs. The results
were plotted in Figures 2 and 3.

Effect of the End Group on the Responses to
Nonpolar VOCs. As a control, the responses of SINW FET
without molecular layer modification (bare SiNW FET) were
tested. The bare SINW FET showed the largest response in
AV, on exposure to hexane (Figure 2a). Of all examined
modifications, the bare SiNW FET showed the smallest
responses in AVy, on exposure to all tested nonpolar VOCs.
Moreover, the bare SINW FET exhibited the smallest responses
in Apy, and Aloy on exposure to octane amongst all examined
VOCs (see Figures 2b and c).

Sensor 1 exhibited negative AV}, on exposure to all nonpolar
VOCs; sensors 2—5 exhibited positive AVy, on exposure to all
nonpolar VOCs (see Figure 2a). Among the tested sensors,
sensor S displayed the largest AVy, for all the examined VOCs.
The AVy, of sensors 3 and 5 exhibited a decreasing trend with
the increased chain length of the nonpolar VOCs. In contrast,
sensors 1 and 2 showed the largest AVy, on exposure to octane,
compared to the other examined VOCs.

All tested sensors exhibited positive Ay, values to all non-
polar VOCs (see Figure 2b). For the nonpolar VOCs, sensors
1, 4, and 5 exhibited the largest Ay, when exposed to octane,
whereas sensors 2 and 3 showed the lowest Ay, to octane.

All examined sensors exhibited positive Ay values to all
nonpolar VOCs (see Figure 2c). Sensor 2 showed the smallest
Aloy on exposure to all nonpolar VOCs, compared to other

sensors. For nonpolar VOCs, sensors 1, 3, and 4 displayed the
smallest Aly on exposure to octane, while sensor S displayed a
decreasing trend in Algy as the chain length of the nonpolar
VOC:s increased.

Effect of Chain Length on the Responses to Nonpolar
VOCs. Sensor 6 exhibited negative AV}, values, whereas sen-
sors 7—9 exhibited positive AVy, values on exposure to all non-
polar VOCs (see Figure 2d). AV, of sensor 6 increased with
the chain length of the nonpolar VOCs. In contrast, the AVy, of
sensor 7 decreased as the chain length of the VOCs increased.
On exposure to octane, the AVy, of sensors 7—9 decreased as
the alkyl chain length of the molecular layers increased.

Sensors 6—9 exhibited positive A, on exposure to all non-
polar VOCs (see Figure 2e). Moreover, sensors 7 and 9
exhibited increased Apy values as the chain length of the
nonpolar VOCs increased. On exposure to octane and decane,
the Ay, of sensors 7, 8 and 9 showed an increasing trend as the
alkyl chain length of the molecular layers increased.

Similar to the trend observed in AVj, sensor 6 exhibited
negative Alyy values, whereas sensors 7—9 exhibited positive
values Aloy on exposure to all nonpolar VOCs (see Figure 2f).
Moreover, the Al of sensors 7—9 exhibited an increasing trend
with increased alkyl chain length of the molecular layers on
exposure to all nonpolar VOCs.

Effect of the End Group on the Sensing Signals to
Polar VOCs. As shown in Figure 3a, the bare SINW FET
exhibited negative AVy, on exposure to ethanol and octanol

dx.doi.org/10.1021/am403421g | ACS Appl. Mater. Interfaces 2013, 5, 11172—11183
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Figure 6. Aloy(A) for all the studied sensors at various p,/p, values: (a) p./p, =0.02; (b) p./p, =0.04; (c) p./p, = 0.1; (d) p./p, = 0.4.

Table 3. Classification Accuracy and p-Value of the Table 4. Discrimination Accuracy of Groups of Polar VOCs,
Discrimination between Polar and Nonpolar Groups with Nonpolar VOCs and Water with Different Sensor
Different Sensor Combinations And with a Bare Sensor Alone Combinations and with a Bare Sensor Alone
sensor combination  discrimination accuracy (%) p-value sensor combination discrimination accuracy (%)
(i) all sensors 93.75 <0.0001 (i) all sensors 95.83
(ii) sensors 1—-5 66.67 <0.0001 (ii) sensors 1—5 77.08
(i) sensors 6—9 91.67 <0.0001 (i) sensors 6—9 85.42
(iv) sensors 3,4, S, 6 79.17 <0.0001 (iv) sensors 3, 4, S, 6 75.00
bare 62.50 0.0009 bare 52.10

(a) ; Polar and Non-Polar: All sensors (b) Polar and Non-Polar: Bare sensor
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Figure 7. Discrimination accuracy between polar and nonpolar groups by using: (a) A combination of all the studied sensors; and (b) A bare sensor.
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Figure 8. Discrimination accuracy between groups of polar VOCs,
nonpolar VOCs and water by a combination of all the sensors. The
arrow direction indicates an increasing concentration of water from
p./po = 0.02 to p,/p,= 0.4. For the polar and nonpolar groups, this
trend was not evidenced.

and nil AV} on exposure to hexanol. Exposure of the bare
SiINW FET for the rest of the VOCs exhibited positive AV,
The largest AVy, (—2.4 + 0.39 V) was obtained on exposure of
the bare SINW FET to ethanol.

The bare SINW FET exhibited negative Ay, (—0.14 =+
0.04 cm?/(V's)) on exposure to water and positive Ay, on ex-
posure to all other examined VOCs (see Figure 3b). The largest
Ay (1.3840.05 cm?/(V s)) was observed on exposure to
ethanol. The Ay, of bare SINW FET decreased as the chain
length of alcohol VOCs increased.

The bare SiNW FET exhibited the largest changes in Al
(1 X 107+ 1.03 X 1077 A) on exposure to ethanol and the
smallest Ay on exposure to decanol (2.54 X 107 + 1.54 X
1077 A). The Aloy value for the water exposure was negative
(=291 X 107 + 1.33 X 1077 A). For this sensor, a decreasing
trend of Aloy was observed as the chain length of alcohol
VOCs increased (see Figure 3c).

Sensor S exhibited the largest AVy, for all the VOCs, com-
pared to other sensors (see Figure 3a). Sensors 2, 3, and §
presented positive AVy, values for all examined polar VOCs.
Sensor 1 displayed positive AV} values upon exposure to
cyclohexanone, while it showed negative responses to the rest
of the polar VOCs. Sensors 1 and 4 were the only sensors that
presented a negative AVy on exposure to water. Sensor 1
exhibited an increasing trend in AVy, with the chain length of
alcohol VOC:s: i.e., ethanol (—0.62 + 0.2 V), hexanol (—1.29 +
0.24 V) and octanol (—5.12 + 0.29 V). In contrast, sensor 2
exhibited a decreasing trend in AV}, as the chain length of these
alcohols increased. A similar decreasing trend in AVy as
observed in sensor 2 was shown in sensor 5 with the exception
of ethanol (i.e. hexanol, octanol and decanol).

Sensors 2—4 exhibited negative Ay, for water, while positive
for all the other VOCs (see Figure 3b). Among the tested polar
VOCs, sensors 1—4 displayed the largest Ay, value on exposure
to buthylether. As the chain length of alcohol VOCs increased
(i.e. ethanol, hexanol and octanol), the Ay, of sensor 2 showed
an increasing trend. However, no clear chain length dependent
trend was observed in the other sensors.

Sensor 2 showed the smallest Al on exposure to all
polar VOCs, compared to sensors 1 and 3—S5 (see Figure 3c).
Sensor 5 was the only sensor that exhibited positive Aloy on
exposure to all polar VOCs. Sensors 2—4 presented negative
Algy on exposure to water and possible values for all other

Table S. Discrimination Accuracy of Alcohols, Polar and
Nonpolar VOCs, with Individual Sensors and Sensor
Combinations at RH = 40%

discrimination accuracy (%)

polar (with
water) alcohols  nonpolar

(i) all sensors 94.44 100.00 83.33
(ii) sensors 1—5 69.44 100.00 83.33
(iii) sensors 6—9 86.11 100.00 83.33
(iv) sensors 3,4, S, 6 91.67 100.00 83.33
sensor 1 30.56 56.25 41.67
sensor 2 13.89 50.00 50.00
sensor 3 13.89 62.50 75.00
sensor 4 19.44 37.50 75.00
sensor S 38.89 93.75 83.33
sensor 6 69.44 100.00 75.00
sensor 7 30.56 62.50 58.33
sensor 8 22.22 37.50 50.00
sensor 9 33.33 62.50 25.00
bare 30.56 50.00 8.33
% of sensors with accuracy above the 30 60 100

bare accuracy

VOCs. Buthylether presented the largest Al for sensors 2—4,
compared to all other examined polar VOCs. Alyy of sensor 3
presented an increasing trend as the chain length of alcohol VOCs
increased (ie. ethanol, hexanol and octanol). Sensor S exhibited
the largest positive Al values for ethanol (9.57 X 107 + 9.45 X
107% A) and buthylether (9.31 X 107° + 1.85 X 1077 A) and the
smallest Al on exposure to octanol (32 X 107° + 1.85 X
1077 A) compared to other polar VOCs. As the chain length of
alcohol VOCs increased (i.e. ethanol, hexanol and octanol), the
Al of sensor S showed a decreasing trend.

Effect of the Chain Length on the Sensing Signals to
Polar VOCs. Sensor 9 exhibited the most negligible AV,
compared to sensors 6—8 (see Figure 3d). Sensor 6 exhibited
negative AVy, for all examined polar VOCs, except for hexanol,
which showed a small positive AVy. Moreover, sensor 6
displayed the largest AVy, (—3.76 + 0.51 V) on exposure to
ethanol, compared to the other polar VOCs. Upon exposure to
hexanol, trimethylbenzene, buthylether, and water, AVy, of
sensors 7—9 exhibited a decreasing trend as the alkyl chain
length of the molecular layers increased. In addition, sensor 7
showed the largest AVy, (7.22 = 0.65 V) on exposure to water,
compared to all other examined polar VOCs. As the chain
length of alcohol VOCs increased (i.e. hexanol, octanol and
decanol), the AV, of sensor 8 showed a decreasing trend.

Sensors 6 exhibited the positive Ay, in response to all polar
VOCs (see Figure 3e). On exposure to water, sensor 6
exhibited a positive Ayy, value, whereas sensors 7—9 exhibited
negative Ay, value. Sensor 6 displayed the largest Ay (1.38 +
0.05 cm?/(V s)) on exposure to ethanol, compared to the other
polar VOCs. Likewise, sensor 9 exhibited the largest Az, (0.79 +
0.08 cm*/(V s)) for buthylether and the smallest Ay, on exposure
to decanol (0.17 + 0.03 cm®/(V s)). As the chain length of the
alcohol VOCs increased (i.e. hexanol, octanol and decanol), the
Ay, of sensor 8 showed a decreasing trend. Additionally, sensor 8
showed the smallest Ay, value for trimethylbenzene and
chlorobenzene exposures (0.44—0.67 cm?/(V s)) and the largest
Apy, value for hexanol (1.53 + 0.08 cm®/(V s)). Sensors 7 and 9
exhibited an increasing trend in Ay, as the chain length of alcohol
VOCs increased (i.e. ethanol, hexanol and octanol).
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Figure 9. DFA models discriminating the VOCs inside each VOC group: (a) alcohols with a combination of all the sensors; (b) alcohols with sensor
6. The direction of the blue, red and the green arrows indicate a clear trend of increasing concentration (p,/p,) of ethanol, octanol and decanol,
respectively; (c) nonpolar VOCs with a combination of all the sensors. No clear trend was observed in terms of concentration for each VOC; and
(d) nonpolar with sensor S. The direction of the blue, green, and red arrows indicate a clear trend of increasing concentration (p,/p,) of hexane,

octane, and decane, respectively.
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Figure 10. DFA model for discriminating between the VOCs within
the polar group with a combination of all the sensors.

Sensor 6 displayed negative Alyy values for all examined
polar VOCs (see Figure 3f). Sensors 7—9 displayed negative
Ay values for water and positive Al values for the rest of
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the polar VOCs. Furthermore, on exposure to octanol,
trimethylether, chlorobenzene, cyclohexanone and water, the
absolute Algy values of sensors 7—9 increased as the alkyl
chain length of molecular layers increased. On exposure to
alcohols (i.e. ethanol, hexanol and octanol), the Alyy of
sensors 6, 7, and 9 increased as the chain length of the alcohol
VOC:s increased. In contrast, the Al of sensor 8 decreased as the
chain length of these alcohol VOCs increased.

B DISCUSSION

We have observed a certain variability of the sensing signals Vy,
Uy, and Iy for SINW FETs with different surface modifications.
To illustrate this variability, the summarized results from the
data analysis which are described in the Results section are
presented as hot plots in Figures 4—6. As shown, each sensor
responded differently in terms of Vy, p1,, and Ioy to the tested
VOCs. However, none of the separate sensors showed sufficient
chemical and quantitative selectivity to allow precise VOC
identification and quantification based on a single sensor alone.
Nevertheless, the observed moderate selectivity between the
sensors could be exploited for designing flexible, precise and self-
learning artificial olfactory systems for specific applications. For
this purpose, we have grouped different sensor combinations into

dx.doi.org/10.1021/am403421g | ACS Appl. Mater. Interfaces 2013, 5, 11172—11183
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Table 6. Discrimination Accuracy and p-Value of Each Polar VOC with Different Sensor Combinations and Individual Sensors

discrimination accuracy (%) (p-value)

ethanol hexanol octanol decanol
all sensors 100.00 97.22 97.22 94.44
(0.0014) (0.0014) (0.0014) (0.0014)
sensors 1—5 88.89 86.11 100.00 94.44
(0.0023) (0.002) (0.0014) (0.0014)
sensors 6—9 91.67 77.78 97.22 94.44
(0.0014)  (0.002) (0.0014)  (0.0014)
sensors 3, 4, 5, 6 94.44 88.89 100 83.33
(0.0014)  (0.0017)  (0.0014)  (0.0023)
sensor 1 80.56 55.56 91.67 50.00
(0.0095) (0.5971) (0.0017) (0.1128)
sensor 2 72.22 63.89 80.56 80.56
(0.0251) (0.4655) (0.0038) (0.0168)
sensor 3 61.11 55.56 66.67 63.89
(0.0591) (0.1993) (0.0324) (0.0468)
sensor 4 55.56 52.78 63.89 58.33
(0.3263) (0.4353) (0.1247) (0.3263)
sensor S 80.56 69.44 94.44 94.44
(0.0052)  (0.0192)  (0.0027)  (0.0014)
sensor 6 75.00 63.89 97.22 77.78%
(0.0146)  (0.1247)  (0.0023)  (0.0038)
sensor 7 75.00 75.00 55.56 75.00
(0.0110) (0.0739) (0.0662) (0.0082)
sensor 8 58.33 69.44 83.33 75.00
(0.0917) (0.1376) (0.0027) (0.0526)
sensor 9 66.67 77.78 66.67 83.33
(0.0739) (0.0146) (0.0739) (0.0052)
bare 80.56 63.89 86.11 75.00
(0.0526) (0.1376) (0.0127) (0.0095)
% of sensors with accuracy 0 40 30 30

above the bare accuracy

trimethylbenzene buthylether chlorobenzene cyclohexanone water
94.44 100.00 94.44 94.44 100.00
(0.0014) (0.0014) (0.0014) (0.0014) (0.0014)
77.78 94.44 94.44 80.56 94.44
(0.0110) (0.0020) (0.0017) 0.0032) (0.0014)
88.89 100.00 77.78 88.89 86.11
(0.0014) (0.0014) (0.0071) 0.0023) (0.0014)
94.44 91.67 86.11 83.33 97.22
(0.0017) (0.0014) (0.0017) (0.0017) (0.0014)
5833 61.11 61.11 69.44 66.67
(0.0415) (0.5627) (0.0917) 0.0192) (0.0526)
63.89 83.33 44.44 69.44 77.78
(0.1247) (0.0220) (0.4655) (0.0825) (0.0045)
58.33 86.11 50.00 52.78 91.66
(0.1019) (0.0146) (0.1663) (0.3201) (0.0017)
38.89 72.22 55.56 63.89 91.66
(0.8208) (0.0917) (0.2368) (0.1128) (0.0014)
63.89 47.22 7222 66.67 75.00
(0.1019) (0.0739) (0.0285) (0.0367) (0.0061)
86.11% 88.89% 80.56% 69.44% 75.00%
(0.0110) (0.0023) (0.0127) (0.0367) (0.0052)
61.11 77.78 61.11 58.33 80.56
(0.1019) (0.0739) (0.1376) (0.1993) (0.0045)
47.22 88.89 63.89 66.67 91.66
(0.0917) (0.0220) (0.1128) (0.9799) 0.0052)
80.56 7222 61.11 7222 75.00
(0.0017) (0.0367) (0.0739) (0.0127) (0.0038)
63.89 52.78 75.00 69.44 80.56
(0.0662) (0.5292) (0.0468) (0.0285) (0.0071)
20 80 10 10 30

an array and studied their discriminative power for polar and
nonpolar VOCs.

We have evaluated systematically the discriminative power of
different combinations of the nine molecularly modified SINW
FETs in this study (see Table 1). For this purpose, we built
predictive models for the different sensor arrays, using
discriminant function analysis (DFA). The classification success
of the DFA models was tested using leave-one-out cross
validation.

Discrimination between Polar vs. Nonpolar by SiNW
FET Array. We started our systematic comparative study by
discriminating between polar and nonpolar groups. We com-
pared the performance of the bare SINW FET alone to the
improved performance of four different sensor combinations:
(i) all ten sensors together (nine molecularly modified SINW
FETs and 1 bare Si NW FET); (ii) five SINW FETs that were
functionalized with a series of molecules having different
electron-withdrawing and electron-donating end groups; (iii)
four Si NW FETs that were functionalized with a series of
molecules having similar functional groups but different
backbone lengths; and (iv) a selection of four molecularly
modified SiNW FETSs that contained different end-groups and
different chain lengths.

Table 3 lists the p-values of the separation in the various DFA
models (calculated using Wilxocson test for data that is not
normally distributed) and the discrimination accuracy after cross-
validation. Foreseeably, combining all ten sensors gave the most
accurate results with 94% classification success, whereas the
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classification by the bare (SINW FET) sensor was almost
random. Clearly, the molecularly modified SINW FET's showed
significantly improved discrimination accuracy between polar
and nonpolar groups, compared to the bare sensor. Figure 7
compares the DFA map for these two extreme cases. Combining
the sensors that were functionalized with monolayers of different
chain length provided a discrimination accuracy of 92%. On the
other hand, combining the sensors that were modified with
different functional groups produced clearly inferior results in
this application (classification accuracy: 67%).

Discrimination between Polar VOCs, Nonpolar VOCs,
and Water. In the next step, we have refined the previous
application to discriminate polar from nonpolar VOCs other
than water. For this purpose we have attempted a three-fold
discrimination, treating water vapor samples of different RH
levels as separate group of VOCs. The classification accuracies
after cross-validation of the different sensor arrays are given in
Table 4. The discriminative power was greatly enhanced by
including the modified SiNW FETs. As before, the full array
of 10 sensors gave the best, near perfect discrimination (see
Figure 8), whereas the bare sensor alone produced entirely
random results in this case. The discrimination by sensors
having different chain length was slightly better than by sensors
having different end-groups, but in this application, the dif-
ferences were less pronounced than for the polarity separation
without considering water as a separate group. Indeed, the
three sensor combinations (ii), (iii), and (iv) yielded compar-
able classification accuracy for the present application.
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Table 7. Discrimination Accuracy and p-Value of Each
Nonpolar VOC with Different Sensor Combinations and
Individual Sensors

discrimination accuracy (%)

(p-value)
hexane octane decane
All sensors 100.00 83.33 100.00
(0.0085) (0.0085) (0.0085)
sensors 1—5 100.00 83.33 100.00
(0.0085)  (0.0085)  (0.0085)
sensors 6—9 75.00 50.00 100.00
(0.0085)  (0.1488)  (0.0085)
sensors 3, 4, S, 6 91.67 83.33 100.00
(0.0085)  (0.0138)  (0.0085)
sensor 1 58.33 91.67 58.33
(0.1066)  (0.0085)  (0.2696)
sensor 2 58.33 91.67 50.00
(0.1066) (0.0219) (0.3502)
sensor 3 91.67 66.67 50.00
(0.0085) (0.0508) (0.0745)
sensor 4 66.67 41.67 91.67
(0.1066) (0.2027) (0.0138)
sensor S 83.33 50.00 100.00
(0.0219)  (0.5522)  (0.0085)
sensor 6 83.33 58.33 100.00
(0.0085)  (0.4447)  (0.0085)
sensor 7 75.00 33.33 58.33
(0.1066)  (0.9323)  (0.1488)
sensor 8 66.67 50.00 58.33
(0.1488) (0.4447) (0.2696)
sensor 9 16.67 41.67 50.00
(0.7989) (0.3502) (0.2027)
bare 16.67 33.33 41.67
(0.7989) (0.2696) (0.4447)
% of sensors with accuracy above the  80.00 80.00 100.00

bare accuracy

Subclassification of VOCs. Further DFA models were
derived to investigate the discrimination accuracy of separate
VOCs within well-defined chemical groups (alcohols, other
polar and nonpolar compounds) with individual sensors and
combinations of the modified sensors. The discrimination
accuracy within each group is listed in Table S. The results for
discriminating different polar VOCs from each other varied
among the different sensor arrays and showed the same trend
that was observed in the previous two applications. However,
the discrimination among the alcohols and among the nonpolar
VOC:s did not vary at all among the different sensor combina-
tions. Perfect classification (100% accuracy) was achieved for
the alcohols with all tested combinations, and very good, stable
results (83% accuracy) were obtained for the nonpolar VOCs.
Interestingly, optimal classification results could be reached for
discrimination alcohols (sensor 6) and nonpolar VOCs (sensor
5) with particular single sensors, but not for separating the
polar VOCs. Figure 9 compares the DFA models based on all
sensors and on the respective single best sensor for the alcohols
and nonpolar VOCs. It should be noted that in some of the
DFA maps, a clear trend can be seen in terms of the VOC
concentration (p,/p,). Figure 10 shows the best result (all 10
sensors) for the polar subgroup.

Identification of a Specific Polar VOC by SiNW FETs
Array. We have studied the identification of particular polar
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VOC from among the overall group of the polar VOCs. Table 6
summarizes the discrimination accuracy and the p-values for
each of the studied VOCs. As could be seen in the table, the
combination of all the 10 sensors had the highest discrim-
ination accuracy for all the VOCs. The discrimination accuracy
of the sensor array with different chain length was not sig-
nificantly different from the accuracy of the array having purely
end group variations. Some modified sensors showed better
discrimination compared to the bare sensor, whereas sensors
with other modifications showed inferior results. For the
alcohols, chlorobenzene, cyclohexanone, and water, better dis-
crimination accuracy was achieved by the bare sensor (the
percentage of the number of the sensors with accuracy above
the bare SINW FET accuracy was under 40%).

Identification of a Specific Nonpolar VOC by SiNW
FETs Array. Finally, we have tested the identification of par-
ticular nonpolar VOCs from among the group of the nonpolar
compounds (see Table 7). We observed that the addition of
surface modification significantly improved the ability to dis-
criminate a specific nonpolar VOC from the other nonpolar
VOC:s. This can also be seen by the discrimination accuracy of
each individual sensor and the sensors’ combinations compared
to the bare sensor.

B SUMMARY AND CONCLUSIONS

We have demonstrated that molecularly modified SINW FETs
are powerful tools for VOC detection and discriminations in an
atmosphere with real-world background humidity. Three main
sensing parameters of the SINW FET's as compared to the base-
line values in initial vacuum were selected as sensing signals:
threshold voltage change (AVj,), mobility change (Apuy) and
I, current change (Al,,) on exposure to VOCs. A systematic
overview was provided of the effect of different types of surface
modifications, including different electron-withdrawing, elec-
tron-donating end groups, and different backbone lengths.
Systematic trends of the surface modification type were
established by analyzing the performance of the molecularly
modified SINW FETs as elements of sensor arrays for sensing
VOCs. The sensor combinations having optimal discriminative
power were identified and discussed in terms of their
constituent surface modifications. The optimized sensor arrays
allowed excellent VOC discrimination according to their
polarity. Additionally, the optimized sensors array allowed
excellent discrimination between the separate VOCs inside
each group (alcohols, other polar and nonpolar), even in the
presence of a realistic humidity background. The results
published here show that the sensitivity and accuracy of the
cross-reactive array can be tailored to detect the molecules of
interest, using appropriate combinations of molecule-termi-
nated Si NW FETs. Ultimately, this approach could lead to the
development of cost-effective, lightweight, low-power, non-
invasive sensors for the widespread detection of VOCs in real-
world applications, including environmental monitoring, home-
land security, food safety, and health care devices for disease
diagnosis from breath or skin.
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