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TThis arTicle addresses The 
hydrolytic instability issue of surface chem-
istry and the repeatability issue of silicon 
(si) nanowire (NW) biosensors. si multi-
NWs or nanograting (NG) field-effect 
transistors (FeTs) were fabricated using 
semiconductor lithographic processing 
techniques. Then, the NG surfaces were 
coated with 3-aminopropyltriethoxysilane 
(aPTes) via the vapor- and solution-phase 
methods. Their performance, including 
drift, stability, sensitivity, accuracy, and lin-
earity of ph sensing, was evaluated. sen-
sors treated with both aPTes deposition 
methods exhibit linear ph response with 
good sensitivity. devices treated with vapor 
aPTes show better linearity and sensitiv-
ity, and aPTes-solution-coated devices are 
more stable with smaller drift.  a hydro-
lysis process was developed to significant-
ly improve the hydrolytic stability of the 
aPTes-coated sensor surface. as a result, 
an accuracy of ±0.008 ph was achieved, 
which is comparable to or better than 
commercially available ion-sensitive FeTs 
(isFeTs), whereas the sensor drift was sig-
nificantly reduced for both sensors treat-
ed with vapor and solution aPTes. This 
hydrolysis process has greatly improved the 
stability and repeatability of charge sensing 
of our si NG bio-FeTs.

driven by the improvement in nano-
structure fabrication and characterization 
technologies, nanoelectronic biosensors 
have received much attention as a promising 
approach to detect biological and chemical 
species, with a variety of applications in dis-
ease diagnosis, drug discovery, food safety, 
etc. [1]–[4]. in particular, si NW FeTs have 
demonstrated potential as a highly sensitive, 
label-free sensing platform [1], [3], [5]–[9]. 
advantages include high sensitivity attribut-
ed to the large surface-to-volume ratio and 
the resulting strong modulation of carrier 
concentration by the surface charges [2], 
[10], as well as facility for mass production 
due to the compatibility with current com-
plementary metal–oxide semiconductor fab-
rication technologies [6], [8], [11], [12].
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For an analog transducer, as the gain 
improves and the device becomes more 
sensitive, the output usually becomes less 
stable, resulting in degraded measurement 
repeatability and sometimes worse signal-
to-noise ratio in real-world performance. 
The NW FeT biosensors are no exception. 
For example, many published ph-sensing 
results with NW FeT sensors are noisy and 
unstable in comparison to the conventional 
isFeTs [4]–[6], [8], [10], [13], [14]. This 
is a critical issue in biosensing; the high 
sensitivity of NW FeTs may be irrelevant 
because of the poor stability. NW FeT bio-
sensors are more sensitive not only to the 
change of the target analyte but also to 
every other aspect of the biosensing sys-
tem. These changes may include variations 
in the devices themselves, usually from the 
fabrication processes. si NWs fabricated 
with bottom-up techniques such as chemi-
cal vapor deposition (cVd), though they 
benefit from the small diameter and 
smooth surfaces of NWs, have the added 
difficulty of controlling NW properties and 
alignment during device integration [1], 
[5]. in comparison, top-down lithography 
provides better positioning accuracy as well 
as flexibility of pattern design [4], [6], [9], 
and the diameter of the NWs has been 
improved to be comparable to cVd [15].

another factor that causes performance 
variation and instability exclusively in the 
si NW FeT is the discrete dopant fluctua-
tion [8], a result of low dopant concentra-

tion in the NW channel as required by the 
high sensitivity [6], [10]. This challenge 
can be overcome by incorporating multi-
ple NW channels in the device design, 
such as NG FeTs [3]. Besides the reduced 
device-to-device variation and stability 
improvement in aqueous solution, si NG 
FeTs also exhibit performance boosts, 
including higher current, higher on/off 

ratio, lower threshold voltage ( ),VT  and 
smaller subthreshold swing ( )SS  [3].

The hydrolytic instability of surface 
chemistry also significantly affects the stabili-
ty of NW FeT biosensors. Generally, the 
surface chemistry for NW FeT biosensors 
uses a silane-based self-assembled monolayer 
(saM) for sensing ph or as a linker mole-
cule to attach the probe for biomolecule 
detection. For ph sensing, the unstable reac-
tion of the proton-binding sites on the sen-
sor surface over time can induce drift and 
hysteresis in the sensor output [16]–[19]. 
For biological molecule sensing, the surface 
chemistry becomes more complicated, and 
the hydrolytic instability issues can be even 
more significant considering the variation of 
ph and salt concentrations in the solution as 
they interact with the saM and the probes 
on the surface [8]. in comparison to the 
problem of device variation, the saM hydro-
lytic instability issue requires significantly 
more attention because the surface chemistry 
is much less controllable than the semicon-
ductor fabrication process.

since the first demonstration in 2001 
[5], ph sensing with si NW FeTs has been 
reported by various groups [4], [6], [8], 
[13], and it is a key tool to verify and evalu-
ate charge-sensing capability, which is fun-
damental for biological analyte detection.  
Furthermore, several biosensors and appli-
cations, such as the enzyme FeT (eNFeT) 
and dNa sequencing, directly rely on the 
reliable quantification of proton concentra-

tion. in eNFeTs, the enzyme catalyzes a 
specific reaction with the target analyte, 
converting its concentration to a local ph 
change, which can be detected by NW 
FeTs configured as ph sensors [20]. For 
dNa sequencing, a proton is released dur-
ing the reaction of dNa polymerization 
when the complementary deoxyribonucleo-
tide triphosphate is introduced. To generate 

enough protons for a detectable ph 
change, the reaction usually involves dupli-
cates of the same dNa template by poly-
merase chain reaction amplification [21]. 
The reliable and accurate quantification of 
ph with NW FeT biosensors, therefore, 
possesses appreciable significance in the bio-
sensing field.

in this article, we study the hydrolytic 
stability of the saM in ph sensing with 
different coating methods, as well as how 
it affects the performance of si NG FeT 
biosensors. We first fabricated si NG FeTs 
using lithographic semiconductor process-
es developed previously [3]. Then, we 
chemically functionalized the NW surface 
with the popular aPTes as the saM for 
our ph-sensing study. aPTes has been 
widely used not only in ph sensing 
[4], [5], [22] but also as a linker molecule 
in protein sensing and dNa sequencing 
[23], [24]. Therefore, the results of this 
work may be applied beyond ph sensing 
to other biosensing areas. in comparison 
to bare si oxide, adding the surface amino 
groups from covalently attached aPTes 
yields a linear amphoteric response to ph 
and results in a linear response to a wide 
ph range [1], [5], [8], [25].

To functionalize the NW surface with 
aPTes, both solution- and vapor-phase 
deposition processes were used. The  
solution-phase method is most common-
ly used in the literature [4], [5], [22], 
whereas the vapor-phase method can pro-
duce better morphology of aPTes films 
[26], [27] due to the absence of excess 
water and reduced polymerization of 
aPTes molecules [28], [29]. Most previ-
ous studies that investigated the surface 
quality of these two deposition methods 
[26], [27], [29] focused on surface char-
acterization and analysis. however, the 
impact of surface modification on the 
sensor performance still remains largely 
unknown with these two methods. Very 
recently, we established processes to coat 
the device surfaces with aPTes via both 
the vapor- and solution-phase methods 
[30]. Their ph-sensing performance was 
evaluated and compared, including hys-
teresis, linearity, and sensitivity. however, 
there was still notable global drift in sen-
sor signals for both phases of aPTes.

We have achieved significant improve-
ment in the hydrolytic stability and 

NW FET biosensors are more sensitive not only 
to the change of the target analyte but also to 
every other aspect of the biosensing system.
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sensing repeatability through our newly 
developed hydrolysis process. For the 
hydrolysis conditions, etienne and Wal-
carius reported that only a strongly acidic 
environment (ph = 1) is capable of coun-
terbalancing the basicity of surface amine 
groups locally confined with a high con-
centration, while pure water (floating 
ph) enables the amine functions to 
express their total basic power, resulting 
in remarkably increased amine liberation 
in the solution [31]. Nevertheless, we 
have deliberately chosen de-ionized water 
as the hydrolysis solution for two reasons. 
First, the ph sensor should work stably in 
an amphoteric range (including ph > 8). 
hydrolysis in acid would have a limited 
effect in stabilizing the amine-terminated 
surface in the basic sensing solutions. sec-
ond, the reduction in surface aPTes 
density does not necessarily affect sensor 
performance in a negative way. as dis-
cussed later in detail, the accuracy of the 
ph sensor is actually improved. With  
the new sensing results after the hydroly-
sis process, we demonstrate ph sensing 
with accuracy comparable to or better 
than commercially available isFeTs, as 
well as excellent repeatability and stability 
over a long period of time.

MATERIALS AND METHODS

FABRICATION OF Si NG FETs
We used si NG FeTs for improved sta-
bility and high performance compared 
to single-NW FeTs. si NG FeTs were 
fabricated on a si-on-insulator wafer, con-
sisting of a 70-nm-thick top si layer and a 
145-nm-thick buried oxide (BOx) layer. 
The p-type top si layer had a low boron 
concentration of / ,10 cm15 3  which was 
used as the channel doping. detailed fab-
rication processes were also reported else-
where [3]. device patterns were defined 
in the top si layer by photolithography 
and chlorine plasma etching, including 
channel area, source/drain (s/d) regions, 
and leads to contact pads. The s/d 
junctions were formed by ion implan-
tation with phosphorous ( ) ./10 cm19 3  
The NG channels were then patterned 
by e-beam lithography (eBl) with 
hydrogen silsesquioxane (hsQ) on 
a raiTh150 Two eBl tool (30 keV 
and ~250 pa). hsQ was developed in 

tetramethyl-ammonium-hydroxide (25 
wt. %) heated at 38 °c for 60 s, and the 
patterns were transferred to the top si 
layer by plasma etching. a two-step etch 
process was used to avoid etching of the 
BOx layer and floating of the NGs [3]. 
The NG consists of 100 NWs per device, 
with each NW of 50+  nm in width, 

30+  nm in height, and 20 mn+  in 
length. Gate oxide of 3 nm was thermally 
grown around the NWs after the forma-
tion of the NGs. different from previ-
ous devices [3], leads and contact pads 
were formed from nickel silicide instead 
of metal to improve the compatibility  
with oxidizing chemicals from the surface 
modification process. 

silicon nitride ( ,Si N3 4 300 nm) was 
deposited as a passivation material on 
areas other than the NG channel and 
contact pads. Finally, the devices were 

annealed in forming gas at 400 °c for 
60 min, which reduced surface charges 
and improved device stability. an electron 
micrograph of a finished si NG FeT is 
shown in Figure 1(a), and the magnified 
NG region with individual NWs is shown 
in Figure 1(b). all the si NG FeT chips 
used in this study were fabricated in the 

same batch on the same wafer to reduce 
process variations.

EXPERIMENTAL SETUP
To isolate all electrical contacts of si 
NG FeTs from sensing solutions flow-
ing across the NGs, a special clamp was 
designed and made by three-dimensional 
(3-d) printing, as shown in Figure 1(c).  
all s/d contact pads on the chip were 
designed edgeways for easy probing, 
away from the central microfluidic chan-
nel defined in polydimethylsiloxane 

FIGURE 1 The Si NG FET and experimental setup: (a) An electron micrograph of an Si NG FET 
device. (b) An electron micrograph of the NG region showing individual NWs. Each NW is 
50 nm+  in width, 30 nm+  in height, and 20 mn+  in length. (c) A 3-D-printed fluidic clamp 

for solution delivery and electrical characterization. PDMS: polydimethylsiloxane.
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(PdMs). This channel was 500 µm in 
width/height and ~1 cm in length, and 
the two ends were connected to poly-
etheretherketone tubing as the inlet/
outlet for the sensing solution. The 
PdMs channel was sealed on the chip 
by a top beam, which was locked to the 
clamp base by two latches. To provide 
proper gate control of the si NG FeTs, 
a silver (ag)/silver chloride (agcl) wire 

(<0.5 mm in diameter) was mounted at 
the top of the channel as a solution gate. 
all parts of the clamp were made from 
aBs plastic, which was not conducting 
and would not react with the sensing 
solutions. in the experiment, the clamp 
was fixed on a probe station (cascade 
Microtech) for s/d probing and gate 
connection, and a Keithley 4200-scs 
device characterization system was used 
for the electrical measurements. Figure 2 
shows a schematic of the ph-sensing 

setup (not to scale). With the ag/agcl 
electrode biased at a constant voltage 
( ),VSG  the drain current ( )IDS  of the 
aPTes-modified si NG FeT was mea-
sured while flowing different ph solu-
tions across the NG. The source terminal 
was grounded, and the drain terminal 
was biased constantly at 0.1 V .( )VDS

To reliably deliver sensing solutions to 
the clamp at a desired flow rate, an air 

pressure of 2 lbf/in2 was applied to each 
of the sealed solution bottles by a peristal-
tic pump. a selector valve (Valco instru-
ments) was used to switch between 
different ph solutions.

SURFACE MODIFICATION WITH APTES
Piranha cleaning (hydrogen perox-
ide: sulfuric acid = 1:3) was performed 
on the si NG FeT chips for 20 s before 
both depositions, followed by N2  dry-
ing to remove excess water. aPTes (1%, 

sigma-aldrich) in anhydrous ethanol 
(95%) was used for the solution-phase 
deposition. The chip was soaked in 25 
ml of aPTes solution for 30 min. For 
the vapor-phase deposition, the chip was 
placed in a closed glass container with 
250 Ln  of aPTes liquid not in direct 
contact with the devices, and the contain-
er was heated to 100 °c on a hot plate 
for 35 min. after deposition, both chips 
were rinsed individually with ethanol (four 
times) and isopropyl alcohol (once) and 
then dried in a vacuum oven at 120 °c for 
60 min.

SOLUTION PREPARATION  
FOR pH SENSING
Phosphate buffer solutions (10 mM) of 
different ph values containing 100 mM 
sodium chloride were prepared for ph 
sensing. The debye screening length at 
100 mM ionic concentration is ~1 nm 
[19], which is larger than the chain 
length of aPTes (~5 Å) [23]. The ph 
of each solution was measured with a ph 
meter (OaKTON ph 700) before the 
experiment. The ph range of solutions 
used in the experiments was approxi-
mately 4–9 (before hydrolytic stability 
improvement) or 2–9 (after hydrolytic 
stability improvement).

HYDROLYTIC STABILITY 
IMPROVEMENT
a hydrolysis process was used to improve 
the hydrolytic stability of the ph sen-
sors. chips with aPTes coating by both  
solution- and vapor-phase deposition 
were soaked in deionized water for 12 h, 
followed by N2  drying.

RESULTS
To determine the proper biasing voltage 
( )V GS  for the si NG FeT, the transfer 
characteristics ( )I VDS SG-  of the device 
were f irst obtained in the lowest-ph 
solution. The biasing point was set in 
the subthreshold regime for higher sig-
nal response (exponential i-V change) 
compared to the linear regime (linear i-V 
change). in the sensing experiment, the 
drain current ( )IDS  was recorded while 
sweeping a set of different ph solutions 
(f lowing one by one), repeatedly (f ive 
or six times) to evaluate the long-term 
stability and repeatability. Figure 3 shows 

FIGURE 2 A schematic of the pH-sensing setup for the APTES-coated Si NG FET.
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an example of the measured drain cur-
rent for an aPTes-vapor-coated chip 
before and after the hydrolytic stability 
improvement. The results demonstrate 
that the simple hydrolysis process can 
greatly enhance the temporal stability 
and test repeatability (further discussed 
in the next section). after the experi-
ment, the current level of each ph was 
extracted from the measured IDS  and 
converted to relative surface potential 
( )0W  using the measured transfer char-
acteristics. The potential of the first data 
point at the lowest ph was set as a refer-
ence .( )0 V0W =  This conversion to 
surface potential eliminates the effects 
of device variation, i.e., the converted 
results were irrelevant for device per-
formance and only depended on sur-
face properties, allowing us to focus on 
the difference of ph response induced 
by the aPTes coating. in addition, 
the converted voltage response to ph 
can faithfully reflect the linear correla-
tion between surface potential and ph. 
Therefore, for each sweep of the set of 
different ph solutions, a linear fit was 
performed to quantify the linearity of 
ph response.

BEFORE HYDROLYTIC  
STABILITY IMPROVEMENT
Figure 4(a) and (c) shows the transfer 
characteristics of n-type si NG FeTs 
modif ied in aPTes–ethanol solution 
and via aPTes vapor, respectively, 
before the hydrolytic stability improve-
ment. The tests were performed in 
low-ph solutions (4.1 for ethanol and 
3.8 for vapor), and VDS  was set to be 
0.1 V. Both devices modified in etha-
nol and vapor demonstrated excellent 
performance, with small ss  of 64 and 
69 mV/dec and six orders of magnitude 
for the on/off ratio. a major difference 
between them is the threshold voltage 
( ):VT  VT  of the device treated with 
ethanol is 0.416 V whereas that of vapor 
is 0.167 V, which is 0.25 V smaller. This 
VT  difference is not caused by the varia-
tion of device fabrication, as the VT  
variation range of bare devices before 
functionalization is normally within 
15 mV [3]. it is likely due to the higher 
density of positively charged aPTes 
attached to the gate oxide surface during 

FIGURE 3 The measured drain current ( )IDS  of the vapor APTES device over time, (a) before 
and (b) after the hydrolytic stability improvement. (c) is a magnified view of (b). Solutions of 
different pH levels (labeled inside the plots) were sequentially flowing through the sensor sur-
face, and IDS  was measured at the same time.
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the vapor-phase deposit ion, which 
equivalently shifts the transfer character-
istics in the negative direction.

Because of the difference in ,VT  the 
VSG  biasing points for ph sensing were 
set differently (0.4 V for the ethanol 
device and 0.15 V for the vapor device). 
Figure 4(b) and (d) shows the ph 
responses of devices with aPTes deposit-
ed in ethanol solution and in vapor, 
respectively. in both experiments, five ph 
sweeps with the same range from ph 4 to 
9 were performed in total, starting from 
the lowest-ph solution.

AFTER HYDROLYTIC STABILITY 
IMPROVEMENT
Figure 5(a) and (c) shows the trans-
fer characteristics of n-type si NG FeTs, 

modified in the aPTes–ethanol solution 
and via aPTes vapor, respectively, after 
hydrolytic stability improvement. Both 
tests were performed in a solution of ph 
2.3, and VDS  was set to be 0.1 V. com-
pared to the device [Figure 4(a)] before 
hydrolysis, the ethanol device showed a 
slightly larger ss of 71 mV/dec, a larger 
VT  of 0.464 V, and the same six orders of 
magnitude for the on/off ratio. similarly, 
the vapor device also showed a slightly 
larger ss of 74 mV/dec, a much larger 
VT  of 0.407 V (a 0.24-V increase from 
the original device before hydrolysis), and 
the same on/off ratio. Figure 5(b) and (d) 
shows the ph responses of the NG FeT 
with aPTes deposited in ethanol and in 
vapor, respectively, after hydrolytic stabil-
ity improvement. in both experiments, six 

ph sweeps ranging from ph 2 to 9 were 
performed, starting from the lowest-ph 
solution. The VSG  biasing point was set 
at 0.45 V for the ethanol device and 0.35 
V for the vapor device. The increase of 
VT  of the vapor device after the hydro-
lysis process suggests that the density of 
aPTes attached to the oxide surface is 
reduced by the hydrolysis process in two 
possible ways. First, covalently attached 
aPTes can be partially removed during 
the hydrolysis process, as the amine func-
tionality is able to catalyze the hydrolysis 
of the attached aPTes molecules both 
inter- and intramolecularly [23]. sec-
ond, the weakly attached aPTes mol-
ecules through hydrogen bonding can 
also be removed after hydrolysis, as the 
high molecular mobility in solution during 

FIGURE 4 Test results of the APTES-modified Si NG FETs before the hydrolytic stability improvement process: (a) and (b) the devices modified 
in ethanol and (c) and (d) the devices modified in vapor. The results include transfer characteristics ( )I VDS SG-  in (a) and (c) and the pH-sensing 
results ( )pHoW -  in (b) and (d).
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soaking can disrupt hydrogen bonds more 
effectively [23]. similarly, studies have 
shown that rinsing the surface after silani-
zation facilitates the displacement of weak-
ly bonded silane molecules [23], [24].

To better understand this aPTes–
removal process during hydrolysis, we like 
to refer back to the ph-sensing experiments 
of the vapor device without the hydrolysis 
process, as shown in Figures 3(a) and 4(d). 
in this experiment, the vapor device was 
rinsed for about 2 h during the ph sensing. 
The global negative drifting of the drain 
current across the five ph sweeps as illus-
trated in Figure 3(a) is a direct result of the 
gradual removal of positively charged 
aPTes during ph sensing.

DISCUSSION
To evaluate and compare the hydrolytic 
stability as well as the performance of si 
NG FeTs modified by aPTes via the 
vapor- and solution-phase methods, before 
and after hydrolytic stability improvement, 
the results were further analyzed and dis-
cussed in terms of drift and stability, sensi-
tivity, accuracy, and linearity.

DRIFT AND STABILITY
Figure 3(a) shows significant drift of sen-
sor output for the same ph measured 
repeatedly over time. This drift will 
cause poor repeatability of the ph sen-
sor, which must be constantly corrected 
by calibration. Figure 6(a) and (b) shows 

the averaged relative surface potential 
( )0W  versus ph for both ethanol (red) 
and vapor (black) aPTes-coated devic-
es, before and after hydrolytic stability 
improvement. The data points represent 
the mean of ,0W  while the error bars 
represent the standard deviations of 0W  
for each ph. The wider error bars of vapor 
compared to ethanol aPTes-coated 
devices before hydrolysis (~50 mV ver-
sus ~17 mV) indicated larger drift and, 
therefore, worse stability of vapor aPTes, 
possibly due to the high density of weakly 
bound aPTes molecules formed dur-
ing the vapor-phase deposition. howev-
er, after hydrolysis, both types of devices 
showed significant stability improvement, 

FIGURE 5 Test results of the APTES-modified Si NG FETs after the hydrolytic stability improvement process: (a) and (b) the devices modified in 
ethanol and (c) and (d) the devices modified in vapor. The results include transfer characteristics ( )I VDS SG-  in (a) and (c) and the pH-sensing 
results ( )pHoW -  in (b) and (d).
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as illustrated by the large decrease of error 
bars from ~50 mV down to ~13 mV for 
the vapor device and from ~17 mV down 
to ~5 mV for the ethanol device, as shown 
in Figure 6(b). such a large improvement 
of hydrolytic stability is direct proof that 
hydrolysis is capable of removing weakly 
bound aPTes that could be in the form 
of oligomers or polymers as suggested in 
[29]. as a result, the aPTes-coated NG 
FeT after hydrolysis has shown excel-
lent long-term stability and repeatability 
in ph sensing, as shown in Figure 3(b) 
compared to Figure 3(a) before the hydro-
lysis. The reduction of drift can be bet-
ter viewed in the magnified Figure 3(c). 
We believe this hydrolysis improvement 

method can be useful in the develop-
ment and application of practical biosen-
sor because it significantly mitigates the 
fundamental issue of surface stability and 
reliability.

SENSITIVITY AND ACCURACY
The ph sensitivity of an isFeT is gener-
ally defined as [32]

 / . / ,pH kT q2 3B02 2 aW =-  (1)

with

 / . / .kTC q1 1 2 3 int
2

difa b= +  (2)

it depends mainly on the surface prop-
erties instead of device working conditions 

as the differential double-layer capacitance 
Cdif  and the intrinsic buffer capacity intb  
are strongly related to oxide–electrolyte 
interface. With the absolute temperature 

,T  Boltzmann constant ,k  and electron 
charge ,q  a  is a dimensionless parameter 
varying between zero and one. at room 
temperature (T  = 300 K), the maximum 
achievable sensitivity known as the Nern-
stian sensitivity can be calculated as 
59.5 mV/ph, by setting .1a =

Figure 6(c) and (d) shows the absolute 
values of sensitivity for both ethanol and 
vapor aPTes-coated devices extracted 
from the slopes of linear fits for each ph 
sweep, before and after the hydrolytic sta-
bility improvement. Before the hydrolysis, 

FIGURE 6 A comparison of the drift and sensitivity of APTES-coated NG FET devices for pH sensing: (a) and (c) before and (b) and (d) after the 
hydrolytic stability improvement step.
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vapor aPTes exhibited sensitivity close to 
the Nernstian limit (54.82 ± 2.66 mV/ph, 
in the format of average ± standard devia-
tion), which is much higher than that of 
ethanol aPTes (41.30 ± 2.65 mV/ph). 
however, both sensitivities decreased after 
hydrolysis [by ~31% (vapor) and ~14% (eth-
anol)]. The vapor aPTes device still slight-
ly out-performed ethanol device (39.76 ± 
0.56 mV/ph versus 35.74 ± 0.20 mV/
ph). More importantly, their varying rang-
es (the standard deviation) were greatly 
reduced after hydrolysis due to more 
hydrolytically stable surfaces. The reduction 
of sensitivity is a consequence of reduced 
surface aPTes density. From the perspec-
tive of saM quality, this is a valid conclu-
sion based on the results.

intuitively, one may assume that the 
reduced surface aPTes density has a 
negative impact on the sensor perfor-
mance due to the decreased sensitivity. 
Quite the contrary, the accuracy of the 
ph sensors has actually improved, due to 
the resulting stability improvement. To 
be more specific, the fluctuation of the 
ph sensitivity (4.8% for vapor and 6.4% 
for ethanol) was greatly reduced after the 
hydrolysis process (1.4% for vapor and 
0.6% for ethanol). assuming we calibrate 
our ph sensors with the standard calibra-
tion solutions of ph 4, 7, and 10, the 
maximum offset from the calibration 
points is 1.5 ph. With the most stable 
ph sensor from our results (ethanol, after 
hydrolysis), the best accuracy we have 
achieved is ±0.008 ph. This ph-sensing 
accuracy is comparable to (sentron ± 
0.01 ph) or better than (isFeTcOM 
co., ltd. ± 0.02 ph) the isFeTs (not 
NW FeTs) commercially available. There-
fore, despite the reduction of the aPTes 
surface density and the ph sensitivity 
after the hydrolysis process, the accuracy 
of the ph sensor has greatly improved.

LINEARITY
linearity characterizes the deviation of ph 
response from a linear relation and can be 
quantified by the coefficient of determina-
tion ( ) .R2  Unlike previous studies that 
assessed the overall linearity in the form 
of conductance determined by both the 
device performance and the saM quality 
[1], [4], [5], [25], relative surface potential 
( )0W  was used in this study, reflecting 

only the qualities of aPTes and other 
surface species and excluding effects from 
device variation. R2 of each linear fit (for 
each ph sweep) in all four experiments 
were extracted, and the mean/standard 
deviations were calculated for each experi-
ment, as shown in Table 1. The vapor-
phase aPTes-coated device  exhibited 

slightly better linearity of ph sensing 
 compared to the device with aPTes 
deposited in ethanol (higher mean of R2  
closer to 1), yet the standard deviation was 
larger. after the hydrolysis, both the lin-
earity and standard deviation significantly 
improved for aPTes deposited in both 
methods. The weakly bonded aPTes 
deposited in vapor was unstable in the first 
ph-sensing experiment (before hydrolysis), 
which yielded a 45% higher standard devia-
tion (0.00361 versus 0.00249) compared 
to the ethanol aPTes. after hydrolysis, 
most of the unstable aPTes molecules 
from vapor deposition (attached via hydro-
gen bond) were removed, resulting in a 
comparable standard deviation to etha-
nol aPTes (0.00120 and 0.00111). This 
observation is in good agreement with pre-
vious analyses of results. The 55% decrease 
of the standard deviation of the ethanol 
aPTes after hydrolysis indicated that sur-
face rinsing of even 6,000 s in ph sensing 
was not enough to completely remove the 

loosely attached aPTes, which required 
a suff iciently long hydrolysis process. 
however, from a practical point of view, 
both aPTes deposition methods, even 
before hydrolysis, showed good linearity 
( . )R 0 99>2  with well-controlled stan-
dard deviation (<0.005) of minor differ-
ences. importantly, the hydrolysis process 

is found to stabilize surface-charge species, 
resulting in the notable decrease in stan-
dard deviation (67% reduction for vapor 
and 55% reduction for ethanol).

CONCLUSIONS
in summary, ph-sensing performance 
was compared between si NG FeTs 
coated with vapor- and solution-phase 
aPTes, and a hydrolysis process was 
developed to improve hydrolytic stability 
of surface aPTes in ph sensing. devices 
with both aPTes deposition methods 
exhibited linear ph response with good 
sensitivity. Vapor aPTes showed bet-
ter linearity and sensitivity than ethanol 
aPTes, yet surface stability in terms of 
drift was better in the latter. The hydro-
lysis process was demonstrated to sig-
nificantly improve surface stability from 
reduced drift in ph sensing on both 
vapor and ethanol aPTes sensors and 
to greatly enhance the accuracy down 
to ±0.008 ph, which is comparable to 

The SAM hydrolytic instability issue requires 
significantly more attention because the surface 

chemistry is much less controllable than the 
semiconductor fabrication process.

T A B L E  1  coEFFIcIEnt oF DEtERmInatIon (R 2).

aPtES-moDIFIED 
Si ng FEt

BEFoRE hyDRolySIS aFtER hyDRolySIS

Mean Standard 
Deviation

Mean Standard
Deviation

Vapor 0.99677 0.00361 0.99746 0.00120
Ethanol 0.99444 0.00249 0.99516 0.00111

The calculation was based on five pH sweeps (before hydrolysis) or six pH sweeps (after hydrolysis).
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or better than commercially available 
isFeTs. This process was believed to 
remove weakly bound aPTes molecules 
from the surface, therefore stabilizing the 
surface-charge species that are sensitive 
to ph change.
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