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F
ield effect transistor biosensors (bio-
FETs) have received considerable at-
tention due to their ability to trans-

duce biological recognition events directly

to an electrical signal.1,2 Sensing occurs in

these devices by changes in the transistor’s

channel conductivity, induced by the bind-

ing of analyte biomolecules to receptor

molecules on the floating gate of the de-

vice. These effects include changes in the

device’s surface-band bending due to the

molecules’ effective charge,3 and changes

in the oxide surface work function due to

the layer molecular dipole,4,5 which thus

may alter the flat band voltage and conse-

quently the threshold voltage of the device.

The sensitivity of the FETs’ channel conduc-

tivity to these effects makes this type of bi-

osensors very attractive, providing a com-

prehensive and efficient method for

detecting a wide variety of biomolecules.6,7

However, these effects may be attenuated

by redistribution of mobile ions in the inter-

molecular spaces within the adsorbed mo-

lecular layers8 and depolarization of the lay-

ers’ dipole due to the very large electric

fields induced in the layers,4,5,9 limiting the

magnitude of the obtained signal.

Since the sensitivity of the sensor is a

critical parameter, large surface-to-volume

ratio devices based on semiconductor

nanowires10,11 and carbon nanotubes12

have been commonly utilized as the device

channel. However, in recent years comple-

mentary metal oxide semiconductor

(CMOS) based technologies have been ap-

plied for successful fabrication of high per-

formance bio-FETs on silicon-on-insulator

(SOI) wafers,13 eliminating the need for us-

ing ‘bottom up’ techniques in the fabrica-
tion process. The operation principals of
SOI-based devices are similar to that of con-
ventional FETs.14 However, the buried ox-
ide layer enables additional gating of the
device by applying a potential through a
fourth bottom electrode. It has been re-
cently shown that when such devices are
used in depletion mode, charge-coupling
effects may increase the sensitivity of the
sensor.15,16 Despite the promising potential
and advantages, quantitative estimation of
the modulation of device performance, and
their correlation with the attached organic
layers’ properties has not yet, to the best of
our knowledge, been evaluated. In this
work, we combine macroscopic
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ABSTRACT The utilization of field-effect transistor (FET) devices in biosensing applications have been

extensively studied in recent years. Qualitative and quantitative understanding of the contribution of the organic

layers constructed on the device gate, and the electrolyte media, on the behavior of the device is thus crucial. In

this work we analyze the contribution of different organic layers on the pH sensitivity, threshold voltage, and gain

of a silicon-on-insulator based FET device. We further monitor how these properties change as function of the

electrolyte screening length. Our results show that in addition to electrostatic effects, changes in the amphoteric

nature of the surface also affect the device threshold voltage. These effects were found to be additive for the first

(3-aminopropyl)trimethoxysilane linker layer and second biotin receptor layer. For the top streptavidin protein

layer, these two effects cancel each other. The number and nature of amphoteric groups on the surface, which

changes upon the formation of the layers, was shown also to affect the pH sensitivity of the device. The pH

sensitivity reduces with the construction of the first two layers. However, after the formation of the streptavidin

protein layer, the protein’s multiple charged side chains induce an increase in the sensitivity at low ionic strengths.

Furthermore, the organic layers were found to influence the device gain due to their dielectric properties, reducing

the gain with the successive construction of each layer. These results demonstrate the multilevel influence of

organic layers on the behavior of the FET devices.

KEYWORDS: biosensor · field effect transistor · silicon on insulator · organic
layers · pH sensitivity · threshold voltage · gain · Debye screening length
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current�voltage (I�V) measurements of SOI bio-FET

devices, with an appropriate device modeling, in order

to obtain a quantitative estimation of changes in device

behavior following the formation of organic layers on

top of the device gate, in an aqueous environment. To

achieve this goal we monitor changes in the pH sensi-

tivity, threshold voltage, Vth, and device gain after the

formation of linker, receptor, and analayte layers on top

of the device floating gate, using (3-

aminopropyl)trimethoxysilane (APTMS), which is a

widely used linker, and streptavidin�biotin as antigen/

antibody model system. Our results suggest a decrease

in the pH sensitivity with the successive introduction of

small organic molecules to the gate surface; however,

this sensitivity may increase upon the adsorption of

multiply charged proteins. By analyzing changes in Vth,

we follow the contribution of the organic layers both by

affecting the point of zero charge (PZC) of the surface,

and dipolar effects. The influence of the solution ionic

strength on these effects is studied, demonstrating an

increased sensitivity to the top protein layer with de-

creasing ionic strength. Finally, we show that the de-

vice gain decreases during the construction of the bio-

organic layers due to capacitive effects.

DEVICE MODELING
In fully depleted SOI-FET devices the back gate

voltage, VBG, can be used for opening the device’s

channel, making it possible to keep the top gate di-

electric exposed, and thus available for the binding

of molecular layers, which are necessary for the de-

vice sensing process. In this configuration the layers

are bound to a top, nanometric thick, silicon oxide

surface, thus imposing large gating effects by the

molecules. These effects can be monitored by their

influence on the back gate threshold voltage, Vth-BG.

The modeling of these effects was carried out for a

four-terminal enhancement n-channel SOI device

configuration (Figure 1a). A one-dimensional analy-

sis was developed, combining a fully depleted SOI

model in order to test the electrostatic influence of

the different organic layers,7,17 and an electrolyte in-

sulator semiconductor (EIS) model in order to study

the effect of the surrounding electrolyte media.18�21

Accordingly, the potential distribution, �, between

the back gate of the device and a reference elec-

trode in solution, which can also be referred to as a

front electrode, was obtained by solving the one-

dimensional Poisson’s equation (Figure 1b):

using the following boundary conditions:

where q is the electronic charge, Na is the channel

doping concentration, and �Si and �ox are the permit-

tivities of silicon and silicon-oxide, respectively. �f

and �b are the potentials at the front and back

oxide�SOI interface, respectively. The effective front

and back gate potentials were defined by Vref� � Vref

� VFB
f and VBG� � VBG � VFB

b , respectively, where Vref

and VBG are the front- and back-gate potentials, and

VFB
f is the flat-band voltage at the front side of the

SOI channel, which includes constant parameters of

the electrolyte. VFB
b is the flat-band voltage at the

d2Φ(x)

dx2
)

qNa

εSi
, 0 e x e tSi (1)

Figure 1. (a) Schematic of SOI bioFET and electronic charac-
terization setup (not to scale). (b) Schematic illustration of
potential and charge distribution across the device layers
(for Vref � 0), showing the different parameters used in the
1-D electrostatic potential (details are in the text).
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back of the device. �0
OLi is the potential drop at the

gate�liquid interface for organic layer i, and �OLi
is

the potential drop over the organic layer (Figure 1b).

tox and tBox are the front and buried oxide layer thick-

nesses, respectively, and tSi is the SOI layer thickness.

Charge conservation in the system, neglecting con-

tributions from surface states and fixed or parasitic

charges, requires that �0 � �OL � �s � 0, where �0 is

the electrolyte Helmholtz double layer charge, �OL is the

organic layers effective charge, and �s the space charge

in the silicon (Figure 1b). Thus the solution of eq 1 for

a bare device was obtained, neglecting the contribution

of the organic layers to the boundary condition (2),

and assuming the conventional threshold condition �f

	 2�F � 2kT/q ln(Na/ni), yielding

where CBox 	 �ox/tBox, Cox 	 �ox/tox, and CSi 	 �Si/tSi.

Equation 4 shows a negative linear relation between

the back-gate threshold voltage, Vth-BG, and Vref, with

Vth-BG decreasing as Vref increases, with a coupling fac-

tor fC 	 CSiCox/(CBox(CSi � Cox)). This is in agreement with

the metal oxide semiconductor FET (MOSFET) theory; a

positive/negative Vref (similarly to a positive/negative

voltage in MOSFET’s gate) causes a hole depletion/ac-

cumulation in the SOI layer, consequently decreasing/

increasing Vth-BG. After modification of the surface Vth-BG

becomes

Thus the threshold voltage shift, 
Vth-BGi
, due to the

chemical modification is

where 
�0i
	 �0

OLi-1 � �0
OLi, which is the difference be-

tween the point-of-zero-charge (PZC) of the surface be-

fore and following modification (�0
OLi|i�0 represents the

bare surface).22 Thus, the threshold voltage shift in-

cludes the contribution of both the potential change

over the monolayer originating from the molecules’

charge and dipole, and changes in the PZC of the sur-

face. 
�0 can be evaluated using the site-binding

model by22

where AOLi-1
and AOLi

are the pH sensitivity factors,

pHOLi-1
pzc and pHOLi

pzc are the PZC of the surfaces, before

and after surface modification, respectively.

The validity of the model was verified by monitor-

ing experimentally the dependence of Vth-BG on Vref. A

negative shift of the IDS�VBG curves of a bare device

with increasing Vref was observed (Figure 2a), manifest-

ing a decrease in Vth-BG, as expected. Indeed, a linear de-

pendence of Vth-BG, estimated from these experiments,

on Vref is obtained (Figure 2b). From these results fC was

estimated to be 25 � 1, in agreement with a value of

24.5, calculated using the manufacturer’s cited thick-

ness values.

RESULTS AND DISCUSSION
The behavior of a SOI-FET device with a floating

gate depends both on the solution conditions (pH and

ionic strength), and on the presence of an effective

charge and dipole on its surface. Thus, to study these ef-

fects bare devices, as well as devices after the deposi-

tion of the APTMS linker, biotin receptor and streptavi-

din analyte layers were measured at various solution

conditions. From the resultant current voltage relations

quantitative analyses of the different contributions to

device performance were performed.

pH Sensitivity. It is well established that the FET behav-

ior in solution depends on the pH of the solution due

to protonation/deprotonation of amphoteric groups on

the surface.22 Since these effects depend on the proper-

ties of the surface and ligands bound to it, we have

Figure 2. (a) IDS�VBG curves of a bare device as a function of Vref (data collected in solutions of 1X PBS buffer). (b) Vth-BG de-
pendence on Vref. Vth-BG values were extrapolated from the linear part of the corresponding IDS�VBG curves. A linear depen-
dence is observed for the experimental results (black crosses). The slope of a linear fit (dashed gray line, R2 � 0.989) yields a
coupling factor of 25 � 1.
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monitored the changes in the pH sensitivity, that is,

the surface potential difference due to changes in the

bulk solution pH, after each step of modification, at

three different ionic strengths by the changes in Vth-ref

(Figure 3a). The results show that the highest pH sensi-

tivity is obtained for the bare device. After APTMS

monolayer formation the sensitivity decreases, in agree-

ment with reported results.23 A further decrease in the

sensitivity is obtained after biotin binding. Interestingly,

after binding of the large streptavidin molecule the sen-

sitivity does not change for the large ionic strength;

however, it increases at low ionic strength. Our results

can be explained by the classic site-dissociation model

developed by Van Hal et al.:22

where k is the Boltzmann’s constant, T is the absolute

temperature, CDiff is the differential double-layer capaci-

tance, and �int is the intrinsic buffer capacity that de-

pends on the total charge of amphoteric head groups.

The parameter 
 is a dimensionless parameter that var-

ies between 0 and 1. If 
 � 1, the sensitivity reaches

the Nernstian limit of 59.2 mV/pH at 298 K. Accordingly,

the pH sensitivities of the bare device, which are above

48 mV/pH for the entire ionic strength range, are close

to the Nernstian (ideal) sensitivity limit. This is probably

due to the large density of OH groups on the surface

that increase the value of �int. The reduced sensitivity

observed upon APTMS layer formation can, thus, be at-

tributed to the formation of a mixed interface that is

composed of two amphoteric groups: the Si�OH

groups with pKa value of 6.8, and the APTMS amine

head groups with pKa value of 9�10. This reduces the

overall surface charge and thus �int. Biotin binding to

APTMS results in a decrease in the number of amine

groups, thus decreasing the number of amphoteric

sites. Finally, the increased sensitivity upon streptavi-
din binding can be explained by the large amount of
amine and carboxylic side chains on the protein. These
side chains reside outside the detection volume for the
large ionic strength solution, as will be discussed be-
low, thus not showing contribution to the sensitivity;
however, for low ionic strength they become more
dominant.

The slight decrease in the pH sensitivity with increas-
ing buffer concentration for the same surface condi-
tions shown in Figure 3 reflects changes in CDiff. Since
CDiff is a function of the ionic strength, a decrease in the
ionic strength decreases CDiff, which yields an increase
in the pH sensitivity as deduced from eq 8. Since the pH
sensitivity may affect device performance, it is impor-
tant to take it into account in the analysis, as will be
demonstrated below.

Vth Dependence on Organic Layers Formation. To validate
that the gate coupling effect demonstrated above ap-
plies also to changes in the surface�electrolyte inter-
face potential, the pH sensitivity was evaluated by us-
ing the variations in Vth-BG (Figure 3b). As expected,
overall the same trends were observed, with the sensi-
tivity values increasing by a factor of �29, which is simi-
lar to the coupling factor that was obtained by varying
Vref. These results confirm that changes at the
surface�electrolyte interface affect the back gate re-
sponse in a similar fashion to changes in the front elec-
trode potential. This allows us to correlate changes in
Vth-BG with the surface potential and quantify using the
device coupling factor, as will be discussed below. Thus
the use of a SOI-FET configuration allows us to study
the effects of the organic layers’ charge and dipole by
monitoring the device back-gate threshold voltage. A
small shift in the IDS�VBG curve to lower VBG values is ob-
served after the adsorption of the APTMS monolayer,
with respect to the activated device (Figure 4a). This
shift can be attributed to the addition of positive charge
through the amine groups of the APTMS. After the con-

Figure 3. pH sensitivity dependence on the solution screening length. Sensitivity was monitored using (a) IDS�Vref (VBG � 30
V), and (b) IDS�VBG (Vref � 1 V) curves in order to estimate Vth for the different solutions’ pH (see Methods section for details).
Data for the bare device (gray square), and after APTMS (blue circle), biotin (green triangle), and streptavidin (red triangle)
layers deposition is presented. The solution Debye screening length was calculated from the buffer ion concentration.24
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struction of the biotin layer the curve shifts to higher

VBG values, and after streptavidin layer adsorption a

small shift back to lower values is observed (Figure 4a).

These shifts manifest changes in the Vth-BG values.

Establishment of the influence of the different lay-

ers on Vth should take into account the ionic strength

of the solution, since the studied layer charge and di-

pole may reside beyond the Debye screening length,

�D,24 and thus may be screened and will not be sensed

by the device (Figure 1a).25 Control over �D was

achieved by a series of dilutions of the phosphate

buffer. Evidently, Vth-BG remains constant regardless of

�D for the bare device due to the close proximity of the

charged groups and dipoles to the oxide surface (Fig-

ure 4b). A large shift in Vth is observed following APTMS

absorption, as will be discussed below. However, only

a small dependence on �D is observed, with Vth-BG

slightly decreasing with increasing �D. This is because

the entire layer resides within the Debye screening re-

gion for the entire experimental ionic strengths (Figure

1a). No significant shift in Vth-BG was obtained after the

addition of a biotin layer for �D � 0.8 nm for which this

layer’s charge and dipole is screened. Indeed, increas-

ing the screening length to 2.4 nm results in a signifi-

cant decrease in Vth-BG. This effect becomes even more

pronounced upon further increasing the screening

length. Similarly, the adsorption of streptavidin also re-

sults in an increase in Vth-BG, which becomes more sig-

nificant at larger �D. While the overall observed changes

seem to be smaller than the experimental error, we

note that this error reflects variations in the behavior

of different devices. In fact the same trends were ob-

served in each of the measured devices, with a shift be-

tween different devices.

The potential drop across the different layers ad-

sorbed on the surface was estimated from their in-

duced changes on the threshold voltage (Table 1). For

each layer 
�0i
was calculated by eq 7 with PZC val-

ues before and after the layer deposition obtained from

contact angle studies in similar systems,38 and the ex-

perimental sensitivity values (Figure 3a). These values

were then inserted into eq 6 yielding �OLi
. A value of ca.

�300 mV was found for �OL for the APTMS layer (�D

� 0.8 nm). This value is much smaller than the 1 V value

obtained for similar structures under dry conditions,26

probably due to screening effects. Indeed, several stud-

ies of the changes in devices’ flat band voltage (and

the threshold voltage) due to adsorption of organic lay-

ers showed values ranging between zero27,28 and tens

of millivolts29,30 in electrolyte solution. We note that an

Figure 4. Vth dependence on organic layers and solution ionic strength. (a) IDS�VBG curves of activated device (purple) and
after APTMS (blue), biotin (green), and streptdavidin (red) layers (data collected in solutions of 1X PBS buffer, �D � 0.8 nm).
Vth values were extrapolated from the linear part of each curve (marked by gray dashed lines). The IDS�VBG curve of the
bare gate is shown in the inset together with the curves of the gate after activation and APTMS deposition, showing the
large effect of the activation process. The Vth-BG shift of each curve with respect to the bare gate device is specified. (b) Vth-BG

as a function of the solution Debye screening length for the bare device (gray square), and after APTMS (blue circle), biotin
(green triangle), and streptavidin (red triangle) layers deposition. (Vref � 0 V for all data in the figure).

TABLE 1. Contribution of Organic Layers to Changes in Threshold Voltage

APTMS biotin streptavidin

�D (nm) �Vth-BG
a (V) ��0

b,c (mV) �OL (mV) �Vth-BG
a (V) ��0

b,c (mV) �OL (mV) �Vth-BG
a (V) ��0

b,c,d (mV) �OL (mV)

0.8 �3 � 0.5 180 �300 � 30 0.25 � 1.7 f f �0.1 � 3.5 f f

2.4 e �6 � 1.2 �150 �90 � 25 0.8 � 2.1 200 �170 � 80g

3.5 e �13 � 1 �170 �360 � 100 �1.95 � 0.9 200 �120 � 60g

aCalculated by the threshold voltage difference due to layer adsorption (Figure 4b). bAveraged values, calculated from eq 8 using sensitivity factors obtained in Figure 3a
and the experimental front-back coupling factor (�25). Errors evaluated by the minimal and maximal calculated values. cPZC values of 8 for APTMS, 2 for SiO2, and 3.5 for bio-
tin were used, according to values obtained by contact angle measurements on similarly prepared surfaces.38 dStreptdavidin PZC of 7 estimated by the protein isoelectric
point. eNot evaluated due to irreproducibility of measurements of the activated surface. fNot calculated due to small Vth shift. gThe large error reflects variations in the ex-
perimental results, and uncertainty in the PZC values which might differ from the protein isoelectric point once adsorbed on the surface.
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overall large shift of the curve toward higher VBG val-
ues was observed following APTMS modification (inset
of Figure 4). This is mainly due to the formation/occupa-
tion of interface states at the top oxide�silicon inter-
face with negative charge during the exposure of the
surface to UV irradiation during the activation treat-
ment.31 This large effect, together with the fact that the
activated surface is less stable and shows larger varia-
tion in the IDS�VBG relations, may greatly limit the accu-
racy of the calculated �OL value for this layer. We note
that current experiments on a similar system show that
this charging effect can be eliminated by using an acidic
(piranha) cleaning/activation treatment (Y. Rosenwaks,
personal communication).

The calculations of the biotin layer contribution to
the shifts on Vth-BG were conducted only for the larger
screening lengths (�D � 2.4 and 3.5 nm) since at these
conditions the layer’s charge and dipole contribute
more effectively to the signal. The �90 � 25 mV poten-
tial drop across the biotin layer for �D � 2.4 nm is in
agreement with the value reported by Taylor et al. for
measurements in dry conditions.32 For �D � 3.5 nm the
potential drop across the layer decreases to a value of
�360 � 100 mV. This larger potential drop across the
layer is attributed to lesser screening obtained for this
lower ionic strength solution. Smaller changes in Vth-BG

were measured after the adsorption of the streptavidin
layer even for �D � 3.5 nm, for which the charge and di-
pole should not be completely screened. This small ef-
fect is a result of the opposite contribution of the PZC
change and the potential difference across the layer
(Table 1). These results highlight the different effects
of organic layer on device performance. Such effects
may be modulated by external conditions such as the
solution ionic strength and pH. In this respect we note
that the measurements were carried out in solutions
with pH value of 7, close to the protein’s isoelectric
point at which the protein is only slightly charged.33

Changing the pH of the solution may increase the con-
tribution of the potential across the layer, thus increas-
ing the overall signal. Indeed, measurements done at
higher pH solutions have shown an increase in the
threshold voltage (data not shown), manifesting a de-
crease in the protein effective charge.11,13

The Transistor Gain, gmf. The main characteristics of the
detection capacity of a bio-FET device is its inherent
sensitivity to surface charge or surface potential, which
can be quantified by the transistor gain. The gain per-
formance of the bio-FET in solution can be quantified
by replacing the gate voltage by Vref in the traditional
transistor gain definition, yielding: gmf � dIDS/dVref. For
the linear (strong inversion) region (Vref � Vth-f ��VDS),
the gain is thus given by34

where Ceff is the effective capacitance of the top dielec-

tric, the organic layers, and the solution, � is the sili-
con mobility, VDS is the drain-source voltage, and W and
L are the width and length of the conducting channel,
respectively. The experimental results show that gmf

decreases after each modification (Figure 5). This de-
crease seems to be more pronounced upon the addi-
tion of more layers to the device’s gate. From eq 9 it is
evident that the reduction in gmf can be attributed to
changes in Ceff due to the addition of organic layers. Ceff

was evaluated using a simple model of ideal plate ca-
pacitors in series (Figure 5). Indeed, Ceff and gmf show
the same trends during the construction of the device
layers, with slight discrepancies between these trends,
probably due to additional capacitive effects. These re-
sults clearly demonstrate the capacitive effect of the
layers on device performance. These effects should be
considered in the design of a bio-FET, and the quantifi-
cation of its performance.

SUMMARY AND CONCLUSION
The evolution of I�V relations of fully depleted SOI

FET devices following modifications of their floating
gate with APTMS, biotin, and streptavidin, as a model
system for biosensing applications, was characterized in
wet environment and with varying ionic strength. The
pH sensitivity of the devices was shown to vary during
the construction of the different organic layers owing to
changes in the number and nature of amphoteric
groups on the surface. The sensitivity was reduced fol-
lowing the construction of the APTMS and biotin layers.
Increased pH sensitivity was observed at low ionic
strengths once the streptavidin was attached to the sur-
face due to its amine and carboxylic side chains.

The dependence of the threshold voltage on the
electrolyte screening length was studied for each layer
of the device. Only a small dependence of the threshold

gmf )
CeffµVDSW

L
(9)

Figure 5. Device gain behavior. Experimental gain, gmf (red
squares), and calculated capacitance (blue circles), for the
different gate layers (�D � 2.43 nm, VBG � 20 V). Capacitance
was calculated using a simple model of ideal plate capaci-
tors in series, using the manufacturer stated thickness val-
ues and dielectric constants of 3.5 and 11.2 for silicon-oxide
and silicon, respectively. The solution capacitance was calcu-
lated from the diffused layer capacitance.22 The capacitance
of the organic layers was estimated using thicknesses ob-
tained from ellipsometry measurements, a dielectric con-
stant of 2.4 for the APTMS layer,38 and estimated value of 2.3
for both the biotin and streptavidin layers.

A
RT

IC
LE

VOL. 4 ▪ NO. 8 ▪ KHAMAISI ET AL. www.acsnano.org4606



voltage on the electrolyte Debye screening length was
observed after the deposition of the first APTMS layer.
This is because the thickness of this layer is smaller than
the screening length for the entire measurement range.
Consequently, a larger threshold voltage dependence
on the screening length was observed for the biotin
and streptavidin layers. A one-dimensional electrostatic
model was used in order to analyze the combined ef-
fects of the constructed layers, and the electrolyte on
the device threshold voltage. Using this model the dif-
ferent contributions of the organic layers both via dipo-
lar effects and changes in the surface PZC, were ana-

lyzed. These two effects were found to be accumulative
for the APTMS and biotin layers. However, for the
streptavidin layers these effects showed an opposite
trend. In addition to these effects the channel gain is
also affected by the organic layers due to their dielec-
tric nature which changes the effective capacitance of
the system, resulting in reduction of the gain following
the formation of each of the organic layers of the de-
vice. These results demonstrate the multiple effects of
the organic layers on the performance of FET devices.
These effects should be considered in the design and
clinical applications of such devices.

METHODS
Device Gate Modification by Construction of Bio-Organic Layers. Fully

depleted enhancement mode SOI n-channel MOSFET devices
(contributed by Intel Research Lab, Jerusalem, Israel)35 were used
(Figure 1a). To achieve the full-depletion condition devices con-
sisted of 1 �m buried oxide (BOX), a 30�40 nm SOI with resistiv-
ity of 5�10 � · cm (corresponding to a boron concentration of
about 1015 cm�3), and a 20�50 nm top gate dielectric.36 Source
and drain electrodes were fabricated from aluminum in order to
ensure ohmic contacts, and covered by gold.

Prior to modification, the devices were cleaned by immer-
sion in ethanol and drying. Devices were then treated in a UV
ozone cleaning system (T10 � 19-OES, UVOCS, USA) for 45 min
in order to increase the surface density of the hydroxyl groups.
This was followed by a heat treatment at 100 °C for 30 min on a
hot-plate. The activated devices were immediately immersed in
an APTMS solution (95% ethanol, 5% APTMS) for 10�12 min, fol-
lowed by thorough rinsing in ethanol and three times in triple-
distilled water (TDW). Devices were dried under N2 and heat
treated at 100�120 °C for 30 min to remove all excess ethanol
and water, and establish covalent bonding of the silane.

For the formation of the biotin layer, APTMS covered de-
vices were immersed in 10 mM biotin�NHS in phosphate buffer
(pH � 7.2) overnight. Since biotin�NHS does not dissolve in
the buffer it was first dissolved in dimethylformamide (DMF) and
then diluted in the phosphate buffer to the final concentration
such that the amount of DMF did not exceed 10% of the final vol-
ume.37 While the solution appeared as a hazy suspension, indi-
cating incomplete solubility, the reaction was effectively com-
pleted. After biotin assembly, devices were washed in DMF,
buffer, and TDW followed by drying under N2 stream. For strepta-
vidin conjugation, biotinated devices were exposed to a freshly
prepared solution of streptavidin (5 �M in 10 mM sodium phos-
phate buffer, pH 7) for 3�4 h. Devices were then washed in the
same buffer solution and under TDW stream three times (using a
syringe) and dried under a N2 stream.

The layers were characterized following each modification
step using ellipsomerty (SE800, Sentech Instruments GmbH, Ger-
many). Further characterization of the chemical properties and
morphology included contact angle, X-ray photoelectron spec-
troscopy, and atomic force microscopy. For these measurements
layers were deposited on bare p-type Si wafers (boron concen-
tration of about 1015 cm�3, � � 10 � · cm) covered with layers of
thermal oxide (50 �1250 Å).

Electrical Device Characterization. Electrical device characteriza-
tions were acquired in solution (phosphate buffered saline (PBS),
pH � 7.4), on a four-terminal measurement setup as shown in
Figure 1a, using a semiconductor parameter analyzer (model
4155C, Agilent Technologies, USA). Ag/AgCl electrode (Metrohm,
Switzerland) immersed in the buffer was used as a reference
electrode. Vref was restricted to values lower than �2 V in order
to eliminate electrode deterioration, gate dielectric electrical
breakdown, or other electrochemical reactions in solution. VBG

was varied between �20 and �80 V, and VDS was set at �0.1 V
in all the experiments. Characterizations were obtained for the

same device following each gate modification step including
cleaning in ethanol, UV-ozone activation, and after modifica-
tions with APTMS, biotin, and streptavidin. In each experiment
both IDS�VBG (with varying Vref) and IDS�Vref (with varying VBG)
were measured, showing the same behavior as discussed in the
text (Figure 2b). Study of the effect of the ionic strength and
screening length was achieved by successive buffer dilutions
relative to 1X PBS (150 mM NaCl, 3 mM KCl, and 10 mM phos-
phate salts (monobasic and dibasic)), and characterization after
each dilution. In order to verify the reproducibility of our results
after completing the measurements I�V curves were remeas-
ured at 1X PBS. For the calculations of the pH sensitivity, the
same I�V curves were measured at pH 5, 7, and 9 for each of
the ionic strengths. The pH sensitivity was calculated by 
Vth/

pH using either Vth-ref or Vth-BG. An average value was obtained
by considering the pH sensitivities obtained for each pair of meas-
urements at two different pH conditions (a total of three val-
ues). For the bare surface, APTMS, and biotin layers the pH sen-
sitivity was compared to values obtained by the procedure used
in ref 23, and similar values were obtained. Vth was obtained
from the intercept of the linear extrapolation of the I�V curve
in the linear regime with the voltage axis since small VDS values
were used in the measurements.
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