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Abstract We report the electric field and pH sensitivity of
fluid gated metal-semiconductor hybrid (MSH) Schottky
structures consisting of a Titanium layer on n-type GaAs.
Compared to standard field-effect sensors, the MSH
Schottky structures are 21 times more sensitive to electric
field of —46.6 V/cm and show about six times larger
resistance change as pH of the solution is decreased from
8.17 to 5.54. The potential change at the fluidic gate and
passivation layer interface by bias voltages and pH are
mirrored by the metal shunt, resulting in larger depletion
widths under the Schottky junction and resistance change as
compared to sensors with no Schottky junction. 2D
numerical simulation results are in good agreement with
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the measured data and suggest thinner mesa with lower
doping density can further increase device sensitivity.
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1 Introduction

Semiconductor-based devices have been actively studied as
chemical and biological sensors due to label-free detection,
ease of miniaturization, low-cost fabrication, and simple
integration into microelectronic circuits (Park et al. 2005).
For example, ion-sensitive field-effect transistors (ISFET)
have been used for the detection of pH (Bergveld 2003),
DNA (Kim et al. 2008), and enzymes (Koch et al. 1999).
Silicon nanowires as nanoscale diameter manifestations of
ion-sensitive or chemical field effect transistors have been
demonstrated as highly sensitive detectors for proteins (Cui
et al. 2001) and DNA molecules (Hahm and Lieber 2004).
DNA hybridization and charged peptide-RNA interactions
were detected using polycrystalline silicon-based thin-film
transistors (Estrela and Migliorato 2007) and gallium
arsenide-based junction-field-effect transistors (Lee et al.
2008), respectively. To improve the sensitivity of these
types of sensors, physical properties, such as carrier
concentration and dopant type (Cui et al. 2000; Cui and
Lieber 2001; Duan et al. 2001), as well as geometric
properties, such as device shape and the dimensions
(Popovic 1991; Elibol et al. 2008), have been modified.
An extraordinary electroconductance (EEC), a novel
idea that utilizes the effect of both the physical properties of
a Schottky interface and conduction through the metal
contact in a metal-semiconductor-hybrid (MSH) structure,
has been applied to the electric field sensing in non-
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aqueous conditions (Newaz et al. 2009). However, electric
field sensitivity of the MSH structures in aqueous con-
ditions has not yet been examined. In this study, we report
on the electric field sensing by the EEC MSH structures
with a fluidic gate, and on the sensitivity amplification by
geometric modifications. The effect of physical and geomet-
rical adjustments on device sensitivity was also investigated
using numerical simulations. Furthermore, chemical sensitivity
of the MSH structures was tested using various pH solutions.

2 Material and methods
2.1 Device fabrication

A 650 pum thick (100) semi-insulating GaAs substrate
(resistivity ~ 1.0-6.0x10%Q c¢m) with a 100 nm thick Si-
doped n-GaAs epitaxial layer (Ng=4x10""cm ) was used
to fabricate the MSH structures. This three-layer substrate
purchased from IQE Inc. contains the undoped GaAs layer
to serve as the buffer layer that prevents the current leakage
from the active layer to the semi-insulating substrate. The
fabrication procedures are as follows. After depositing Cr/
Au/NiCr alignment marks using photolithography and lift-
off techniques, the active layer was patterned into a circular
mesa with 7.8 pum diameter using the electron beam
lithography (JBX-6000FS/E, Hitachi, Japan) and inductive-
ly coupled plasma reactive ion etch (ICP-RIE, SLR-770,
PlasmaTherm, U.S.A.).

Figure 1(a), (b), and (c) show SEM images (S-4800,
Hitachi, Japan) of three different types of sensors. The bare
sensor shown in Fig. 1(a) does not have a shunt metal while

4

Fig. 1 (a) SEM images of 7.8
micron sensors without shunt
metal, (b) with the isolated
shunt metal, (c) with the shunt
metal connected to contact pad
via lead 5, (d) Schematic side
view, dimensions of the sensor,
and the set up for fluidic meas-
urements. The DC power supply
is used to generate an external
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the MSH structures shown in Fig. 1(b) and (c) contain a
2.5 umx2.5 um Ti/Au (40 nm/40 nm) shunt layer in the
center of the mesa. Thus, a bare sensor shown in Fig. 1(a)
required only one more electron beam lithography step to
define AuGe/Ni/Au ohmic leads on the periphery of the
mesa while the MSH structures shown in Fig. 1(b) and (c)
needed the third electron beam lithography step for
patterning shunt layer in the center of the mesa. The
AuGe/Ni/Au contacts on the periphery of the mesa were
annealed at 450°C for 2 min to make the contacts ohmic.
Then an unannealed Titanium layer was deposited to form
the Schottky junction at the Ti/n-GaAs interface. The
sensor design depicted in Fig. 1(c), with the shunt layer
connected to a contact pad, was used to study the properties of
the Schottky junction via direct biasing. Each sensor was
passivated with a silicon nitride (SizNy4) or an aluminum oxide
(Al,O5) layer by plasma enhanced chemical vapor deposition
(Mixed frequency PECVD, Surface Technology Systems
PLC., UK.) or thick atomic layer deposition (ALD),
respectively, to prevent leakage between the fluidic gate and
the mesa during measurements. The final thickness of silicon
nitride was either a 20 nm or 50 nm for the characterization of
the effect of thickness of the passivation layer on the
measurement sensitivity. The thickness of aluminum oxide
was 15 nm. Figure 1(d) shows the schematic side view of the
sensor which has shunt metal layers with the fluidic gate.

2.2 Measurement
To characterize the Schottky interface of the MSH structure

at room temperature, DC voltages from —1.5 V to 0.5 V
were applied using E3612A DC power supply (Agilent, U.

A A

electric field perpendicular to (d)
the sensor Au (40 nm)
Ti (40 nm)
Silicon nitride Si doped GaAs
Agilent E3612A P Epitaxial Layer
DC Power Supply RIE etching _——— 100 nm
V- Ve ibaam Ohmic lead
(AuGe/NifAu)
1 300 nm
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Fig. 2 Room temperature -V characteristics of the Schottky interface
with DC bias voltages across leads 5 and 1, 2, 3, or 4. Inset: natural
log of I vs bias voltage for shunt voltages exceeding 0.42 V

S.A.) from lead 5 to lead 1, 2, 3 or 4 (Fig. 1(c)) while
measuring the current through the selected pair of leads
using HP 4155B (Agilent, U.S.A.) semiconductor parame-
ter analyzer. Using four equally spaced ohmic leads on the
periphery of the device, the 4-point-probe lock-in method
was employed to eliminate contact resistance between the
ohmic leads and the mesa while excluding the low
frequency thermal noises. One KHz sinusoidal voltage
from a function generator (33120A, Agilent, U.S.A.) was
applied across a 20 M) resistor to produce a 200 nA
current that was passed through leads 1 and 4. The voltage
due to the current flow in the MSH structure was measured
across leads 2 and 3 with a lock-in amplifier (SR850,
Stanford Research Systems, U.S.A.), which was then
divided by the injected current to calculate the effective
sheet resistance.

The fluidic gate on top of the passivation layer was
formed by flowing 10 mM phosphate buffered saline (PBS)
(ATCC, U.S.A.) solution in a poly(dimethyl siloxane)
(PDMS) (Sylgard 184, Dow Corning, U.S.A.) reservoir
located on top of the sensor for 5 min. As shown in Fig. 1
(d), the chip was adhered to the Au metal plate by a double-
sided scotch tape (resistance ~10'2Q) and a DC voltage
was applied between the fluidic gate and the bottom metal
plate to produce the electric field perpendicular to the MSH
device. The electric field is a linear function of the fluidic
gate voltage and can be expressed as

E(Vg) =2, (1)
total

where Vj, and 1, are fluidic gate voltage and distance

from the top of the passivation layer to the bottom of the

double-sided scotch tape. For the fluidic gate voltages from

— 3.5 V to +3.5 V, the electric fields produced were
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calculated to be from —46.6 V/cm to +46.6 V/cm, and the
changes in the effective sheet resistance were measured to
determine the electric field sensitivity of the MSH structure.
For pH measurements, the pH value of the fluidic gate was
altered by adding 1M of HCI or NaOH solution to the PBS
solution.

3 Results and discussion
3.1 Characterization of Schottky junction

As shown in the main panel of Fig. 2, Schottky I-V
measurements using different leads produced almost iden-
tical results due to the symmetry of the structure. Since the
current transport across the Schottky interface with donor
density ranging from 5x10'® to 5x10'7cm > is dominated

(a) 20
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Fig. 3 (a) Effect of Si;Ny layer thickness and the shunt on the electric
field sensitivity. Inset: Percent change in resistance on a log scale for
negative electric field values. (b) Schematic side view of the sensing
mechanism for negative and positive electric fields
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Fig. 4 (a) Schematic side view
and dimension of the sensor
used for the simulation by
DESSIS. (b) Simulation results
of the percent change in resis-
tance at —46.6 V/cm for various
combinations of the mesa
thickness and the doping
density. The experimental
results at —46.6 V/cm for the
sensors with (+) and without the
shunt (x) are also shown

=
S

Biomed Microdevices (2010) 12:849-854

180 nm

I
I
I
GaAs Mesa | 100 nm :
I

Resistance Change (%)

01} D\‘D\D\D

—&— Nd=8e16, with shunt
—— Nd=Be16, without shunt
—— Nd=4e17, with shunt
—{— Nd=4e17, without shunt
T —@— Nd=8e17, with shunt

TR O~ Nd=8e17, without shunt
AL —
A A
.
————
————

0.01 !
60 80

by thermionic field emission (Dushman 1930), the current
density through our structure can be expressed as

1(Vs) = LlexplqVs /nkT) — 1], 2)

where V), is the shunt voltage, /; is the saturation current,
and n is the non-ideality factor that usually varies between
1 and 2 (Duan et al. 2001)."" If n = 1 and V,, >> kT/q, the
equation becomes a simple exponential function, and In(/
(V) vs V,, plot as shown in the inset of Fig. 2 can be used
to determine n and the Schottky barrier height, @,;. n and
@,; at room temperature were found to be 1.2 eV and
0.690 eV, respectively.

@ Springer
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3.2 Electric field sensitivity with a fluidic gate

Figure 3(a) shows the percent change of mesa resistance in
response to the external electric field in fluid. As shown in
the inset of Fig. 3(a), the change in resistance at —46.6 V/
cm for the sensor with the shunt metal connected to a
contact pad was increased by about two orders of
magnitude (~192 times), after thinning the SizN, layer
from 50 nm to 20 nm. For the 20 nm thick passivation, the
structure with the shunt metal (Fig. 1(b)) showed only a
slight improvement in sensitivity compared to the sensor
without the shunt. The resistance of both sensors increased
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monotonically as electric field was decreased from +46.6 to
—46.6 V/cm, and the sensor with the shunt showed only
0.14% and 0.20% increase in percent change at —46.6 and
+46.6 V/cm respectively. Interestingly, the sensor with the
shunt metal connected to a contact pad exhibited much
higher sensitivity, with 21 times larger percent change at
—46.6 V/cm than the sensor without the shunt.

The enhanced sensitivity of the sensor with the shunt
connected to the contact pad is due to efficient mirroring of
the fluidic gate voltage, V4, by the shunt metal. The voltage
at the shunt, Vy,,,,;, which modulates the depletion width at
the Ti/n-GaAs interface, is a function of V4 and can be
expressed as

Vshunt = Vfg : Ccontrol/(cparasitic + Ccontrol)a (3)

where Ceonpor and Cpgasiric are capacitances between the
fluidic gate and the shunt and between the shunt and the
GaAs mesa, respectively. Since C.,,,.; for the sensor with
the isolated shunt is comparable in magnitude to Cpygsiics
Vsnune 1 only a fraction of V. On the other hand, the sensor
with the shunt metal connected to a contact pad has a much
larger C.ppo, because Ce,,ios is a linear function of the
overlap area between the fluidic gate and the shunt. As a
reSUIta Ccontrol/<cparasitic + Ccontral) ~ 1 and Vhune = Vfg
for the sensor with the shunt connected to the contact pad.
For the same V7, the depletion region under the shunt and
the resistance of the GaAs mesa are thus modulated much
more significantly by the sensor with the shunt connected
to the contact pad.

The sensors with the shunt metal connected to a
contact pad show lower sensitivity for positive electric
fields, with only 6.1 times larger percent change at
+46.6 V/cm compared to the sensor without the shunt.
This asymmetrical effect of the shunt on the electric field
sensitivity is due to the change in the depletion region
thickness as a function of the external electric field.
Negative fluidic gate voltages make the depletion region
thicker at both the Ti/n-GaAs interface (underneath the
shunt) and at the Si;N4/n-GaAs interface (mesa region not
covered by the shunt). However, the area covered by the
shunt is depleted much more than the uncovered areas due
to the presence of the Schottky built-in potential, which
creates a depletion region even in the absence of any
external perturbation. As shown in Fig. 3(b), when a
positive electric field is applied to the sensors, the
depletion region shrinks until the difference between the
area covered by the shunt and the uncovered area becomes
negligible. Since the GaAs mesa resistance is directly
related to the depletion region thickness, the Schottky
junction between the shunt and the n-GaAs mesa amplifies
the change in resistance more significantly for negative
electric fields than for positive. Moreover, the resistance

Author's personal copy 853

of the sensor with the shunt starts to level off as the
external electric field strength exceeds 18.6 V/em. The
GaAs mesa resistance, Rg,4s, Which is related to the
reciprocal of the thickness of the undepleted region,
tundeplerea» €an be expressed as

RGaas = ﬂ/tundepleted = ﬁ/(t - W(E))7 (4)

where (3 is a constant, ¢ is the mesa thickness, and W(E) is
the depletion region thickness as a function of external
electric field, E. The slope of the change in resistance,
dRGau4s/dE, is thus a function of tu,,dep,@,ed_z and dW/dE.
For a small range of electric field strengths, dW/dE is
relatively constant while #,,,4epierca becOomes larger as the
electric field becomes more positive, which results in
small dRg,4,/dE and a saturated Rg, ;.

3.3 Numerical simulations

Using the 2D numerical device simulator (DESSIS,
Integrated Systems Engineering, Inc., U.S.A.), the
measured percent change in resistance for the sensor
with the shunt passivated with a 20 nm thick SizNy
layer was compared to the simulation result. After
simplifying our structure into a 2D model as shown in
Fig. 4(a), the percent changes in resistance due to the
external electric field ranging from —46.6 to +46.6 V/em
were simulated with the Schottky barrier height of 0.69 eV
(from the inset of Fig. 2), Ng=8x10'"°cm™> (from the 4-
point probe resistance measurements of sensors without
the shunt), and a SisN4/n-GaAs interface trap state density

60
] With shunt, With shunt connection
25 With shunt, No shunt connection
—_—
O Without shunt
X
S
o 40
2 R
c .
s ¥
O ~
8 20 y=13.2x-727 _~ Y:—;%;g 405
c r'=0.927 e
]
-
0
b y=3.1x- 183
v r'=0.927

pH

Fig. 5 Resistance change of three different types of sensors in
response to the changes in pH of the fluidic gate when the fluidic gate
bias was decreased from 0 V to —2.5 V. The percent change in
resistance of each sensor type was normalized based on their measured
result at pH5.54
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of 1x10"eV 'em 2(Wieder 1983). As shown in Fig. 4(b),
the numerical simulation results were very close to the
actual data, with the maximum difference of 2.2% in
percent change at —46.6 V/cm. To determine the effect of
physical parameters on the sensor sensitivity, various
combinations of the n-GaAs mesa thickness and doping
density were also analyzed using DESSIS. As shown in
Fig. 4(b), higher sensitivity was obtained with lower
doping density for all the mesa thicknesses for both the
sensor with and without the shunt. For instance, when the
mesa thickness was kept at 100 nm while the doping
density was reduced from 8x10'7cm™ to 8x10'"cm ™,
the sensitivity increased by a factor of 19.3 and 16.2 for
sensors with and without the shunt, respectively, at
—46.6 V/cm. A thinner mesa amplified the response of
both sensors when the doping density was fixed, but the
sensor with the shunt showed much higher improvement
in sensitivity at lower doping densities. At Ng=8x10""
cm °, the sensor response at —46.6 V/cm was increased by
a factor of 2.3 and 2.1 for the sensors with and without the
shunt, respectively, as the mesa thickness was reduced
from 200 nm to 80 nm. However, for a lower Ngy (8 x 10"
cm ), the resistance of the sensor with the shunt was
increased by a factor of 39.8, which was over four times
higher than a factor of 9.3 improvement shown by the
sensor without the shunt as the mesa thickness changed
from 200 nm to 80 nm.

3.4 pH sensitivity

The resistance change of the sensors for each pH was
determined by calculating the percent increase in resistance
at the fluidic gate bias of —2.5 V compared to that at 0 V.
Figure 5 shows the resistance change normalized by the
result from pHS5.66 for each type of structure. At pH8.17,
the normalized resistance change of the sensor with the
shunt metal connected to a contact pad was 1.35, which is
over 80% higher than the change observed from the sensor
without the shunt. These four terminal device topologies
have the advantage of offering a four point resistance
measurement, hence eliminating any issues due to varia-
tions in contact resistance. However, the devices with the
shunt metal have a parasitic current path around the shunt
metal, which could result in a smaller change in response
compared to two terminal device layouts. This could also
explain the fact that the observed changes in response due
to pH were limited to 20-40%. It should be noted that the
larger resistance change of the sensor with the shunt layer
connected to a contact pad is consistent with the earlier
measurement and are due to the efficient mirroring of
surface potential and larger changes depletion widths
explained earlier in the text.
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4 Conclusion

Our results demonstrate that the presence of a Schottky
interface between the shunt and the GaAs mesa significant-
ly improves the sensitivity as demonstrated in wet
conditions, especially for negative electric fields. Thinner
nitride layer also increase the sensor response to the
external electric field as expected. Moreover, the simulation
results suggest that thinning the mesa and lowering the
doping density of the GaAs epilayer would improve the
sensitivity, especially for the sensor with the shunt. pH
sensing by MSH structures also proves that the sensitivity
amplification by the Schottky interface is not limited to
electric fields, but can be applied to biological and chemical
sensing. After further optimization of device dimensions
and physical parameters, the MSH structure could be used
as a highly sensitive electric field and charge sensor in
fluidic environments. For example, a change in surface
charge density on the functionalized passivation layer due
to pH, biological or chemical molecules can be measured to
monitor DNA hybridization, enzyme reaction, and
antibody-antigen interaction, etc.
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