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Abstract: Field Effect Transistors have led the progress of applications measuring the acidity in 13 
aqueous solutions thanks to their accuracy, ease of miniaturization and capacity of multiplexing. 14 
The signal to noise ratio and linearity of the sensors are two of the main figures most relevant figures 15 
of merit that will can facilitate the progress in this disciplineimprovements of these devices. In this 16 
work we present the functionalization with aminopropyltriethoxysilane (APTES) of a promising 17 
new FET design consisting of a high height to width aspect ratio with an efficient 2D gating 18 
architecture that improves both factors. We measured the transistor transfer and output 19 
characteristics before and after APTES functionalization, obtaining an improved sensitivity and 20 
linearity in both responses. We also compared the experimental results with a site-biding model of 21 
the surface buffering capacity of the APTES functionalized layers. 22 

Keywords: ISFET, FinFETs, nanowire, APTES, pH sensing 23 

 24 

1. Introduction 25 

In 1970 Bergveld invented the ion sensitive field effect transistor (ISFET) using a variation of a 26 
metal oxide field effect transistor (MOSFET) that substituted the metallic gate by an electrolyte 27 
connected to a reference electrode[1]. The device was sensitive to the charges adsorbed at the oxide 28 
barrier. Since then, different adaptations of this transistor have been proposed as chemical sensors 29 
under the generic denomination of CHEMFETs[2]. The first research with ISFETs focused on the 30 
measurement of physiological acidity[3] and as a result of these studies, many of today’s pH sensors 31 
in research and commercial applications are ISFETs. At the present moment, the investigations on 32 
pH-ISFETs continue to grasp a lot of interest for enzyme field effect transistors (ENFETs) and 33 
microfluidic setups like the one that monitors the action of the Polymerase Chain Reaction (PCR) for 34 
gene sequencing[4], [5]. ISFET pH sensors are particularly well suited for such applications because of 35 
their ease of integration with readout and complementary metal oxide semiconductor (CMOS) 36 
circuits that allow miniaturization and massive multiplexing[6], [7]. The progress in the research of 37 
these applications has been boosted because the semiconductor industry is able to offer a wide access 38 
to sophisticated ISFETs. Commercially available unmodified CMOS circuits or extended gate 39 
configurations can deliver hundreds of thousands of miniaturized pH sensors for monitoring the 40 
acidity at low costs[8]. A limiting factor with indirect gating are the parasitic interferences introduced 41 
by the capacitive divisions introduced at the transistor input with the external gate that affect the 42 
signal to noise ratio, in particular in configurations with several multiplexed devices. While the signal 43 
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of pH-ISFET sensors can be enhanced by capacitive coupling with backgating used to amplify the 44 
signal[9], ultimately this does not improve the resolution of pH, as the noise is also amplified. 45 
Architectures using gating configurations directly in contact with both the electrolyte and the 46 
semiconductor channel have the potential to increase the signal to noise ratio and contribute to the 47 
miniaturization of pH sensors.  48 

Nano-FETs, and particularly nanowires (NWs) are at the forefront of research being preferred 49 
over planar sensors for the detection of complex biomolecules like deoxyribonucleic acid (DNA) and 50 
proteins that have lower diffusion rates than protons[10]. The smaller size of NWs offers higher 51 
sensitivities to fewer molecules than bigger traditional sensors, as well as lower the limits of 52 
detections. It is to be noted that the improvements of limits of detections for proteins and nanowires 53 
origins on the advantages of the small size of NWs for the diffusion limited processes that play a 54 
central role given the ultralow concentrations at which these molecules can be expected in clinical 55 
applications[11]. In addition to this aspect linked to the diffusion, which has a lower benefit for sensing 56 
fast moving protons, NWs have other advantages relevant for pH monitoring.  In particular, the 57 
three dimensional gating offers a larger surface to volume ratio improving directly the signal to noise 58 
ratio and the smaller footprint that benefits the miniaturization[12]. The fabrication of nano ISFETs 59 
initially required sub 100 nm lithography. However, using combinations of optical lithography and 60 
wet etching that take advantage of the anisotropic properties of crystalline silicon, it is possible to 61 
bring the lateral resolution down to a size comparable to the depletion width induced by the pH 62 
changes. Thus optically lithographed nanowires can become very sensitive[13], [14]. These fabrication 63 
processes are also accessible because the dielectric gate can be achieved without the use of large 64 
resources using thermal oxidation of silicon to obtain a SiO2 dielectric barrier, where protons are 65 
adsorbed and sensed. One relevant downside of NWs, in particular for highly multiplexed 66 
configurations, is that they have lower currents (in the order of tenths of nA) than other transistors 67 
requiring more sophisticated measuring apparatus. For a detailed comparison of different ISFET 68 
technologies we suggest a recent review by Moser and co-workers.[7] 69 

Regarding sensing materials, SiO2 has limitations due to the decrease in sensitivity at acidic pHs 70 
and drift[15] that can also be overcome with chemical functionalization, which is cost efficient for 71 
research and prototyping. The acidic saturation of SiO2 that limits the linear pH response occurs 72 
because the surface charging is fully dominated by the dissociation of single coordinated silanol 73 
groups (with dissociation constant pKa ≈ 6), since the dissociation constant corresponding to the 74 
protonation of these groups is too low (pK b ≈ -2)[16]. The linear dynamic range and the isolation of the 75 
dielectric barrier of SiO2 to other ions can be improved by changing the surface chemistry with self-76 
assembled monolayers that change the nature or the chemical groups adsorbing protons. The linkage 77 
of 3-aminopropyltriethoxysilane (APTES) at the SiO2/liquid interface changes the silanol groups by 78 
amino groups that are able to accept and release protons. APTES functionalization has been reported 79 
to improve the linear range of pH sensing[17] and it is also employed as a first step for the 80 
functionalization of receptors for detecting DNA and proteins. APTES has also shown an improved 81 
stability over time and cycles of pH[18]. The APTES silanization can be performed by solution-phase 82 
or vapor-phase methods, although liquid-phase silanisation of APTES requires a strict control over 83 
the anhydrous phase to achieve uniform layers. Moreover, the inhomogeneities happening during 84 
the functionalization of nano-sensors is critical as they result in large variabilities among devices due 85 
to the differences in surface coverage that occur in the same length scales of the NWs and which can 86 
be also triggered by the topological profile of the nanosensors.  87 

Recently, we presented a FinFET configuration consisting of a high height to width aspect-ratio 88 
(>10) geometry in which the sensor width was comparable to that of the NWs[19]. This configuration 89 
offers a larger surface area available for functionalization than the one of NWs, and it is less sensitive 90 
to defects due to the larger conduction channel. Yet, the high aspect ratio of FinFET has the same 91 
benefits of the surface area to volume ratio as that of NWs, offering also the advantage of three-92 
dimensional gating and the same dynamic range for NWs and FinFETs of the same width. In a high 93 
aspect ratio FinFET, the total current is enhanced by the same factor than the geometrical ratio. For 94 
example, in a FinFET with a ratio of ten between the height and the width of the device the current 95 
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is also ten times higher than in a NW with the same pH sensitivity[19]. In addition, while the gate-96 
geometry of NWs results in a non-linear response of the output current, in particular close to the 97 
threshold voltage, in the case of high aspect ratio FinFETs the depletion is induced almost entirely in 98 
the direction perpendicular to the FinFET plane, and thus they offer an increase of linearity in the 99 
output current, which could be then used to simplify the measuring circuits with respect to the 100 
traditional configuration that uses the compensation of the surface potential with the reference 101 
electrode, and which may be inconvenient in highly multiplexed systems[20].  102 

In this work, we show chemically modified p-type high aspect-ratio Si FinFETs with a SiO2 103 
dielectric barrier modified with a vapor-phase silanization of APTES molecules done in a home-built 104 
setup. The FinFETs are characterized before and after the APTES silanization process in different pH 105 
buffer solutions. We study the pH sensitivities of Si FinFETs associated to the surface potential as a 106 
function of buffer pH change. We quantify the APTES molecules bound at the oxide surface of 107 
FinFETs that contributed to the increase in sensitivity and linearity in pH response. We used a multi-108 
parametric surface plasmon resonance (MP-SPR) setup to evaluate the thickness of the APTES layer 109 
and the coverage of molecules bound at the sensor surface (SiO2 coated SPR chips) using LayerSolver 110 
software. We compared also the experimental buffering capacity of our system with a site-biding 111 
model using the number of APTES groups obtained by SPR. We measured a small increased in the 112 
pH sensitivity and in the response linearity of the FinFETs response after APTES silanization. The 113 
improvement of the linear response was also observed in the output response of the FinFET. The 114 
method presented here is also promising for the development of reliable bio-FETs as it can be 115 
extended to subsequent biomolecule immobilization steps to have a quality check of the surface 116 
functionalization process and to implement necessary further modifications.   117 

2. Materials and Methods 118 

2.1 FinFETs fabrication 119 

The fabrication of Si FinFETs was reported in our previous work by Rollo et al.[19] summarized 120 
in fig. 1(a). The FinFETs were fabricated using anisotropic wet-etching on p-type Silicon on insulator 121 
(SOI) (Ultrasil Corporation) having a 2.2 ± 0.1 μm thick silicon device layer (<110> oriented) with 122 
conductivity of 0.115 Ω·cm (equivalent doping ~ 1017 cm-3) and a 1 μm thick buried SiO2. The wafers 123 
were diced into 1 × 1 cm2 chips. A 50 nm layer of SiO2 was grown on top of the Si device layer by 124 
thermal oxidation performed at 1050°C in O2 environment (200sccm) for 300s. The devices in this 125 
work were patterned using electron-beam (e-beam) lithography by first spin-coating the resist over 126 
the SOI chips and exposing them on an adapted electron microscope (FEI Helios). However, we have 127 
also shown that these devices can be made using optical lithography, thus they can be accessible to 128 

Figure 1 (a) Schematics of the process flow for the fabrication of Si Fin-FETs. Silicon, SiO2, e-beam sensitive resist, and 

ohmic contacts are represented in light blue, grey, green and yellow, respectively. (b) Schematics illustrating operation 

of Si FinFET in liquid gate configuration. 
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labs with no facilities for direct nanolithography[21]. We used the FinFET design with a <110> 129 
crystallographic orientation along the longitudinal axis of the FinFET, that was transferred onto the 130 
underlying oxide using reactive ion etching process. Following the lithography, a short hydrofluoric 131 
acid etching step was carried out to remove the unwanted oxide outside the masked regions 132 
obtaining a smooth Si surface prior to the process of anisotropic etching. A water solution of 25% 133 
tetramethylammonium hydroxide (TMAH) with 8.5 % vol. of Isopropanol was used to etch the Si 134 
device layer anisotropically obtaining vertical walls on the FinFET sensing regions. A 20 nm layer of 135 
SiO2 was thermally grown over the patterned Si device layer as the dielectric barrier of the FET. 136 
Ohmic contacts and metallic leads were defined using mask-less laser lithography and e-beam 137 
evaporation. The contacts and the chip surface were passivated using a SU8 epoxy layer leaving open 138 
the FinFET region. For the measurements in liquid, the chips were wire bonded on home-designed 139 
printed circuit boards and encapsulated using medical grade epoxy.  140 

2.2. Chemical modification of FinFETs and SPR sensors: Vapor-phase APTES silanization 141 

The chemical modification of the FinFET devices started with surface activation of the hydroxyl 142 
groups on the sensing SiO2 surfaces by low ozone exposing the chips into an UV lamp chamber 143 
during 5 minutes. Immediately after, the silanization process was carried out at a low-pressure 144 
atmosphere (P = 1×10-3 mBar) inside a desiccator where small volumes (1-2 ml) of APTES were placed 145 
in a glass vial along with the FinFET chips (as shown in fig. 2(a)). The silanization process was carried 146 
out for 2.5 hours at room temperature. After the functionalisation, the chips were thoroughly rinsed 147 
with isopropanol to remove any excess silane molecules and blow dried with nitrogen. The 148 
silanization protocol was simultaneously implemented on SPR sensor chips to have a similar density 149 
of APTES molecules (fig. 2(b)).  150 

2.3.  pH measurements using FinFETs 151 

The encapsulated FinFET chips were operated in liquid gate configuration using an external 152 
reference electrode (DriRef-2 Ag/AgCl from WPI) in buffers consisting of a mixture of KH2PO4, citric 153 
and boric acids at 0.1 M all, mixed in equal volumes with 0.1 M KNO3 solution. For the pH sensing 154 
measurements with FinFETs, the pH of the prepared buffer solution was varied in the range of 3 to 155 
112 by adding required volumes of 0.1 M KOH. A Keithley 2614HB DC source meter was used to 156 
apply the voltage to the source and drain and the reference electrode. To characterize multiple 157 
FinFETs in sequence, a multiplexer Keithley 3706A System Switch/Multimeter connected to a 158 
switching box was used. The devices were characterized before and after APTES functionalization. 159 

2.34  MP-SPR measurements 160 

MP-SPR measurements were performed using a SPR model Navi 220ATM (BioNavis Ltd) setup. 161 
The SPR setup used  two incident laser wavelengths, 670 nm and 785 nm, inlet and outlet (waste) 162 
tubings, and two independent flow channels. We used SPR sensor chips with a thin layer of SiO2 163 
above the gold layer (from BioNavis Ltd.) for the APTES silanization to have binding reactions similar 164 
to the FinFET sensor surface. The temperature was kept at 20° C and the measurements were carried 165 
out in Milli-Q water.   166 

SPR allows measuring the layer thickness even with submonolayer sensitivity following the 167 
changes in refractive index of the layers in contact with the SPR sensor chips detected as changes in 168 
the angle of minimum reflectivity (ΘSPR). MP-SPR uses more than one wavelength in combination 169 
with the scanning angle to obtain the layer thickness, refractive indices, and surface mass densities[22], 170 
[23]. Figure 2(b) illustrates the different layers on the SPR sensor chips, a thin layer of SiO2 above the 171 
gold (Au) layer was used to adapt for the APTES silanization to yield binding reactions equivalent to 172 
the ones occurring during FinFET functionalization. We evaluated the layer thickness (d) and 173 
refractive index (n) for APTES molecules bound on sensor surface using the SPR Navi LayerSolver v. 174 
1.4 (BioNavis., Ltd.) software using the full SPR angular reflectance measured at two wavelengths 175 
(670 and 785 nm), at the same point of time. The LayerSolver software creates a model of the different 176 



Chemosensors 2020, 8, x FOR PEER REVIEW 5 of 12 

 

layers on the sensor chip to match the full reflectance on the SPR sensor chip to adjust the change of 177 
ΘSPR at the two wavelengths fitting the refractive index (n) and thickness (d) corresponding to the 178 
APTES layer using Fresnel refraction laws (the details are shown in Supplementary information). The 179 
obtained n and d are then connected to the mass surface concentration of adsorbed APTES (Γ) by de 180 
Feijter model that assumes that the refractive index is a linear function of the concentration (C) over 181 
a wide range of concentrations: 182 

  1 183 
where n0 is the medium refractive index and dn/dC is a coefficient known as refractive index 184 
increment, which is the derivative of the refractive index with respect to the molecule concentration 185 
in solution. When dn/dC is not available from experimental data, it can be also estimated from the 186 
physicochemical properties of APTES, in particular from the volumetrical density ν and the refractive 187 
indexes from the solvent and APTES[24]:  188 

𝑑𝑛

𝑑𝐶
=

3
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𝑛0? ?

𝑛2−𝑛0
2

𝑛2+2𝑛0
2  2  189 

190 

Figure 2 (a)Schematic representation of the Fin-FET surface before and after the vapor-phase APTES silanization. (b) 

Schematics illustrating the chemically modified SPR sensor chip with APTES layer. A 10 nm SiO2, 50 nm Au SPR layer was 

used for exploring the APTES functionalization. (c) Full SPR reflectance before (in black) and after the APTES silanization 

process (in red) at λ = 785 nm. The inset shows the shift in SPR angular peak minimum (ΘSPR). 
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3. Results 191 

We deployed MP-SPR to evaluate the thickness and molecular density of the APTES layer deposited 192 
via vapor-phase silanization.  Figure 2 (c) shows an exemplary measurement taken at λ = 785 nm 193 
before (black curve) and after the APTES silanization (red curve) also zoomed in the inset. As shown, 194 
on binding of APTES molecules at the SPR chip, ΘSPR shifts towards larger angles [20]. We obtained 195 
thickness and refractive index of APTES layer as d = 1.7 nm and n = 1.41. Parallel to the chip 196 
functionalisation on the FinFETs, we introduced a chip SiO2/Si that was grown in the same process 197 
of our devices. The thickness measured by SPR was comparable to the values obtained from 198 
ellipsometry (d = 1.9 ± 0.2 nm) carried out on APTES coated SiO2/Si chips (details in SI) and was 199 
higher than APTES monolayer thickness reported in literature (~ 1 nm)[25]. As the thickness and 200 
refractive index measured via SPR gives an average over the entire sensor surface, we assumed that 201 
the higher thickness of APTES layer could be due to partial agglomerates that formed on the sensor 202 
surface during the vapour-phase silanization process. We used the specific volume value of APTES 203 
from literature and  equation (1) to evaluate the surface coverage of APTES molecules at the sensor 204 
surface (Ns) as 4.45 × 1018 molecules/m2. As we do not have a way to determine the distribution of 205 
agglomerates, we assumed this number as the number of APTES group present on the sensor for our 206 
modelling to calculate the sensitivity of the ISFETs. 207 

 208 

3.1 Modification of the pH sensitivity of the surface potential with APTES 209 

The experiments for pH sensing were carried out in three devices using a liquid gate configuration 210 
as shown in figure 1 (b). The working ranges of these devices were characterized in our previous 211 
work[19]. We characterized the changes in surface potential due to the chemical modification of the 212 
FinFETs following the VGS at fixed IDS with different pH buffers (in a range from 11 to 3), measured 213 
before and after APTES functionalization. Figure 3 reports the results of VGS versus IDSD from a 214 
representative FinFET at different pHs (3,5,7,8,10) before and after APTES silanization. For these 215 
measurements VDS was fixed at 300 mV. The dimensions of this device (hereby designed as device 1) 216 
characterized by SEM microscopy were 190 nm, 14 µm, and 2 µm of width, length and height, 217 
respectively. We compared the changes of VGS with pH on two other devices of the same batch hereby 218 
designated as channelsdevices 2 and 3, which had bigger widths of 300 and 320 nm, respectively. In 219 
all devices we observed that the IDS transfer characteristics shifted towards more positive VGS values 220 
with more alkaline solutions due to the effect of the adsorbed charges on the majority charge carriers 221 
within the channel (holes in our case) as illustrated on figure 3 (a) with the data from device 1 with 222 

Figure 3 (a) Transfer ISDS vs. VGS of a FinFET before (top) and after the APTES silanization process (bottom) with different 

pH (3, 5, 7, 8, 10) shown in different colors. (b) Scatter plot of VGS vs. pH before (black squares) and after the APTES 

silanization process (red open circles). The ΔVGS/ΔpH evaluated from the linear fit of the plots are indicated in the 

inset. .For these measurements VDS was fixed at 300 mV. 
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the smallest width. At higher pH values there are fewer protons in the solution and therefore the 223 
equilibrium with the surface chemical groups promotes the deprotonation, resulting in the negatively 224 
charged oxide. This change in the surface potential (ψ0) influences the hole carriers within the FinFET 225 
channel, causing the need for the modulation of the electrolyte potential (ΔVGS =-Δψ0) to keep the 226 
current constant through the channel. VGS vs pH extracted at constant ISDS = 2.25 µA before (black 227 
solid squares) and after the APTES silanization (red open circles), are shown as a scatter plot in figure 228 
3 (b). We calculated the average sensitivity of the oxide surface (ΔVGS/ΔpH) before and after APTES 229 
silanization process from a linear fit in figure 3 b. The ΔVGS/ΔpH  of bare SiO2 was 31 ± 1 mV/pH with 230 
a relatively non-linear response calculated by the coefficient of the determination R-squared (Rsq) 231 
calculated from the fitting R-sq = 0.988. The sensitivity value is comparable to the values that we 232 
obtained in similar devices where we used the same oxidation process[21]. As expected, the values that 233 
deviated most from the linear behaviour where the values at the most acidic pH ś. The non-linearity 234 
in the pH response for SiO2 based dielectrics has been previously explained in literature and is linked 235 
to the low the protonation affinity of silanol groups (pKb ≈-2) that makes the proton dissociation the 236 
only process associated to the charging of the surface[16]. A relatively higher linearity with Rsq=0.996 237 
and average ΔVGS/ΔpH = 36±1 mV/pH was observed for the APTES functionalized surfaces. This was 238 
a modest improvement, but it was  behaviour is consistent with other works in literature[17], [18]. As 239 
APTES has a double charging mechanism corresponding to the active protonation and deprotonation 240 
of amino groups that have pKa and pKb of 9[17] and 3.63 [26], respectively the increase linearity was 241 
expected. Also the narrower gap between pKa and pKb contribute to the higher sensitivity.  242 

3.2 Chemical characterisation of the surface properties using the buffering capacity determined from the 243 
surface potential 244 

 245 
To get a better insight on the properties of the current APTES functionalization we compared 246 

experimental results with a site binding model of the dielectric surface. The relation between the 247 
changes in the surface potential (ψ0) with the pH of the bulk solution are compensated by VGS (ΔVGS 248 
=-Δψ0). The sensitivity of ISFETs for ψ0 is well described in literature[16] with a Nernstian framework:  249 

  3  250 
where k, T and q are the Boltzmann constant, absolute temperature and elementary charge, 251 
respectively. α is a dimensionless sensitivity parameter between 0 and 1 determined by the 252 
electrostatic interactions at the surface of the dielectric and distribution of ions inside the electrolyte, 253 
and is given by[16]: 254 

  4 255 
where Cdiff is the differential capacitance of the electrical double layer that depends upon the 256 
properties of electrolyte solution. The intrinsic buffer capacity (βint) gives the measure of charging 257 
capability of the oxide surface with changes in pH of the buffer solution. It depends on the intrinsic 258 
properties of the oxide surface, and changes every time a chemical group contributes to the charging 259 
and un-charging of the sensor interface. In a FET device, Ffor low Cdiff, and high βint, α will be close to 260 
1 and thus maximum pH sensitivity can be obtained. For Cdiff and βint we used a site binding model 261 
combined with a Stern approximation previously used in literature[16]. In this model Cdiff is a 262 
combination of the Gouy-Chapman approximation (CGCh) with an estimation of the stern layer (CStern 263 
= 0.8 F) considered as the two capacitance in series:   264 

𝐶𝑑𝑖𝑓𝑓 =
(𝐶𝐺𝐶ℎ𝑎? ? 𝐶𝑆𝑡𝑒𝑟𝑛)

(𝐶𝐺𝐶ℎ + 𝐶𝑆𝑡𝑒𝑟𝑛)⁄   5 265 

and with CGCh is: 266 

  6 267 
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where z is the coordination number of the ions (one in the case of protons), ε0 is the dielectric constant 268 
of vacuum, ε is the relative dielectric constant of the medium (water in our case), and I is the number 269 
concentration of the ions in the bulk. For βint in the site-binding model depends upon the different 270 
dissociation constants and the density of binding sites:  271 

? 2𝑖𝑛𝑡 = 𝑁𝑆
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+
2 )

2 2.3𝑎𝐻𝑆
+   7 272 

where Ki are the different dissociation constants and 𝑎𝐻𝑆
+is the proton activity at the surface of the 273 

liquid interface, which is related to the bulk 𝑎𝐻𝐵
+  as: 274 

𝑎𝐻𝑆
+ = 𝑎𝐻𝐵

+𝑒𝑥𝑝
−𝑞??0

𝑘𝑇
  8 275 

or equivalently:   276 

𝑝𝐻𝑆 = 𝑝𝐻𝐵 +
𝑞??0

2.3 𝑘𝑇
  9 277 

where the origin of ψ0 is chosen at the point of zero charge. Combining equations 3-6 it is also possible 278 
to extract an experimental βint and compare it with the site binding model where the Ns used is the 279 
one calculated with our SPR results. In this model we used the values of VGS to calculate ψ0 using the 280 
following relation: 281 

? ?0 (𝑝𝐻) = −(𝑉𝐺𝑆(𝑝𝐻) − 𝑉𝐺𝑆(𝑝𝐻𝑝𝑧𝑐))  10 282 

where pHpzc is the pH value at the point of zero charge (pHpzc= pKa+pKb)/2). The exact value of VGS(pHPZC) 283 
was extracted from the linear fit of the experimental VGS(pH).  284 

Figure 4 shows the comparison of the experimental and the model βint with changing pH for all 285 
the devices (model and experimental βint are represented with black solid signs and red open signs 286 
respectively, while device 1 to 3 are represented with squares, circles and triangles, respectively). The 287 
model of βint for APTES shows how the number of active sites that provide buffering capacitance 288 
increase for the values of pH lower and higher than ~3.63 and ~9, respectively, corresponding to the 289 
APTES dissociation constants for pKb and pKa, respectively. The experimental βint follows also that 290 
behavior, but there is also an increase of the buffering sites around at pH slightly higher than 87.5. 291 
This could be attributed also to contaminants or defects in the functionalization, that would 292 
contribute with charges, for example, from uncovered silanol groups (that have pKa at 6). However, 293 
regardless the differences between the experimental βint all three devices showed the same behavior 294 
that we interpret as a similar functionalization achieved on the three sensors, which we attribute to 295 
the large surface area of all devices.  296 
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Figure 4 Comparison between modelled (in black) and experimental (in red) intrinsic buffering capacitance of the APTES 

functionalized surface as obtained for the three devices 1 to 3 represented with squares, circles and triangles, 

respectively.  
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The behavior of the experimental βint, shown in red in figure 4, having increasing buffering 297 
capacitance at more than one pH values is also a chemical fingerprint of the APTES functionalization. 298 
This behavior is opposed to the SiO2 where βint has only one maximum attributed to the single 299 
protonation of silanol groups (the comparison of the experimental βint from the first device are shown 300 
in S.I.). 301 

3.3 Preservation of linear response by the FinFETs in the output characteristics 302 

 303 
For multiplexed systems it is also important to consider that measuring the output currents may 304 

be more convenient than following the surface potential with the reference electrode, which in most 305 
configurations will be common to all devices[20]. Previously, we showed that the high aspect-ratio of 306 
FinFETs provides a more linear ΔIDS/ΔpH response in comparison to Si NW based FETs[19], while the 307 
double side gating would provide sensitivity advantage to the FinFETs with respect to planar NWs. 308 
Figure 5 (a) shows Ids vs Vds at different pH buffer solutions (3, 5, 7, 8, 10), before and after APTES 309 
silanization. For these experiments we connected directly the source with the gate voltage (VGS=0). 310 
The conductance of the devices increased with increasing in pH of the buffer solution due to the effect 311 
of the proton concentration on the majority charge carriers as described earlier. We evaluated the 312 
conductance of the FinFET devices at different buffer pH values before and after APTES silanization 313 
from the linear fitting of the output characteristics. The conductance of the devices increased with 314 
increase in pH of the buffer solution and is shown as a scatter plot before (black solid squares) and 315 
after silanization (red open circles) in figure 5 (b). We observed a small bump around 15 mV, which 316 
we attribute to defects on the contacts, nevertheless the curves were symmetric and the IDS vs VDS pass 317 
through zero, so we considered our devices Ohmic in the studied range. On linear fitting of the 318 
conductance plots shown as black and red lines in figure 5 (b), we obtained average change in 319 
conductance of the devices as 158 ± 9 nS/pH and 176 ± 6 mS/pH per unit area before and after APTES 320 
silanization, respectively. We attribute the increase in conductance change of the devices to the 321 
changes in the density of pH sensitive groups at the oxide surface as described earlier. Moreover, the 322 
increased linear response in conductance change on APTES silanization is in accordance with the 323 
linearity increment observed in the surface potential changes.  324 

5. Conclusions 325 

Figure 5 (a) Output characteristics of the FinFET device 1 measured before and after the APTES silanization process at 

different buffer pH values (3, 5, 7, 8, 10) shown in different colors (blue, red, green pink and light blue, respectively). (b) 

Scatter plot showing the variation of conductance (G) in the FinFET, evaluated from the output characteristics as a 

function of buffer pH (varied from 3 to 11) before (black squares) and after the silanization process (red open circles). 

The linear fits of the scatter plots are shown as black and red lines for before and after APTES silanization, respectively. 

The average conductance change (ΔG/ΔpH) are also shown in the inset. For these experiments VGS=0. 
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In this work we have presented a high height to width aspect ratio FinFET chemical sensor with 326 
a surface modification of the dielectric barrier using APTES coatings. We used a vapor-phase 327 
silanization method made in a home-built setup to obtain a well-defined thickness of APTES 328 
molecules linked covalently at the SiO2 sensing surface of the FinFETs. We tested the sensitivity of 329 
the FinFET devices before and after chemical modification with APTES in a buffer pH range of 3 to 330 
121. ΔVGS/ΔpH improved from 31 mV/pH measured on the devices with SiO2 to 36 mV/pH with 331 
APTES. In addition to the increment in the sensitivity of the FinFET devices, the linearity in the pH 332 
response also improved with APTES functionalization. The output response of the chemically 333 
modified high-aspect ratio FinFETs also showed an improvement in linearity and conductance 334 
change (ΔG/ΔpH). We attribute the enhanced pH sensitivity and response linearity of the chemically 335 
modified FinFET devices to the presence of amine groups at the sensing oxide, which can create 336 
charges both with protonation and deprotonation mechanisms.  337 

The improvements we obtained were modest, probably because our starting surface was not 338 
optimum as for the growth of the SiO2 we could not use a dedicated reactor. Some authors followed 339 
the functionalization following the increase of thickness by ellipsometry[18], or with AFM 340 
measurements. We could not use AFM due to the hitgh aspect ratio of the FinFETs, but we followed 341 
the formation of APTES layers with ellipsometry in a SiO2 substrate deposited in parallel with our 342 
wires, and in a SPR chip. W 343 

We analyzed the contribution of the buffering capacitance of the different reactive groups at the 344 
sensing oxide surface that influenced the proton sensitivity of the chemically modified FinFET 345 
devices. We compared the βint evaluated from a site binding model and experimentally derived using 346 
a Stern-Gouy-Chapman approximation for the differential capacitance. The comparison of the 347 
experimental data with a model considering only amine groups, showed the existance of a 348 
contribution compatible with the presence of unoccupied silanol sites. This contribution suggests also 349 
that the distribution of APTES was not completely homogeneous, and that pockets and small 350 
aggregates may have occurred in the functionalization. Thus, Tthe βint evaluated from the 351 
experimental data is also a fingerprint of the functionalization. 352 

In conclusion chemical modification (with APTES) of high aspect-ratio FinFETs which are 353 
intrinsically advantageous by design due to their improved linearity in transduction owing to the 2D 354 
depletion along the width of the device, supplements their response in terms of sensitivity and 355 
linearity that is desired for bio-chemical sensors. High aspect ratio FinFETs provide higher currents 356 
than NWs by a factor proportional to the height to with aspect ratio. The high aspect-ratio FinFETs 357 
keep many of the advantages of Si NWs regarding the more efficient gating and smaller footprints 358 
sizes, while incorporating other advantages typical of planar sensors, as larger planar surface area 359 
available for functionalization and a conduction channel less sensitive to defects. Also they offer 360 
direct gating which is not contaminated by parasitic capacitance during gate coupling, as compared 361 
to extended gate configurations. Regardless the modest improvement in sensitivity, APTES has 362 
shown in literature to improve the stability of SiO2 and to be a good tethering point for peptide bond 363 
functionalization. Thus, the APTES functionalized FinFETs are promising both for pH sensing, as for 364 
the development of biosensors using the amine sites as tethering groups for the functionalization of 365 
other receptor molecules. 366 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: title, Table 367 
S1: title, Video S1: title.  368 
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