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ilicon nanowires (Si NWs) have been
successfully employed for both gas'
and liquid*~® phase sensing. SiNWs are
generally used as field-effect transistors
(FETs), though chemiresistors based on Si
NWs have also been demonstrated.”'® Chemi-
resistors are relatively cheap to fabricate
and operate. However, reusability is rather
limited, mainly because they cannot be
regenerated easily. Using Si NW FETs pro-
vides a distinct advantage over competing
strategies. This could be attributed to (i) the
relatively straightforward conductance mea-
surements; (ii) the ability to optimize the
sensing response by applying an optimum
gate voltage(s);>"" and (iii) the ability to con-
trol the electrical properties and effective
analyte delivery to the Si NWs by means of
molecular engineering with organic mole-
cules*'?7'> Added key advantages are the
low power consumption (on the order of
tens of nW per nanowire) and the prospect
of extreme miniaturization.®
Impressive progress has been made in
sensing polar analytes with Si NW FET sen-
sors, using variations of electrical conduc-
tivity measurements®~® and organic func-
tionalization that have strong electronic
interaction with the target polar analytes.
Oxide-coated Si NW FETs were functiona-
lized with amino siloxanes to impart rela-
tively high sensitivity toward pH, and with a
variety of biological receptors to impart
selectivity toward biological species in
solution.>*%~8 Similar approaches were
used for achieving highly sensitive detec-
tion of polar analytes in the gas phase (e.g.,
N,O, NO, C0):2 It is widely accepted that
the conductance of (molecularly modified)
Si NW FET sensors changes in response
to variations in the electric field or the
potential at the conduction channel's outer
surface that result from molecular gating,
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ABSTRACT Silicon nanowire field-
effect transistors (Si NW FETs) have been
used as powerful sensors for chemical and
biological species. The detection of polar
species has been attributed to variations in
the electric field at the conduction channel
due to molecular gating with polar mol-
ecules. However, the detection of nonpolar
analytes with Si NW FETs has not been well
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understood to date. In this paper, we

experimentally study the detection of nonpolar species and model the detection process

based on changes in the carrier mobility, voltage threshold, off-current, off-voltage, and

subthreshold swing of the Si NW FET. We attribute the detection of the nonpolar species to

molecular gating, due to two indirect effects: (i) a change in the dielectric medium close to the

Si NW surface and (ii) a change in the charged surface states at the functionality of the Si NW

surface. The contribution of these two effects to the overall measured sensing signal is

determined and discussed. The results provide a launching pad for real-world sensing

applications, such as environmental monitoring, homeland security, food quality control, and

medicine.
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viz., the binding or adsorption of (bio)-
molecules.”'®"” The analyte molecules'
polarity is believed to dominate their interac-
tion with the surface of the Si NW and, in turn,
the conduction inside the Si NW FET,'>'8~2"
Various electrostatic effects can cause this
molecular gating,®* for example, adsorption
of charged molecules®® or effective charging
of the surface due to the adsorption process.**
In addition, adsorption of a molecular mono-
layer can create a surface dipole, which
changes the surface electron affinity and,
consequently, its work function, depending
on the dipole orientation and magnitude.'*

In contrast to the detection of polar ana-
lytes, the detection of nonpolar analytes with
molecularly modified Si NW FETs still remains
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Figure 1. (a) Schematic representation of the HTS-Si NW FET. (b) Scanning electron microscope (SEM) image of a
representative Si NW FET test device that was modified with HTS functionality. Inset: Transmission electron microscopy

(TEM) image of a representative Si NW.

challenging and limits their widespread use in real-
world applications such as environmental monitoring,
homeland security, quality control in the food industry,
or medical sensing.! Recently, we have used a tailor-
made organic functionalization and recorded electrical
response of Si NW FETs with high signal-to-noise ratio
upon exposure to nonpolar analytes.? Moreover, we
have assigned the observed conductance changes to
the exposure to nonpolar analytes, even in real con-
founding environments with high, fluctuating levels
of humidity as well as “fouling” nonspecific binding.?
The observed molecular effects were explained by indi-
rect analyte—functionality interactions, whereby steric
changes in the functional groups (or receptors) attached
to the Si NW surface affected (i) the dielectric constant
and/or effective dipole moment of the organic mono-
layer and/or (ii) the density of charged surface states
at the SiO,/monolayer interface. Nevertheless, suitable
experimental evidence and modeling relating the Si NW
FET characteristics with in situ physical and electrical
measurements have been lacking.

In this study, we combine quartz crystal microba-
lance (QCM), spectroscopic ellipsometry (SE), Kelvin
probe (KP), and electrical measurements with device
modeling to explore the interaction of the nonpolar
analytes with the Si NW FET. Additionally, we explored
whether the sensing was due to a single effect or a
combination of effects. The results provided clear
evidence for the leading role of molecular gating in
detecting nonpolar analytes with Si NW FETs. The
origin of molecular gating and the underlying physical
principles are discussed in light of the fundamental
parameters of the FET characteristics (carrier mobility,
voltage threshold, subthreshold swing, off-current, off-
voltage, and others).

RESULTS

Individual hexyltrichlorosilane (HTS)-modified Si NW
FETs (Figure 1) were tested when exposed to reference
air and to noninteracting, nonpolar analytes under
15% RH; see Methods. The background humidity was
introduced as a real-world confounding factor.?® Three
nonpolar analytes were examined in the current study
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TABLE 1. Physical Properties of the Analytes Used for the
Exposure Experiments?®

Po’ density
analyte formula  (Torr) K° n.° dipole (D) (g-cm™) volume (A%
n-hexane (H3(CH,),CH; 150 1.88 1.37 0 0.655 13.0
n-octane  (H3(CH,)sCH; 14 194 139 0 0.703 146.6
n-decane CH;(CHy)gCH; 1.4 1.98 141 0 0.730 180.2

? o stands for the analyte's vapor pressure at 25 °C. °k stands for the dielectric
constant of the analyte at 20 °C. “ n.., stands for the electronic part of the refractive
index of the analyte at 20 °C.

(see Table 1). However, for the sake of clear presenta-
tion, we focus on decane, as it had the highest re-
sponse, sensitivity, and detection limit, compared to
octane and hexane.?

Sensing Characteristics of HTS-Si NW FETs. Figure 2 shows
the source—drain current (I4,) versus back-gate voltage
(Vbgs) characteristics of a typical test device during an
exposure cycle. As seen in Figure 2a, the Iy values
obtained upon exposure to reference air and decane,
disregarding the decane's concentration, were similar
at Vg = —30 to —40 V. The Iy, decreased at positive
Vbgs and upon increasing the decane concentration
(see also Supporting Information, Figure 1S)." The gate
voltage that characterized the Iy (Vo) was slightly
shifted to negative Vigs (up to ~3 V shift in Vog) under
different concentrations of decane, even though the
off-current (l,¢) per se preserved its original magnitude
(~7 x 107'?A); see Figure 2b. The subthreshold
(107"°-10"8A) slope of the log Igs—Vpgs Was almost
constant (see also Supporting Information, Figure 1S).
At 76 ppm decane, the ly—Vygs characteristics at
different exposure periods exhibited similar shapes,
but showed significant shifts toward negative Vpgs
(shifts up to ~13 V after 3 h of exposure). As seen in
Figure 2b, the I¢ decreased systematically (i.e., up to
3 x 107 "3A) and the V¢ shifted systematically to a more
negative Vi, i.e., shifts up to ~15 V, under similar
exposure conditions. The subthreshold (107" to 1078 A)
slope of the log I4s—Vigs in this region increased from
0.136 to 0.195 log(A)/V (see Supporting Information,
Figure 2S). In a complementary experiment, a bare Si
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Figure 2. I4s—Vpgs measurements under the three sequen-
tial exposure steps: (i) reference air; (ii) various decane
concentrations; and (iii) constant decane concentration
over time, presented in (a) linear scale and (b) log scale.

NW FET that was exposed to reference air exhibited
unstable electrical characteristics over time (on a scale
of hours). Once stabilized, no response to decane could
be obtained (not shown).

In principle, the analysis of the fundamental para-
meters of the HTS-Si NW FET could be carried out
similar to the analysis of planar silicon-on-insulator
(SOI) FETSs if the different aspects in the device config-
uration are considered. In the SOI FET configuration,?’
the monolayer is attached to the topmost planar SiO,
layer of the device. This way, the monolayer and/or the
analytes affect the channel only from the top, unless a
double-gate configuration?® is used. In the Si NW FET
configuration, the monolayer is attached all around the
oxide sheath of the cylindrical channel, as a gate-all-
around configuration (see schematics in Figure 3).%°

The I4s—Vigs Characteristics seen in Figure 2 resem-
ble those obtained with a double-gate FET (cf. ref 30).In
a double-gate FET structure, one of the gate electrodes
is used as the drive gate and the second gate electrode
is used as a supplementary gate that pins the channel
potential at a fixed voltage.'®'®'? Therefore, one way
to interpret the data in Figure 2 could be to assume
that an effective top supplementary gate (i.e., the gate
surrounds the periphery of the Si NW) was biased.
According to this notion, the effective top gate voltage
(Vefr.tg) is obtained experimentally from /gs—Vi,gs char-
acteristics by extracting the back-gate voltage change
(AVpgs), along a constant Iy, level of the reference at
Vbgs = 0 (50 nA in our case; red line in Figure 2b),
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Figure 3. Cross-section schematics of analyte adsorption
on the HTS-Si NW FET. Analytes can be adsorbed on three
areas of the HTS-Si NW FET device: (i) the Si NW surface
(Area-A); (ii) the back-oxide surface of the FET device (Area-
B); and (iii) the electrical contacts and/or interface between
the Si NW and the electrical contact (Area-C; see inset). Inset:
Top view of the HTS-Si NW FET device.
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Figure 4. Linear (left axis) and log (right axis) presentations
of lys—Vesr.eg Measurements at three constant Vi, (i.e., —5,
0, and 5 V) taken from the I4—Vpys characteristics of
Figure 2.

according to the following relation:*

In({Zdnox + Rnw}/Rnw)

r = Cbox _
|n({2dbox + Rnw}/Rnw)

Cn 0X

m

Veff-tg = Avbgs'r

where C,ox and d,ox are the capacitance and thickness
of Si NW's native oxide, respectively, C,ox and dpox are
the capacitance and thickness of the back oxide of
the substrate, respectively, and R, is the radius of
the Si NW. Using eq 1, I" was calculated to be 0.153.
This value is similar to the I" (=0.137) obtained for Si
NWs (~15 nm characteristic dimensions, 400 nm
back oxide, and 40 nm top oxide) that was reported
elsewhere *°

Figure 4 shows the Iy at three constant Vi,gs (-5, 0,
and +5V) as a function of Veg..q. Under different decane
concentrations (equivalent t0 0 V < Vegrog < 1 V)—lgs
decreased linearly with Vg.g. At @ constant decane
concentration (equivalent to Vegr.¢g > 1V), Iys decreased
exponentially with Veg..q over time. A value of 2.5 V for
Vetrtg, Which was induced by the decane molecules on
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TABLE 2. Calculated Effective Voltage, Interface State Level Density Change, Potential Change at the Bottom of the

Si NW, and the Contacts Barrier Height Change

base 17 43 60
time (h) = 0.0 0.5 1.0 15
A(Ebnanw) (V) 0 0 0 0
ADy (m™? eV~ x 10" 0 142 3.15 531
Vettzg (V) 0 0.12 0.28 0.55
AW, (V) 0 0 0.001 0.003

Concentration (ppm)
Bare 17 43 60 76 7% 76 76 76 76 76

My

(V/decade) (cm?Vsec)
a

SS

AV, and
AV (V)
Sbows 0 o

LN

I,y (PA)
oNns oo and
T

20 25 3.0
Time (hr)

35 40 45 50

Figure 5. Change of HTS-Si NW FET parameters versus
decane concentration and exposure time at constant dec-
ane concentration (76 ppm). (a) up; (b) SS; (c) Vi, (C) and Vg
(v); and (d) /. The point at t = 0 h (ref) stands for exposure
to reference air.

top of the HTS-Si NW, could be calculated using eq 1;
see also Table 2. This result emphasizes that molecular
gating is possible not only with polar or ionic
analytes™®'” but also with nonpolar ones.

The fundamental parameters of the HTS-Si NW FET
during exposure to the analytes were calculated. The
threshold voltage (Vy,) was extracted from the extra-
polation to zero of the linear part of the /4—Vigs
characteristics, according to'>?

27T Epox Vs Vs

lgs = L9 (Vo — Vipgs + -2
% n({2db0x + Rowe}/Ro) L \ "~ Vo8
)

where Vg, is the source—drain voltage, €poy is the
dielectric permittivity of the back oxide of the sub-
strate, and L,,, is the length of the (Si NW) channel
between the source and drain. The V4, that character-
ize the Iy (Vorr) and o were extracted by fitting the
las—Vigs curve close to the I and by calculating the
minimum value and its position with this function. Both
the shift in Vi, (AVy) and shift in Vg (AVeg) were
calculated with respect to the Vi, and Vg of the
reference measurement. The hole mobility («n) was
extracted from the slope of the linear part of the

PASKA ET AL.

step (ppm)

76 76 76 76 76 76 76
20 25 3.0 3.5 40 45 5.0
0 0.003 0.007 0.008 0.009 0.010 0.011
6.35 6.35 6.35 6.35 6.35 6.35 6.35
0.89 127 153 1.90 21 226 242

0.019 0.039 0.050 0.059 0.066 0.074 0.078

las—Vigs Characteristics, using the following relation-
ship:

u = dlgs In({Zdbox +Rnw}/Rnw) Lniw
" dVigs 27T Epox Vs

(3)

The subthreshold swing (SS), which is the gate voltage
necessary to change the Iys by one decade, was
extracted in the range of 107'° to 1078 A, using the
following relationship:

1
ss = in(roy [ ANV} _ g kel g
dngs q

SS was extracted from the slope of the subthreshold
logarithm current, according to®'>2

27 Epox nk,T 2
Ids

= In({2dbox + Row} /Rl "\ q

nkyT
x exp (rﬂZT{Vth ~ Vogs +;}> 5)

where ky, is the Boltzmann constant, T is the tempera-
ture, n is the ratio of the Si NW capacitance, and g is the
elementary charge.

Figure 5 presents the upn, SS, Vi, Vo, and log
extracted at various exposure conditions. As seen in
the figure, two regimes were observed. The first regime
(t < 2 h; marked by pink background) exhibited a linear
correlation between the extracted HTS-Si NW FET
parameters and the decane concentration. In this regime,
increasing the decane concentration (i) increased up,
linearly (Figure 5a); (ii) shifted Vi, (rhombus in Figure 5¢)
and Vg (triangles in Figure 5c¢) linearly to negative
back-gate voltages; (iii) increased SS linearly (Figure 5b);
and (iv) slightly decreased the I (Figure 5d). In the
second regime (t > 2 h; marked by turquoise back-
ground), increasing the exposure time on exposure to
constant decane concentration (i) kept u, constant
(Figure 5a); (ii) shifted Vi and Vo nonlinearly to
negative back-gate voltages (Figure 5c); (iii) decreased
SS nonlinearly (Figure 5b); and (iv) decreased /o¢ non-
linearly (Figure 5d).
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Figure 6. Change in the frequency (6f)of the QCM sensor on
exposure to decane during the three sequential exposure
steps. Inset: HTS-functionalized Si NW dispersion on a
typical gold surface of the QCM sensors that were used to
quantify the adsorption kinetics of the nonpolar analytes.

To understand the sensing results of the HTS-Si NW
FETs, we investigated the adsorption kinetics and di-
electric effect of the decane on the Si NW FET device.
We assumed that the analytes are adsorbed on three
areas of the HTS-Si NW FET device: (i) the Si NW surface
(see Figure 3; Area-A); (ii) the back-oxide surface of the
FET device (see Figure 3; Area-B); and (iii) the electrical
contacts and/or interface between the Si NW and the
metal contact (Area-C).

Effect of Analyte's Adsorption on Area-A. The effect of
analyte adsorption on Area-A was investigated with
QCM. Figure 6 shows the frequency change (61) of the
QCM resonator (20 MHz) coated with a film of HTS-Si
NWs upon exposure to reference air and to decane (see
Figure 6, inset). The Sauerbrey's equation relates of
(in Hz) to the mass change (Am; in ng):

Am = —GA of (6)

where G is the mass sensitivity (=1.104 ng cm 2 Hz ")
and A is the active area of the QCM resonator
(=0.2 cm?). To evaluate the mass upload on an indivi-
dual HTS-Si NW, the calculated Am was normalized by
the effective area (A = Y1" 27TRnwlnw, Wherein n is the
number of the HTS-Si NWs on the QCM resonator) of all
Si NWs on the QCM resonator.® As seen in Figure 6, 5f
increased on exposure to the reference air, reaching a
saturation level after 0.5 h. The increase in 6f could be
attributed to the removal of solvent residues (i.e., the
2-propanol used for the suspension of the Si NWs) and/
or water molecules from the Si NW surface. Exposure to
decane decreased 6f, compared to the reference level.
At different concentrations (1 h < t < 3 h), each partial
change caused a linear change in df, indicating a linear
accumulation of decane at the surface of the HTS-Si
NWs. Extended periods of exposure to 76 ppm decane
(t > 3 h) led to a nonlinear decrease in of, implying
an incremental accumulation of decane on the HTS-Si
NWs. Similar quantitative observations were obtained
upon exposure to hexane and octane (not shown). In a

PASKA ET AL.
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Figure 7. Change of the decane layer thickness (dd) during
exposure of HTS-modified planar Si substrate to decane.
Inset: The extrapolated electronic part of the refractive
index of decane layer (n..) during the three sequential
exposure steps.

complementary test (not shown), a bare (Si NW-free)
QCM resonator showed negligible response to decane
exposure (0 £ 1 Hz).

On the basis of the data shown in Figure 6, the
thickness of the analyte layer (dmo) on the Si NW
surface (see Figure 3, Area-A) was evaluated by

Am

ot = 2
™ pAt

(7)
where p stands for the analyte liquid density.
Our calculations showed that a change of 1 Hz in
Of is equivalent to a formation of a ~3 & 1 nm thick
film of decane on each individual HTS-Si NW. On
the basis of eq 7, the adsorbed decane thickness
is~9+t3nmatt=3hand ~45 + 15 nmatt=
55h.

Effect of Analyte Adsorption on Area-B. The thickness
evaluated by QCM does not give any implication
regarding the adsorption of decane of the planar
(Si NW-free) surface of the device (cf. Area-B in Figure 3
and footnote 33). To evaluate the thickness of the
adsorbed decane layer on the back oxide of the FET,
HTS-modified planar Si(111) substrates with a native
oxide layer were examined by in situ spectroscopic
ellispometry.®> As seen in Figure 7, exposure to
decane increased the decane layer thickness (dd),
compared to the reference level. At0h <t <2 h, each
differential change in the decane concentration
caused a step-like trend of dd. For a given concen-
tration, the thickness increased during the first
15 min of exposure, but reached a saturation value
afterward. Extended periods of exposure to 76 ppm
of decane (t > 2 h) led to a nonlinear increase in dd,
implying an incremental accumulation of decane on
the HTS-Si surface. Similar quantitative observations
were obtained on exposure to hexane and octane
(not shown).

The electronic part of the refractive index, n..,
was extrapolated from the wavelength-dependent
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Figure 8. Change of the work function (A®) during expo-
sure of (a) Au surface; (b) HTS-modified planar highly doped
Si substrate (HTS-Si*"(111)); and (c) HTS-modified planar
low-doped Si substrate (HTS-Si(111)), during the three
sequential exposure steps. The ® of Au, HTS-Si""(111),
and HTS-Si(111) under reference air was measured to be
5.118 + 0.02, 4.958 + 0.02, and 4.768 + 0.02 eV,
respectively.

refractive index, n(4), in the UV-NIR spectral region and
squared to obtain the layer's low-frequency dielectric
constant (Knonpolar):

knonpolar = (ilin {n(i)})z = n.? (8)

where 1 is the wavelength. The electronic part of the
refractive index of the HTS layer (nyrs) was found to be
dispersion-free and almost absorption-free between
670 and 1800 nm, at a value of nyrs = 2.10 & 0.05. At
different concentrations (0 h < t < 2 h), the electronic
part of the refractive index of decane (ngecane) Was
found to be ngecane = 1.55 £ 0.02, as seen in the inset
of Figure 7. During extended periods of exposure to
76 ppm decane (t > 2 h), Ngecane Was found to decrease
slightly from 1.50 & 0.02 to 1.48 & 0.02. Similar values
of n.. were obtained upon exposure to hexane and
octane (not shown). On the basis of these results, the
adsorbed decane thicknessis ~0.40 0.01 nmatt=2h
and ~1.10 £ 0.01 nmatt=5.5 h.

Effect of Analyte Adsorption on Area-C. For Area-C, it is
well known that a Schottky (barrier) contact is formed
when the Ti/Au metal layer is directly connected to a
low-doped p-type Si.*®*” When this contact is used in
a Si NW FET sensor, the barrier might change con-
siderably even with minute adsorption of gaseous
analytes.3®3” This could be a result of a change in the
work function (®) of the metal and/or the semicon-
ductor parts of the contact.

To understand the contribution of Area-C to the
sensing results of the HTS-Si NW FETs, the changes of
work function (A®) of Au and of the contact-free
p-type Si(111) before and after exposure to analytes
were investigated. Figure 8a and b show the A® of Au

and highly doped (0.008—0.02Q- cm, ~10"'° cm3)
n-type HTS-Si(111)—(hereon, HTS-Si**(111))—surface
on exposure to reference air and to noninteracting,
nonpolar decane under 15% RH. As seen in the figures,
the maximum A® obtained during the exposure of Au
or HTS-Si"*(111) to decane was ca. 4 meV. For both the
Au and the HTS-Si(111) surfaces, the A® remained
constant for a long period under high concentrations (76
ppm) (shown only for the first 0.5 h in Figure 8a and b)
and was restored upon cleaning the surfaces with
reference air. Figure 8c shows the A® of low-doped
(9—16 Q-cm, ~10" "> cm ) p-type HTS-Si(111)—here
on HTS-Si(111). The maximum A® obtained during
the exposure of HTS-Si*" (111) to decane was ca.
4 meV. However, for a long period under the higher
concentration (i.e., 76 ppm), the A® decreased signifi-
cantly, by ca. 20 mV.

In a complementary study to understand the con-
tribution of Area-C to the sensing results of the HTS-Si
NW FETs, the contacts of the HTS-Si NW FET were
passivated with poly(methyl methacrylate) (PMMA);
see Supporting Information, Figure 3S. On expo-
sure to analytes, the PMMA-passivated HTS-Si NW
FET showed the same trends in the /4s—V},g Character-
istics as the unpassivated HTS-Si NW FET (see Support-
ing Information, Figure 3S). Exceptions were the
shifts and the decrease in I, which exhibited less
pronounced changes under extended exposure to
75 ppm decane, most probably because the contact
is already dielectrically affected from the PMMA passi-
vation (kppma = 2.6).

DISCUSSION

The results of the QCM measurements (Figure 6) are
consistent with the results of the SE measurements
(Figure 7). The lower the of obtained by the QCM, the
higher the dd obtained by SE. Comparison between
the different regimes in Figures 5—7 shows a good
correlation between the electrical characteristics of the
HTS-Si NW FETs (Figure 5) and the adsorption kinetics
of decane (Figures 6 and 7). The two regimes observed
in Figures 4—7 indicate two sensing mechanisms. The
first mechanism is based on the effect of charged
surface states, whereby adsorption of analyte mol-
ecules in between or on top of the chains and/or in
the pinholes of the adsorptive monolayer molecules
changes the charged surface states at the SiO,/mono-
layer interface (cf. ref 2 for more details). The second
mechanism was associated with a molecular gating
due to dielectric changes in the environment proxi-
mate to the Si NW surface (cf. Area-A in Figure 3 and
refs 38—40). This is supported by the SE analysis
(Figure 7), assuming that the same dielectric changes
that occur at the planar HTS-Si(111) surface (cf. Figure 3;
Area-B) occur also at the Si NW surface. Under this
assumption, the dielectric environment in close prox-
imity to the Si NW surface was changed from air,
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characterized by k,;= 1, to a decane nanolayer, char-
acterized by kyecane ~ 2.2, during the exposure process.
The sudden decrease in Nyecane at t = 2 h (see inset of
Figure 7) indicates a transition between different me-
chanisms. The moderate decrease of Ngecane at €x-
tended periods of exposure (t > 2 h) might be an
indication of the formation of multilayers of absorbed
decane molecules. In this case, the moderate decrease
iN Ngecane that has led to Ngecane ~ 1.48 = 0.02 (at t=5.5h)
indicates values that are close to the ngecane Of liquid
decane (N_gecane = 1.41)." In other words, the changes
iN Ngecane iNdicate a transition from interface to bulk
properties of the decane layer that was adsorbed
on the Si NW surface. In the following sections, we
use a model-supported analysis to discuss the effect
of the molecular gating on the fundamental features
of the Si NW FET, in regard to the “charged sur-
face states effect” and the “dielectric effect” sensing
mechanisms.

Carrier Mobility. Generally, u, of the SiNW FET can be
described by the following relationship:*

_ HUo
Un = 1 %Y, 9)
1 + ‘ QD + 7 ‘

&siEo

where Qp is the depletion charge density, Qs is the
mobile charge density, u, is the low field mobility
(the mobility in the absence of gate applied field),
&g is the silicon permittivity, and y, », and E, are
empirical parameters. Under strong carrier accumulation
(above Vi) Qp < Qs.*? Assuming y = 1% for Si NW, the
change in uy, (ie., Aup) because of a small change in
Qs (i.e., AQs) is

Ho
esifon

2
0
1+ %
&siEon

where Q.0 is Q, of the Si NW under reference air.
According to eq 10, a decrease in the total density of
hole carriers (AQs < 0), as a response to the decrease in
the negatively charged surface state density (cf. ref 2
for more details), leads to a linear increase in uy, (cf. refs
2 and 43). This process saturates when the maximum
change in the negatively charged surface states is
reached. From this point on, u, remains constant,
irrespective of any change in the dielectric properties
of the layer surrounding the Si NW. These results
indicate that up could be used to characterize the
molecular gating of nonpolar analytes at low con-
centrations, due to the charged surface state effect.
In contrast, uy, cannot be used for the characterization
of nonpolar analytes at high/constant concentrations
for extended periods or due to changes in the dielectric
medium.

Aup ~ — AQs (10)

PASKA ET AL.

Quox  BOX-Si0, Gy,

Back Gate - Au
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Figure 9. (a) Cross-section schematics of the HTS-Si NW FET.
(b) Energy band diagram of the Au/Si*"/BOX-Si0,/Si capa-
citor structure, along the radius of the bottom Si NW, before
and after an increase in E,py,. (c) Energy band diagram along
the source or drain Au/Ti/Si contacts before and after an
increase in Ep,,. The bottom of the Si NW is defined as the
closest (oxide-free) Si point to the BOX-SiO,. Ec, Ey, Ces;,
Eyacuums and E; stand for the conductive, valence, Fermi,
vacuum, and intrinsic Fermi energies of the Si NW, respec-
tively, and Egy, is the Fermi energy of the gate, source, and
drain (metal) material.

Subthreshold Swing. The subthreshold swing (SS) is
given by the following expression:

-1
q 1 Gt G
55 = In(10)(— _7) <1 Gy
ka Ebnanw Cbox Cbox
(11)

where E,., is the field at the bottom of the Si NW (the
closest oxide-free Si point to the BOX-SiO,; cf. Figure 9),
D, is the Si NW diameter, C,ox is the back oxide
capacitance, C;; is the capacitance of the Si NW, and
Ci; is the capacitance of interface states at the Si/SiO,
region of the Si NW. The linear increase in SS in Figure 5
(when t < 2 h) can be demonstrated by a linear change
in G (i.e., AG) according to

Cbox
B

-1
q 1
= In(10)| = - ———
& <ka EgnWan)

where E2,., is the field at the bottom of the Si NW under
reference air and 5S° is the SS under reference air. AG;
arises from a change in the interface-state density
(Di)** according to AC; = g*AD;.>” According to our
calculations, alinear change of ~6 x 10"°cm 2eV ™ 'in
Dy, gives rise to the observed changes in SS (ca. 0.4 V/
decade between t = 0—2 h); cf. Table 2. This change in
Dy is significantly smaller than D, of the native silicon
oxide (1 x 10" cm™2 eV").3 Therefore, it is reason-
able to assume that a change in the configuration of
the HTS molecules, due to adsorption of nonpolar
analytes,? could induce a small (<5%) change in Dj.

AG, = (SS — 559 (12)
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The nonlinear decrease in SS (e, t > 2 h) can be
estimated according to

2
o (koT\" ghion _ g
DnW q

(ss — QM) <sshigh - aﬂ)
q q

"y
o= In(10)<1 +L+i>

Cbox Cbox

AEbnw = (13)

where C'9" is the G at t = 2 h and SS"9" is the SS at
t = 2 h. Our calculations show that a nonlinear change
of ca. 0.0103 V in Ep,wDnw gave rise to the observed
changes in SS (ca. 2.6 V/decade); see Table 2. This
change in Ep,wDnw is comparable to the thermal
voltage (k,7/q = 0.0260 V), meaning significant band
bending inside the Si NW. The band bending inside the
Si NW is discussed below.

These results indicate that SS is a good parameter to
characterize the “molecular gating” of a nonpolar
analyte, both at low concentrations and high/constant
concentrations for extended exposure periods. Fur-
thermore, the sign and magnitude of ASS could be
used to determine the type of sensing mechanism
controlling the molecular gating. A positive, small
change in ASS could be an indication of the charged
surface state effect, while a large, negative change in
ASS could be an indication of the dielectric effect.

Threshold Voltage. V., for an accumulation—
conduction FET is understood as the Vy,4 value that
corresponds to the onset of significant /qs. At this Vygs
the bottom Si NW surface potential is essentially zero
(flat band)®” and V4, is given by the following equation:

(14)

where Vig is the difference between the work function
of the gate material and the Si NW, Qy,ox is the sum of all
(fixed and trapped) charges in the back oxide of the
substrate, including the negative charged surface state
at the molecule/back SiO, interface (Qcss), and Qp is the
absolute charge at the Si NW depletion layer. According
to this relationship, AVy, is given by the following
expression:
~ Achs _ AOd{AQitr AEbnwz AOCSS}

AVy, = (15)
" Cbox Cbox

Assuming that AQs everywhere on the SiO, surface of
the Si NW FET (cf. Figure 9) is nearly balanced by a mirror
image charge,*® this would lead to a change in the
channel conductivity, but also to a shift in the V. In
other words, a change in Qs everywhere on the oxide
surface of the Si NW FET might change Qp considerably
(second-order change) (cf. also refs 46 and 21). Never-
theless, a decrease in Qcss (AQ.ss < 0) gave rise to the
observed negative shift of Vi, (AVy, < 0) att < 2 h.
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Relation between Ey,,,, and AVy, and AV The question
of how the change in Ep,,, relates to AV, and AV
remains. To answer this question, the operation prin-
ciple of an accumulation—conduction p-type FET de-
vice must first be considered. When a large negative
voltage (above the V) is applied to the back gate of a
p-type FET, an excess of holes is induced at the bottom
of the Si NW (cf. Figure 9).3” In this case, the bands close
to the bottom of the Si NW are bent upward (see
Figure 9). Applying a back gate voltage below V,;, leads
to adownward bending and to a depletion of the holes
until full depletion of the Si NW occurs (depletion
region). Between these two occurrences, the deple-
tion layer inside the Si NW increases.>” The higher the
depletion layer, the higher the band bending, and the
higher the Qp. When a large positive voltage is applied
to the back gate, the bands bend downward even
more until excess electrons start to be induced at the
bottom of the Si NW (weak inversion region).?” The
back gate voltage that separates the depletion region
and the weak inversion region, apparent in the
las—Vigs Characteristics, is termed V. With this in
mind, a change in Ep,,, should be expressed both in
the V4, and the V¢ positions, as schematically repre-
sented in Figure 9b. As seen in the figure, the higher
the Epnw, the higher the value of V4, (negative) that is
needed to reach the accumulation mode. Additionally,
the higher Ey,,, the lower the value of V. (positive)
that is needed to reach the weak inversion mode. It is
worth pointing out that AVy, and AV are of the same
order of magnitude and follow similar trends (cf.
Figure 5c). Interestingly, AV of decane at t = 2 h
deviates from the linear fit for the points at t < 2 h,
implying that a change of the sensing mechanism
started to take place. The deviation of the QCM's 6f
at a similar transition point from the linear fit of the
points at t < 2 h supports this claim. These results
indicate that the combination of AVy¢and AV, could
be used to characterize the two sensing mechanisms,
as well as the transition between them.

Off-Current. To determine the relation between Ey .,
and /s, the operation principle of metal/p-type semi-
conductor contact should first be considered. It is well
known that a Schottky barrier is formed when the Au/Ti
layer metal is in direct contact with low-doped p-type
Si.*37 This contact is strongly influenced by the Vi,gs. At
high negative V4, where the device turns to on-state,
the holes may tunnel through the barrier. This is
because the width of the contact barrier decreases;
namely, the barrier height no longer limits the current
flow through the Si NW.>**” At high positive Vigs
particularly at Vg where the device turns to the off-
state, the Iy is governed by diffusion and is limited by
the barrier height of the contact.3®3” With this in mind,
achangein Ep,,, should be expressed also in the barrier
height, Wy, of the contacts, as schematically repre-
sented in Figure 9c. As seen in the figure, the higher the
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band bending, the higher the W, and the lower the /¢
(cf. Figure 2b). At the same time, at high negative Vg,
the /54 are not influenced by Wy, and therefore, the
mobility remains constant although £y, is changed
dramatically. The observation of constant /¢ under
exposure to the different concentrations, at t < 2 h,
indicates that the W), was not changed because of
AQs;.

To express the effect of /o (the Schottky emission
current) quantitatively, the following relationship is

considered:
q¥y
loff exp( ka) (16)

According to this relationship, AW, is given by the
following expression:

AW, = KTy, (for (17)
q ot

where B is I¢ of the Si NW under reference air. Our
calculations show that a nonlinear change of ca. 0.078
Vin Wy, gave rise to the observed changes in I see
Table 2. This change in Wy, is ca. 9% of the Au/Ti/Si
barrier height (0.84 eV),>*® meaning significant band
bending inside the Si NW. The KP result (Figure 8)
shows that neither the work function of Au nor the
work function of Si was changed (see Figure 8a and b)
at low concentrations (at t < 2 h), indicating that Wy, is
constant and AW, ~ 0. For a long period under the
higher concentration (at t > 2 h), W, is changed
because of a change in the Si NW band bending. This
result is consistent with the decrease of @ of HTS-
Si(111); cf. Figure 8 and Figure 9c. Interestingly, /¢ and
AW, of decane at t = 2h, as the case of AV, deviated
from the linear fit for the points at t < 2 h. These results
indicate that /¢ could be used to characterize the two

METHODS

Synthesis and Functionalization of Si NWs. The synthesis of the Si
NWs*” as well as the fabrication of Si NW FETs was described
earlier.? Briefly, Si NWs were prepared by the vapor—
liquid—solid growth technique, yielding p-type (112) Si NWs
doped with boron to a doping level of ~10'® cm ™3, Transmis-
sion electron microscopy data indicated that these Si NWs con-
sisted almost entirely of smooth Si cores (50 + 5 nm in diameter)
coated with a ~5 £ 1 nm native SiO, layer (see Figure 1b, inset).

Functionalization of Si NWs. The Si NWs were functionalized
with a stable 0% cross-linked hexyltrichlorosilane monolayer
using the two-step amine-promoted reaction procedure de-
scribed elsewhere.>**%4° This monolayer was shown to passiv-
ate a majority of oxide surface states and to result in stable
hysteresis-free, reproducible characteristics upon exposure to
analytes.

Si NW FET Measurements. The FET devices used in the current
study consist of an individual Si NW between source and drain
Au/Ti electrodes (10 nm Ti and 100 nm Au) that are mutually
separated by 2 um on top of a 100 nm thermally oxidized
degenerately doped p-Si (0.001Q - cm resistivity) substrate (see
Figure 1 and ref 2 for more details). Some of the devices were
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sensing mechanisms, as well as the transition between
them.

SUMMARY AND CONCLUSIONS

We have presented experimental evidence for de-
tection of nonpolar species with Si NW FETs and
presented a model to explain the results. According
to the model, the sensing of nonpolar analytes could
be ascribed to molecular gating, due to two indirect
effects. The first effect was attributed to changes in the
charged surface states, mostly due to analyte-induced
conformational changes in the organic monolayer that
affect the density of charged surface states at the SiO,/
monolayer interface. The second effect was attributed
to changes in the dielectric medium (or condensed
analytes) close to the Si NW surface. These effects are
manifested in the changes of the fundamental para-
meters of the SiNW FET (un, Vin, los Vorr, and SS). Model-
based analysis indicated that uy, is appropriate to
characterize the molecular gating of nonpolar analytes
at low concentrations, but cannot be used for the
characterization of nonpolar analytes at high/constant
concentrations for extended periods. The SS was found
to be appropriate for expressing the molecular gating
of nonpolar analytes, at both low concentrations and
high/constant concentrations for extended exposure
periods. Finally, a combination of AV.s and AVy,
with Alog was found to be most appropriate for expres-
sing the effects of surface states and dielectric medium
and the transition between them. The detection of
nonpolar species in real confounding environments
with high and fluctuating levels of humidity as well as
“fouling” nonspecific binding is a major step toward the
realization of real-world applications that do not yet use
Si NW FETs for environmental monitoring, homeland
security, food quality control, or medicine.

passivated with a 200 nm poly(methyl methacrylate) layer that
covered 300 nm of the Si side of the Au/Si NW contacts and all of
the Au contact area, except a rectangular area for the electrical
probe contacting (see Supporting Information, Figures 3S). 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 analytes. Source—drain
current (I4) versus voltage-dependent back-gate (Vj,gs) measure-
ments, swept backward between 440 V and —40 V with 200 mV
steps and at 1 V source—drain voltage (Vy), were used to
determine the performance of Si NW FET sensors.?

Quartz Crystal Microbalance Measurements. A suspension HTS-Si
NWs in 2-propanol was delivered to a gold-coated quartz crystal
microbalance resonator (5 mm in diameter; 20 MHz) and dried
with pure air (<0.3 ppm organic contaminants); see inset of
Figure 6. The QCM resonator was then placed in a vacuum oven
at 80 °C for 12 h to eliminate 2-propanol residues. A clean QCM
resonator without HTS-Si NWs was used as reference sample.
Frequency shifts (6f), before and after exposure to analytes,
were recorded by LibraNose 2.1 (Technobiochip, Elba Island,
Italy), a system that is composed of a measurement chamber
with eight QCM sensors, an internal micropump, a microelectric
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valve that conveys the gas sample (with an average flow of
0.1L-min" ") tothe measuring chamber, and the electronic part.

Ellipsometry Measurements. The dielectric properties and thick-
ness of the adsorbed overlayer that formed during the exposure
to nonpolar analytes were determined in situ by spectroscopic
ellipsometry. For this purpose, planar Si(111) substrates having
1.7 £ 0.3 nm native oxide were coated with HTS in the same
way as the Si NWs. A variable-angle rotating compensator spec-
troscopic ellipsometer (M-2000 V, J. A. Woollam Co., Inc.) was
equipped with a specially designed triangular exposure cell that
allowed in situ measurements at an angle of incidence of 70°.
Vapor of nonpolar analytes was supplied via a flow system
similar to the one connected to the exposure chamber for the
QCM measurements (with an average flow of 0.5 L+ min~"). The
ellipsometric angles were recorded over a spectral range of
250—1700 nm, and a four-phase nonpolar analyte/HTS/native
SiO,/Si substrate model was used to extract the electronic
contribution to the refractive index, n, and the thickness of
the adsorbed nonpolar layer. The exact thickness of the native
oxide layer was determined through SE measurements at five
incidence angles (60°, 65°, 70°, 75°, 80°) on an open sample
stage, prior to the HTS functionalization, using tabulated values
for the refractive indices of Si and Si0,.°>*'The thickness and
refractive index of the HTS layer were also determined from
multiangle SE measurements on the open sample stage.
Absorption-free Cauchy dispersion was assumed for the absorbed
nonpolar layer, since the refractive index of the nonpolar analytes
in solution also follows Cauchy dispersion.

Kelvin Probe Measurements. The work function change (A®) of
Au and the HTS-Si surfaces as a result of the adsorbed overlayer
that formed during the exposure to nonpolar analytes was
determined in situ by Kelvin probe. For this purpose, planar
highly doped (0.008—0.02 Q- cm) Si(111) substrates having
1.7 £ 0.3 nm native oxide were coated with HTS in the same way
as the Si NWs, and a standard Al sample coated with 100 nm Au
layer was used with an ambient Kelvin probe package from KP
Technology Ltd. (U.K.). This KP package includes a head unit
with an integral tip amplifier, a 2 mm tip, a PCl data acquisition
system, a digital electronics module, the system software, an
optical baseboard with sample and Kelvin probe mounts, and a
1 in. manual translator, all placed inside a Faraday cage. The
work function resolution of the system is 1—3 mV. The Kelvin
probe technique measures the contact potential difference
(CPD) between a vibrating reference Au probe and the sample
(Dpy =5.1eV). The CPD is defined as the difference in the work
function of the two surfaces. For metal and highly doped Si
surfaces, where band bending effects are negligible, a CPD
measurement yields the difference in electron affinity (y). For
low-doped Si surfaces, the CPD is a sum of the electron affinity
change and the surface band bending change. Typically, the CPD
is extracted after a saturation of 500 measurements points (ca. 15
min). However, for the sake of detecting small changes of nonpolar
analytes with maximum precision and high signal-to-noise ratio,
the CPD was extracted after a saturation of 5000 measurements
points (ca. 2.5 h). The measurement's deviation is £20 mV.

Exposure to Analytes. The signals of the QCM and Si NW FET
samples were monitored during three sequential steps:
(i) exposure to a reference air (15% relative humidity (RH) and
<0.3 ppm organic contaminants); (ii) exposure to a series of
nonpolar analytes (hexane, octane, and decane; see Table 1)
that are diluted in the reference air; and (iii) exposure to analytes
at high constant concentration for extended periods. The
control over the analyte concentration was obtained by passing
the reference air (with an average flow of 5 L min™") through a
glass bubbler containing a liquid phase of the analyte of interest
(purchased from Sigma Aldrich Ltd. and Fluka Ltd.; >99% purity;
<0.001% water). The air emitted from the bubblers, mostly
under saturation conditions, was diluted (with an average total
flow of 5 L min~") with the reference air to reach lower levels of
analyte concentrations. This way, the system was able to regu-
late the analyte concentration levels between 1 and 200 ppm.
The concentration levels of analytes were measured by a
commercial photoionization detector (ppbRAE 3000; Rae Sys-
tems, USA) with a detection limit of ~10 ppb.
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