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Over the years, piezoresistive nano cantilever sensors have been extensively investi-

gated for various biological sensing applications. Piezoresistive cantilever sensor is a

composite structure with different materials constituting its various layers. Design and

modeling of such sensors become challenging since their response is governed by the

interplay between their geometrical and constituent material parameters. Even though,

piezoresistive nano cantilever biosensors have several advantages, they suffer from a

limitation in the form of self-heating induced inaccuracy which is seldom considered

in design stages. Although, a few simplified mathematical models have been reported

which incorporate the self-heating effect, several assumptions made in the model-

ing stages result in inaccuracy in predicting sensor terminal response. In this paper,

we model and investigate the effect of self-heating on the thermo-electro-mechanical

response of piezoresistive cantilever sensors as a function of the relative geometries

of the piezoresistor and the cantilever platform. Finite element method (FEM) based

numerical computations are used to model the target-receptor interactions induced

surface stress response in steady state and maximize the electrical sensitivity to ther-

mal sensitivity ratio of the sensor. Simulation results show that the conduction mode

of heat transfer is the dominant heat transfer mechanism. Furthermore, the isolation

and immobilization layers play a critical role in determining the thermal sensitivity

of the sensor. It is found that the shorter and wider cantilever platforms are more

suitable to reduce self-heating induced inaccuracies. In addition, results depict that

the piezoresistor width plays a more dominant role in determining the thermal drift

induced inaccuracies compared to the piezoresistor length. It is found that for sur-

face stress sensors at large piezoresistor width, the electrical sensitivity to thermal

sensitivity ratio improves. © 2017 Author(s). All article content, except where oth-

erwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4977827]

I. INTRODUCTION

In the last decade, nano-electro-mechanical systems (NEMS) based cantilever platform sensors

have been utilized as investigation tools for in-situ explorations ranging from measurements at micro

gram (µg) mass1 to space applications.2 However, in recent times much focus has been on develop-

ing piezoresistive cantilever sensors for biological sensing applications. Compared to conventional

clinical diagnostic techniques like lateral flow assays (LFAs) and enzyme-linked immunosorbent

assays (ELISAs), cantilever biosensors not only have the advantage of lower footprint but also have

an edge due to their capability to perform real time and fast detections with lower detection limits.3 In

contrast to other sensing techniques like optical,4 piezoelectric,5 capacitive,6 piezoresistive readout

technique has several advantages in terms of label free detection, lower footprint, freedom of on

or off-chip signal processing circuitry, large dynamic range, independence of operational medium,
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cost-effectiveness due to batch fabrication, etc. The cantilever sensor can be operated in either static

or dynamic mode (where in the former relative change in cantilever deflection is measured, whereas

in the later change in resonant frequency of the cantilever is gauged). Typical applications of sensing

using cantilevers in dynamic mode include detection of volatile organic compound (VOC),7 DNA,8

airborne nanoparticles9 to cite a few. Although, dynamic mode of operation has numerous advantages,

its effectiveness curtails in liquid medium due to fluid damping effect induced reduction in sensitivity

and dependence of change in resonant frequency on the position of target-receptor interactions on

the cantilever. In static mode of operation, cantilever end point deflection due to the target-receptor

interactions induced differential stress on the opposite faces of the cantilever is measured. Typi-

cal applications of static mode operated piezoresistive nano cantilever platform biosensors include

detection of cancer tissues,10 viruses,11 cardiac disease markers12 and DNA sequencing13 to mention

a few.

Even though, piezoresistive nano cantilever sensors have numerous advantages, they suffer

from a major limitation in the form of thermal drift in their output characteristics. This thermal

drift in the sensor also leads to invalid detection in nano cantilever biosensors.14 Thermal drift in

piezoresistive nano cantilever biosensors occur due to joule heating of the dc-excited piezoresistor.

Typically, the piezoresistor is placed near the central base region of the cantilever15 which results

in a non-uniform temperature profile. Joule heating induced self-heating of piezoresistive cantilever

biosensors become significant due to (i) the lower thermal mass of the cantilever, and (ii) temper-

ature dependence of the constituent material properties of the sensor. Unlike piezoresistive inertia

sensors which have higher thermal mass,16 the lower thermal mass of piezoresistive cantilever sen-

sors result in temperature induced cantilever deflection. This deflection is due to the difference in

the temperature coefficient of expansion (TCE) of the constituent materials. Other parameters that

contribute to the thermal drift are (i) temperature coefficient of resistance (TCR), and (ii) temper-

ature coefficient of piezoresistance (TCP) of the doped resistor. As a result of the aforementioned

factors, terminal characteristics of the sensor change even without the target-receptor interactions.

Thus, the self-heating phenomenon of cantilever platform induces inaccuracy in measurement and

thereby results in reliability issues. Therefore, to ensure reliable detection of target molecules by

piezoresistive cantilever based sensors, it becomes imperative to understand the self-heating induced

inaccuracies.

The magnitude of temperature and its spatial variation on the cantilever are a function of both

the internal and external factors. The internal factors include the material and geometrical parame-

ters of the piezoresistor and the cantilever, whereas the external factors include (i) the heat transfer

mechanism i.e. conduction and convection mode, (ii) external ambient temperature, and (iii) magni-

tude of dc-voltage supply. Treatise encompasses a few examples where researchers have investigated

the thermal drift in piezoresistive cantilever sensors through theoretical modeling17–19 and experi-

mental studies.20–25 Theoretical studies have primarily focused on the impact of the piezoresistor

dimensions and the external voltage supply on the thermal drift. Moreover, reported mathematical

models have not only neglected the influence of cantilever dimensions and the constituent layers

but also overlooked the interdependence of electrical, mechanical and thermal design parameters in

determining the performance of the sensors. Similarly, the reported experimental results have mainly

considered a fixed piezoresistor and cantilever sensor geometry to investigate its terminal charac-

teristics as a function of either dc-excitation voltage and/or operational ambient. Therefore, there is

a dearth of in-depth investigation which portraits the dependence of the magnitude of temperature

and its spatial profile as a function of the relative dimensions of the piezoresistor and the cantilever

platform.

In this paper, a systematic investigation is performed to understand the influence of relative

geometries of the piezoresistor and the cantilever on the thermo-electro-mechanical response of

piezoresistive cantilever biosensors. In the present study, we have considered a silicon dioxide (SiO2)

cantilever with a p-type single crystalline silicon (SCS) as the piezoresistor. The sensor is virtually fab-

ricated with computer aided design (CAD) multi-physics numerical simulation software IntelliSuiter

to perform coupled thermal, electrical and mechanical investigation of the sensor response. The main

focus of the work includes (i) investigation of the thermal behavior of the sensor as a function of

relative geometries of the piezoresistor and the cantilever, and (ii) optimization of the sensitivity
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ratio υ= (∆R/R |σs)/(∆R/R|T ), where, ∆R/R|σs and ∆R/R|T represents the relative change in the

nominal resistance of the piezoresistor due to surface stress (σs) and temperature (T ) induced effects

respectively.

II. DEVICE DETAILS

The sensor considered in the present work consists of the following layers (from the bottom):

(i) a structural layer, (ii) a piezoresistor, (iii) an isolation layer, and (iv) an immobilization layer. A

top and a cross-sectional view of the piezoresistive nano cantilever sensor under investigation are

shown in Fig.1. When exposed to target molecules, the target-receptor binding induces change in σs

of the cantilever surface, which results in cantilever deflection. This deflection is converted into an

equivalent electrical signal by the integrated piezoresistor.

In the present study, gold (Au) is considered as the immobilization surface, since it supports a

stable alkane-thiol based immobilization protocol,26 typically used for the immobilization of anti-

bodies (receptors). Translation of mechanical deflection of the cantilever into an equivalent electrical

signal is a function of the structural and material parameters of the sensor. The structural parameters

include the cantilever shape, lateral dimensions and thickness of the constituent layers. In the case of

composite piezoresistive cantilevers, the relative distance between the mid-plane of the piezoresistor

(ZR) and neutral plane of the cantilever (ZN) plays a critical role in governing the electrical sensitivity.

To obtain maximum electrical sensitivity, the distance between the piezoresistor and neutral plane

should be more. More specifics on the structural parameters and their optimization can be found in.27

Material parameters which determine the electrical sensitivity include the piezoresistor gauge factor

(G) and the Young’s modulus (E) of the structural layer material. For a fixed cantilever geometry,

electrical sensitivity depends on the ratio of the piezoresistor gauge factor (G) to the Young’s modulus

(E) of the structural layer i.e. G/E.27 In the case of solid-state semiconductors, the combination of

doped single crystalline silicon (SCS) piezoresistor and SiO2 structural layer provides the highest

G/E ratio. Therefore, in this work, we have chosen doped SCS as the piezoresistor and SiO2 as the

structural layer. To accomplish insulation of the piezoresistor from external environment, the piezore-

sistor is protected with a thin isolation layer. Here, SiO2 is chosen as the isolation layer material due

to its excellent electrical insulating properties and lower E.

FIG. 1. A top view (without the immobilization and isolation layers) and a cross-sectional view (across AA’) of the composite

piezoresistive cantilever sensor with a diffused U-shaped piezoresistor. The symbols LC and WC represent the cantilever length

and width respectively, whereas the symbols LP, WP, and WS depict the piezoresistor length, width and leg space respectively.

This graphic is not drawn up to the scale.
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TABLE I. Dimensional details of the composite piezoresistive cantilever sensor.

Parameter Value

Cantilever length (LC) 200 µm

Cantilever width (WC) 100 µm

Piezoresistor length (LP) 60 µm

Piezoresistor width (WP) 35 µm

Piezoresistor leg space (WS) 30 µm

Thickness of structural SiO2 layer 500 nm

Junction depth of the boron doped piezoresistor (tP) 100 nm

Thickness of isolation SiO2 layer 100 nm

Thickness of immobilization Au layer 50 nm

The device is designed in (100) silicon-on-insulator (SOI) wafers with both the cantilever and the

piezoresistor length aligned along the <110> direction. Geometrical dimensions of the cantilever and

the piezoresistor are determined by (i) the mechanical stability, and (ii) the electrical sensitivity of the

sensor. Details of the parameters that influence the mechanical stability and the electrical sensitivity

are explained in detail in our previous work.28 Design specifications of the sensor investigated in this

work include: (i) electrical sensitivity (∆R/R)/σs (m/N) > 1 E-2, (ii) resonant frequency (f0) (Hz)

> 5 E3, (iii) spring constant (ks) (N/m): 100 E-3 < ks < 10, and (iv) measurand: surface stress (σs)

(N/m) = 0-100 E-3. These specifications are typical for a piezoresistive cantilever biosensor used

for antigen-antibody detection applications. The initial device dimensions (mentioned in Table I) are

chosen by analytical models27,29 to satisfy the aforementioned specifications.

III. THEORY AND MODELING

A. Thermal model of the sensor

In piezoresistive cantilever sensors, there are mainly three modes of heat dissipation: (i) conduc-

tion, (ii) convection and (iii) radiation. The generalized thermal energy conversion equation for such

a system is given by19

∇.q≡∇.(−k∇T + ρsTu + qr) (1)

where, the symbols q, k, T and s represents the heat flux, thermal conductivity, temperature and heat

capacity respectively. Similarly, the symbols ρ, u and qr represents the mass density, fluid flow speed

and radiation heat flux respectively. Among the three heat dissipation modes, the radiation loss from

a cantilever surface is negligible, since it contributes less than 1% to the total heat dissipation even

when the cantilever is heated more than 500 K.

The heat flux is generated by the dc-biased U-shaped piezoresistor integrated within the cantilever

stack. The volumetric rate of heat generated in the U-shaped piezoresistor is given as

Q=
Vb

2

ρe(2Lp +Ws)2
(2)

where, the symbols Vb and ρe represents the dc-voltage and electrical resistivity of the material

respectively. The 1D conduction-convection model for piezoresistive cantilever sensor is given by19

λeff Ac

d2T

dx2
− hP(T − T0)= 0 (3)

where, λeff and x are the effective thermal conductivity of the cantilever stack and longitudinal

dimension of the cantilever. The symbols Ac, P, h and T0 represent the cross-sectional area, cantilever

perimeter, heat convection coefficient and ambient temperature respectively.

The 1D temperature profile of the cantilever section with the piezoresistor is given as

TLp
(x)=T0 + [Tg(x) − T0]

cosh βLp
(Lp − x)

cosh βLp
Lp

, 0 < x ≤ Lp (4)
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with βLp
=

√

(

hP

λeff

)

Ac

where, the parameter Tg(x) is temperature profile of the cantilever section with piezoresistor

considering only the conduction heat dissipation given as

Tg(x)=T0 cosh
√

C1x +
1

2
C2x2, x ≤ Lp (5)

where, C1 =
ηV2

b
Wptp

ρeλeff L∗pV
and C2 =

(1 − ηT0)V2
b

Wptp

ρeλeff L∗pV

where, L∗p is the length of the U-shaped piezoresistor defined as L∗p = 2Lp+ WC - 2WP = 2Lp+

WS. Similarly, the symbols, η and V represent the TCR and cantilever volume with the piezoresistor.

Temperature profile of the cantilever section without the piezoresistor section is given as

TLc
(x)=T0 + [TLp

(Lp) − T0]
cosh βLc

(Lc − x)

cosh βLc
(Lc − Lp)

Lp<x ≤ Lc (6)

where, βLc
=

√

(

hP

λeff Ac

)

.

Eq. (5) and (6) can be used to predict the temperature profile of the cantilever variation in the

longitudinal direction.

B. Thermo-electro-mechanical response of the sensor

The thermo-electro-mechanical response of the composite piezoresistive cantilever sensor con-

stitutes the relative change in nominal resistance due to target-receptor induced surface stress and

thermal drift components. In the subsequent sections, we detail the sensor response to surface stress

and the major components of thermal drift in the sensor output.

1. Sensor response to surface stress

For a surface stress based piezoresistive cantilever sensor with a p-type SCS piezoresistor, the

electrical sensitivity is a function of the difference between longitudinal (σxx) and transverse (σyy)

stress tensors given by15

∆R

R
=

Π44

2
(σxx − σyy) (7)

where, Π44 is the magnitude of the piezoresistive coefficient of p-type SCS.

2. Thermal drift component due to TCE

Thermal drift due to difference in TCE of the constituent layers of the sensor results in bimorph

deflection. For a two layered structure, the bimorph deflection is given by20

∆ZTCE = 3∆αLC
2∆T

(t1 + t2)

t2
2
*
,
4 + 6

t1

t2
+ 4

t2
1

t2
2

+

E1t3
1

E2t3
2

+

E2t2

E1t1
+
-

(8)

where, the symbols ∆ZTCE, ∆α, E, t1 and t2 represent the bimorph deflection of the cantilever,

difference in TCE of the constituent layers, Young’s modulus, thickness of the top layer and thickness

of the bottom layer respectively. The relative change in nominal resistance due to TCE induced

deflection is given by

∆R

R
=

3ΠlE(ZN − ZR)

2LC
2

∆ZTCE (9)

where, Πl represents the magnitude of longitudinal piezoresistive coefficient. In the present study,

for the p-type SCS piezoresistor Πl ≈ Π44/2.
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3. Thermal drift component due to TCP

The parameter TCP (β) changes the magnitude of piezoresistive coefficient and thereby the sensor

output. The relative change in the nominal resistance as a function of TCP when there is change in

temperature (∆T) is given by19

∆R

R
=

3Πl(1 ± β∆T )E(ZN − ZR)

2LC
2

∆Z (10)

where, the symbol ∆Z represents the net cantilever deflection.

4. Thermal drift component due to TCR

The relative change in the nominal resistance as function of TCR (η) is given by19

∆R

R
= η∆T (11)

Where, ∆T is the change in temperature from the reference temperature T0.

5. Total response of the sensor

The sensor output is the sum of ∆R/R due to surface stress, TCE, TCP and TCR represented by

eq. (12).

∆R

R
= η∆T ±

3Πl(1 ± β∆T )E(ZN − ZR)

2LC
2

∆ZTCE +
3ΠlE(ZN − ZR)

2LC
2

∆ZSS (12)

The first term in equation represents the contribution of TCR, the second term depicts the com-

bined effect of TCP and TCE on ∆R/R, whereas the third term is the contribution of target-receptor

induced surface stress.

6. Minimum detectable surface stress

The minimum detectable surface stress is a function of material and geometrical parameters of

the sensor given by eq. (13)30

σsmin
=

4

3

√

kBT∆f (ρ1)0.5(E1)0.5LC

QWC

(13)

where, the symbols kB, T, ∆f, Q represents the Boltzmann constant, temperature, measurement band-

width and quality factor of the sensor respectively. The material constants include ρ1 and E1 which

are the density and Young’s modulus of the structural layer respectively, whereas the geometrical

parameters include cantilever length (LC) and cantilever width (WC).

IV. NEED FOR NUMERICAL SIMULATION

Even though, the mathematical models summarized in section III are useful in predicting the

sensor response, they suffer from the following limitations: (i) the mathematical models approxi-

mate the temperature profile in 1D (only in the longitudinal direction of the cantilever), whereas

the actual temperature profile is 3D which results in significant error, (ii) the mathematical models

neglect the impact of sensor dimensions, especially the lateral dimensions of the cantilever, and the

isolation and immobilization layers on the magnitude of temperature and its profile, and (iii) piezore-

sistive cantilever biosensors are multi-layered structures with different materials and constituent

layer dimensions. However, the models neglect the impact of the interdependence of the material

and geometrical parameters on the thermo-electro-mechanical response of the sensor. To summarize,

due to the complex multi-variant design and cost intensive fabrication process of piezoresistive can-

tilever biosensors, it becomes vital to use a multi-physics tool to the design and modeling of such

sensors.
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V. SIMULATION MODEL AND SIMULATION METHODOLOGY

A. Simulation model

In this work, a finite element (FE) principle based CAD numerical simulation tool IntelliSuiter

(version 8.7) is used to investigate the sensor characteristics. The sensor is virtually fabricated in

the IntelliFAB
r

module of the software utilizing the conventional nanofabrication techniques. The

sensor is designed with its base to model it closer to the actual device. A few iterative simulations

were carried out to choose the base dimensions so that the cantilever base acts as a perfect heat

sink with a constant temperature of 25 oC. Based on the simulations, a minimum cantilever base

length, base width and base thickness of 500 µm, 100 µm, and 500 µm respectively are chosen.

Adaptive mesh strategy is employed to make the computations efficient with higher number of

mesh elements on the cantilever. In order to improve the computation accuracy and reduce the

mesh dependence of results, mesh convergence exercises are performed. Graphic of the virtually

fabricated composite piezoresistive cantilever sensor with the adaptive mesh strategy is shown in

Fig 2.

The sensor responses are investigated using the Thermoelectromechanical (TEM
r

) module of

the tool. The thermal, electrical and mechanical material properties imparted to the constituent layers

of the sensor are listed in Table II.19,31,40,41 The U-shaped piezoresistor is doped with a doping

concentration of 1 E17 cm-3 (electrical resistivity ρe= 0.1966 Ω-cm). Typically, the piezoresistor

is excited with a dc-voltage supply ranging from 1 V to 10 V.12,23,27,31–34 In the present study,

we have considered a dc-voltage supply of 5 V to bias the piezoresistor. In the present work, the

sensor characteristics are studied by considering air as the operating medium. The external ambient

temperature of the sensor is considered constant at 25 oC. Transfer of heat energy within the sensor

(conduction) and its exchange with the surrounding air (convection) is modeled by imparting (i)

appropriate thermal properties to the constituent layers, and (ii) convection heat transfer coefficients

(hair = 200 W/m2 oC35) to sensor surfaces. To model the sensor closer to real time operating conditions,

the difference in TCE induced initial deflection of the cantilever @ zero bias voltage is incorporated

in the modeling stages. More specifics of the modeling technique and details of initial deflection of

the cantilever as a function of environmental temperature is reported elsewhere.36 In order to mimic

the target-receptor interactions, top surface of the cantilever is applied with a compressive stress

of magnitude 5 E-3N/m, which is a typical in antigen-antibody interactions on Au surface.37 For

validating the modeling approach we have compared our computational results with the experiments

reported in the literature. The thermal boundary conditions and thermal modeling approach was

validated by modeling the sensor (device B) reported in Ref. 38. Temperature profile (position of

the hot spot near the cantilever free end) and maximum temperature on the cantilever platform

FIG. 2. A 3-D model of silicon dioxide piezoresistive cantilever sensor obtained using IntelliSuite
r

software. The graphic

also contains zoom-in views of the constituent layers and the integrated U- shaped piezoresistor.
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TABLE II. Material properties used in the finite element analysis.19,31,40

Parameters Boron doped Si <110> SiO2 Au

Young’s modulus (GPa) 169 70 80

Poisson’s ratio 0.064 0.20 0.42

Density (g/cm3) 2.32 2.22 19.30

Thermal conductivity(W/cm/oC) 1.5 1.38E-2 3.17

Thermal expansion coefficient (1E-7/oC) 28.0 5.0 142

Specific heat (J/g/oC) 712E-3 745E-3 129E-3

π44(1/MPa)@1 E17cm-341 138.1E-5 - -

(209 oC @ 10 mW input power) obtained were found to be in good agreement with the experimental

results. On the other hand, the electrical and mechanical boundary conditions and their impact on

the electro-mechanical response of the sensor was compared with the sensor (square cantilever-

device A) reported in Ref. 39. Under surface stress loading of a few milli N/m, the sensor model

(device A) depicted change in its nominal resistance (∆R) in mΩ range that matches the experimental

values.

B. Simulation methodology

This section details the methodology adopted to understand the thermal behavior and optimize

the sensitivity ratio (υ) of the sensor.

(i) Initially, the U-shaped piezoresistor is operated in air, excited with a dc-voltage supply of 5V.

Lateral dimensions of the piezoresistor are varied to understand the influence of the geometrical

dimensions of the resistor on the magnitude of temperature and its profile.

(ii) Similar simulations analyses are carried out by embedding the piezoresistor on the cantilever

platform. In this case, the device consists of the structural layer (SiO2) and the piezoresistor

selectively doped on the device layer of SOI wafer. It may be noted that when the piezoresistor is

operated in air, the dominant heat transfer mode is convection, whereas when the piezoresistor is

integrated in the cantilever platform, both conduction and convection mechanisms play a signifi-

cant role. In the aforementioned analyses, the cantilever dimensions are fixed at LC=200 µm, and

WC=100 µm. Structural layer and piezoresistor thicknesses considered are 500 nm and 100 nm

respectively.

(iii) Generally, the influence of isolation and immobilization layers on the device performance is

ignored by various researchers primarily to reduce the computational complexity.15,24,42,43 In

the present work, we have included these layers and have numerically analyzed their influence

on the thermo-electro-mechanical response of the sensor.

(iv) All the above mentioned analyses were carried out at fixed cantilever dimensions. Hence, in the

subsequent analyses, relative dimensions of the cantilever and the piezoresistor are varied to

analyze their influence on the response of the sensor.

(v) From the parametric analysis of the piezoresistor and the cantilever, an optimal set of can-

tilever lateral dimensions are chosen based on the thermal response of the sensor. Finally,

dimensional optimization of the piezoresistor is performed to maximize the sensitivity ratio

υ. To compute the sensitivity ratio, ∆R/R|σs and ∆R/R|T of the sensor are computed sep-

arately. ∆R/R|σs is computed by applying σs, whereas ∆R/R|T is obtained by comput-

ing ∆R/R due to TCR, TCP and ∆ZTCE individually. The TCR induced thermal drift is

obtained by computing the change in the R and ∆R/R, considering only the effect of TCR.

TCR corresponding to Tmax is obtained from Ref. 44. Similarly, TCP and its correspond-

ing value of Π44
41 are used to compute ∆R/R. The change in ∆R/R due to ∆ZTCE is

obtained by imparting appropriate thermal and electrical boundary conditions without σs

loading.



035108-9 R. Mathew and A. R. Sankar AIP Advances 7, 035108 (2017)

VI. RESULTS AND DISCUSSION

A. Thermal behavior of U-shaped piezoresistor operated in air and with the cantilever

1. Influence of the piezoresistor length (LP)

The maximum steady state temperature (Tmax) of the U-shaped piezoresistor operated in (i) air

and (ii) with the cantilever structural layer and base for different piezoresistor length is shown in Fig 3.

The temperature profiles on the resistor and the cantilever platform for two different piezoresistor

lengths are shown in Fig 4.

The following observations are made from Fig 3 and Fig 4.

(i) When the piezoresistor is operated in air, Tmax reduces with increasing LP. For instance, as LP

is increased from 60 µm to 180 µm, R increases by 3 times, whereas Tmax reduces by 4.26

times. Even though, R has a linear dependency on LP, still the variation in Tmax is a non-linear

function. This is due to the fact that the volumetric heat generated by the piezoresistor (Q) is a

non-linear function of LP as given by eq. (2). Therefore, when the piezoresistor is operated in

air, as LP increases, R also increases which results in a reduction in the magnitude of current in

the piezoresistor, thereby resulting in lower Tmax. Here, the dominant mode of heat transfer is

convection to the surrounding air.

(ii) When the piezoresistor is integrated into the cantilever, the thermal behavior changes signifi-

cantly. First, Tmax on the cantilever falls down to 39.87oC. This is 80.36% less than the Tmax

generated when the piezoresistor of LP = 60 µm is operated in air. This reduction in Tmax is due

to the dominance of heat diffusion by conduction to the cantilever base compared to heat con-

vection to the surrounding air. Second, LP has insignificant effect on Tmax. For instance, when

LP is increased from 60 µm to 180 µm, the variation in Tmax is less than 1%. The insignificant

change in Tmax is due to the higher rate of heat diffusion by conduction to the cantilever base.

(iii) From the temperature profiles it is observed that when the piezoresistor is heated in air, Tmax is

within 2% of the average temperature on the piezoresistor. This uniform heat generation by the

U-shaped piezoresistor is due to the uniform (i) doping concentration, and (ii) cross-sectional

area of the piezoresistor. However, when the piezoresistor is integrated with the structural layer

and the cantilever base, there is non-uniformity in the temperature profile of the cantilever. This

non-uniform temperature profile on the cantilever is not only due to the non-uniform coverage

of piezoresistor but also due to the contribution of two heat dissipation mechanism (i) heat

diffusion to the base by conduction, and (ii) dissipation to the surrounding air by convection.

When we compare the temperature behaviour of the cantilever platform with the U-shaped

piezoresistor (without isolation and immobilization layers) predicted by analytical eq. (4) and the

FIG. 3. Maximum cantilever temperature and nominal resistance as a function of the piezoresistor length.
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FIG. 4. For LP =60 µm: temperature profile (a) U-shaped piezoresistor operated in air, and (b) resistor integrated with the

cantilever platform. For LP =180 µm: temperature profile (c) U-shaped piezoresistor operated in air, and (d) resistor integrated

with the cantilever platform. In all the above simulations, WP is fixed at 35 µm.

numerical simulation, the following observations are made: (i) the analytical eq. (4) models the

temperature profile only in the longitudinal direction of the cantilever. However, our simulation

results depict that the temperature profile is 3D in nature which is more closer to the practical

scenario, and (ii) the magnitude of Tmax (at x = Lp) computed from eq. (4) using Matlab
r

R2013a

software and numerical simulation for different Lp (summarized in Table III) shows that eq. (4) not

only underestimates Tmax but also neglects the significance of heat conduction mechanism from the

cantilever platform to its base. This negligence results in significant difference in the magnitude of

Tmax between a shorter and lengthier piezoresistor when eq. (4) is used. Therefore, it is concluded that

the modeling approach using the numerical simulations not only models the temperature behavior of

the sensor better but also gives more insight into the heat transfer mechanism of the sensor.

2. Influence of the piezoresistor width (WP)

The maximum steady state temperature (Tmax) of the U-shaped piezoresistor operated in (i) air,

and (ii) with the cantilever structural layer and base for different piezoresistor width is shown in Fig 5.

TABLE III. Comparison of analytical model and FEM results of the rectangular cantilever without isolation and immobiliza-

tion layers for different piezoresistor length.

Piezoresistor Maximum temperature on the rectangular cantilever without

dimensions isolation and immobilization layers Tmax (oC)

(LP, WP) (µm) Analytical FEM % Error (w.r.t FEM)

Variation in the piezoresistor length, LC = 200 µm, WC = 100 µm, Vb = 5 V

(60, 35) 27.1283 40.1762 -32.47%

(90, 35) 28.4208 39.8397 -28.66%

(120, 35) 29.7304 39.7969 -25.29%

(150, 35) 31.0479 39.7932 -21.97%

(180, 35) 32.3697 39.7912 -18.65%
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FIG. 5. Maximum cantilever temperature and nominal resistance as a function of the piezoresistor width.

The temperature profiles on the resistor and the cantilever platform for two different piezoresistor

widths are shown in Fig 6.

(i) When the piezoresistor is operated in air, Tmax increases with increasing WP. For instance, when

WP increases from 5 µm to 35 µm, R reduces by 8.52 times, and Tmax increases by 1.19 times.

This is due to the fact that as WP increases, nominal resistance decreases which results in an

increase in the magnitude of current flow in the piezoresistor resulting in higher Tmax.

(ii) When the piezoresistor is integrated into the cantilever, there is a significant change in the

magnitude of Tmax. First, Tmax on the cantilever decreases. For instance, at WP = 5 µm, when

the piezoresistor is integrated with the cantilever, Tmax decreases to 32.33oC, which is 81.07%

FIG. 6. For WP =5 µm: temperature profile (a) U-shaped piezoresistor operated in air, and (b) resistor integrated with the

cantilever platform. For WP =25 µm: temperature profile (c) U-shaped piezoresistor operated in air, and (d) resistor integrated

with the cantilever platform. In all the above simulations, LP is fixed at 60 µm.
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less than the Tmax when the piezoresistor is operated in air. This is due to the higher rate of

heat diffusion by conduction. Second, unlike LP, WP has significant effect on the magnitude of

Tmax generated. For example, when the WP is increased from 5 µm to 35 µm, Tmax increases by

24.24%.

(iii) Fig.6 shows that when the piezoresistor is heated in air, Tmax varies within 2% of the average

temperature on the piezoresistor surface. However, when the piezoresistor in integrated with the

cantilever, compared to LP, the variation in WP has significant effect on the temperature profile

in terms of temperature non-uniformity. For instance, when WP = 5 µm, Tmax is present only

at the piezoresistor legs resulting in two hot spots on the cantilever platform. However, for the

same WS, when WP is increased from 5 µm to 25 µm, the temperature profile is more uniformly

distributed, especially towards the width of the cantilever. Thus, the coverage of the piezoresistor

on the cantilever platform with increasing WP plays a significant role in determining the spatial

temperature profile.

The following observations are made when we compare the thermal behavior of the cantilever

with U-shaped piezoresistor (without isolation and immobilization layers) predicted by the ana-

lytical eq. (4) and numerical simulation: (i) our simulation results show that compared to LP, the

variation in WP has more impact on the temperature profile of the sensor. However, it is evident

that eq. (4) overlooks the variation in temperature profile in the transverse direction of the cantilever

platform, and (ii) the computation results of Tmax (at x = Lp) from eq. (4) using Matlab
r

R2013a

software and numerical simulation for different Wp (summarized in Table IV) shows that eq. (4)

underestimates the magnitude of Tmax. Due to this negligence of thermal behaviour in transverse

direction, the prediction of Tmax by eq. (4) as a function of WP differs significantly from the simulation

results.

It can be concluded that when the U-shaped piezoresistor is embedded with the cantilever, the

dominant mode of heat transfer mechanism is conduction. In addition, it is found that compared

to LP, WP has significant impact on the magnitude of temperature and its profile on the cantilever

platform.

B. Influence of the isolation and immobilization layers

Typically, the influence of the isolation and immobilization layers on the device performance has

been ignored by researchers for reducing computational complexity. However, these two layers should

be considered in the design of surface stress based cantilevers, since it contributes to (i) difference in

TCE induced deflection (∆ZTCE), (ii) shift in neutral axis, (iii) change in thermal boundary conditions,

and (iv) variation in resonant frequeucy.

In the present work, we have carried out simulation analysis by incorporating both the layers in

the cantilever to analyze device performance.

1. Device with only the isolation layer

The temperature and displacement profile of the device with the isolation layer alone is shown

in Fig 7. Apart from TCE, thermal conductivity (λ) and heat capacity (s) of the constituent lay-

ers of the cantilever plays a vital role in determining the device performance. The parameter s of

TABLE IV. Comparison of analytical model and FEM results of the rectangular cantilever without isolation and immobiliza-

tion layers for different piezoresistor width.

Piezoresistor Maximum temperature on the rectangular cantilever without

dimensions isolation and immobilization layers Tmax (oC)

(LP, WP) (µm) Analytical FEM % Error (w.r.t FEM)

Variation in the piezoresistor width, LC = 200 µm, WC = 100 µm, Vb = 5 V

(60, 5) 25.3040 32.3352 -21.74%

(60, 15) 25.9120 34.2932 -24.43%

(60, 25) 26.5201 37.6860 -29.62%

(60, 35) 27.1283 40.1762 -32.47%
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FIG. 7. Simulated (a) temperature and (b) displacement profiles of the cantilever platform with a U-shaped piezoresistor with

the addition of the isolation layer.

a material signifies its heat retention capability, whereas λ implies its heat dissipation capability

through conduction. Fig 7 shows that when the isolation layer is added, Tmax increases. This is due

to the combined effect of higher s and lower λ of SiO2. Higher s of SiO2 results in higher Tmax,

whereas the lower λ adds to the heating of the piezoresistor. Even though, there is an increase in

Tmax, ∆ZTCE is found to reduce. This is due to the fact that, when only the structural layer (SiO2)

and piezoresistive layer (Si) are present, the cantilever deflects in the downward direction due to

higher TCE difference between the top Si layer and the bottom SiO2 layer. However, the addition

of SiO2 isolation layer, reduces the TCE difference of the composite structure and hence results in

reduced ∆ZTCE.

2. Device with the isolation and immobilization layers

The temperature and displacement profile of the device with both the isolation and immobilization

layers are shown in Fig 8. When the immobilization layer is added on top of the isolation layer Tmax

reduces. This is due to the high magnitude of λ of Au immobilization layer which results in higher

rate of heat conduction. In addition, the due to higher magnitude of s and lower magnitude of λ of

the SiO2 isolation layer beneath the immobilization layer, which results in reduced heat conduction

to the Au immobilization layer. Moreover, it can be seen that, there is an increment in ∆ZTCE. This

is due to the high value of TCE of Au, which introduces higher magnitude of mismatch between the

materials of the cantilever stack. Since, TCE of Au is greater than SiO2 and Si, the net cantilever

deflection is in the downward direction.

In a composite cantilever, the net deflection is caused by the combination of temperature and net

TCE difference of the constituent layers. Details of various combinations of constituent layers along

FIG. 8. Simulated (a) temperature and (b) displacement profiles of the cantilever platform with a U-shaped piezoresistor with

the addition of both the isolation and immobilization layers.
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TABLE V. Magnitude of maximum steady state temperature (Tmax) and TCE induced cantilever deflection (∆ZTCE).a

Case Structure details Tmax (oC) ∆α (1E-7/oC) ∆ZTCE (µm)

I Device (structural layer + piezoresistor) 40.17 -23.0 3.37

II Device + isolation layer 41.51 -17.0 2.12

III Device + isolation + immobilization layer 36.78 -125.0 7.36

aPiezoresistor dimensions (in micrometers): (Lp, Wp) = (60, 35).

with their corresponding magnitudes of Tmax, net TCE due to bilayer combination (∆α) and ∆ZTCE

are summarized for different scenarios in Table V. The parameter ∆α is computed as the difference

in TCE of the bottom (αb) and top (αt) layers given as ∆α = αb - αt. From Table V it is observed that

when only structural and piezoresistor layers are present (case-I), the magnitude of Tmax and ∆ZTCE

are 40.17 oC and 3.37 µm respectively with ∆αI = αSiO2 – αSi = -23 E-7/oC. The –ve sign indicates

that the net cantilever deflection is in the downward direction. When the isolation layer is added

(case-II), the magnitude of Tmax increases, whereas the net ∆ZTCE is found to decrease. This is due

to the fact that with the addtion of the isolation layer, the parameter ∆αII= ��αI
��– αSiO2= -17 E-7/oC

reduces which results in a net reduction in ∆ZTCE. On the other hand, when the immobilization layer

is added (case-III), even though Tmax reduces, the net ∆ZTCE is found to increase. This is attributed

to the increase in the parameter ∆αIII= ��αII
��– αAu= -125 E-7/oC which results in an increase in the

magnitude of ∆ZTCE. Furthermore, it is observed that the magnitude of ∆ZTCE varies non-linearly

with respect to ∆α. This is due to the increase in the flexural rigidity of the cantilever platform with

the addition of the isolation and immobilization layers.

C. Effect of cantilever dimensions on the thermo-mechanical characteristics

In the preceding sections, the sensor response was investigated for fixed cantilever dimensions.

In this section, thermal response of the sensor is analyzed as a function of the lateral dimensions of

the cantilever platform.

1. Effect of the cantilever length (LC)

The effect of LC on the magnitude of Tmax and ∆ZTCE are plotted in Fig 9 for different WP. In all

the simulations, LP is kept constant. For a fixed WP as LC is increased, there is a negligible reduction

in Tmax. Even though, the piezoresistor dimensions are constant, still this reduction in Tmax is due

to the increase in the surface area of the cantilever on increasing LC. Increased surface area of the

cantilever results in an increase in the convection heat transfer to the ambient. Moreover, as understood

FIG. 9. Variation in the magnitude of maximum steady state cantilever temperature and TCE induced cantilever deflection

versus the cantilever length for different piezoresistor width.
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from the previous analysis in section VI (A), wider piezoresistors result in higher magnitude of Tmax

for all LC. For instance, at LC = 400 µm, when WP is varied from 5 µm to 35 µm, Tmax increases by

14.79%.

Furthermore, for a fixed LC, when WP is increased, ∆ZTCE increases due to an increase in Tmax.

For instance, for LC = 400 µm, when WP is increased from 5 µm to 35 µm, ∆ZTCE increases by

17.54%. Even though, Tmax is almost constant with varying LC, still there is a significant increase in

∆ZTCE when LC is increased. This is due to (i) the dependence of ∆ZTCE on the non-uniformity of

temperature profile rather than Tmax alone, and (ii) reduction in the flexural rigidity of the cantilever

with increasing LC.29 For instance, at WP = 35 µm, when LC is increased from 200 µm to 400 µm,

∆ZTCE increases by 3.5 times.

2. Effect of the cantilever width (WC)

The effect of WC on Tmax and ∆ZTCE are plotted in Fig 10 for different LP. In this analysis,

LC and WP are fixed at 200 µm and 35 µm respectively. In all the simulations, the piezoresistor is

symmetrically positioned at the center of WC near the base with WS= 30 µm. It can be noticed that

for a fixed LP, as WC is increased, there is a reduction in Tmax. This is due to (i) an increase in the

surface area of the cantilever which results in higher heat transfer through convection, and (ii) an

increase in the direct contact area to the cantilever base resulting in higher heat diffusion through

conduction. For instance, for a fixed LP = 60 µm, when WC is varied from 100 µm to 200 µm, Tmax

reduces by 9.06%. Moreover, it is observed that for a fixed WC, cantilevers with lower values of

LP exhibits higher Tmax. It is evident from Fig 10 that for a fixed LP, when WC is increased, there

is negligible change in ∆ZTCE. Similar to LC variation, here also the non-uniformity in temperature

profile is increased with increasing WC. However, there is only a marginal change in ∆ZTCE due to

increased flexural rigidity of the cantilever.

From the investigations carried out in section VI(C), it is clear that for composite piezoresistive

cantilever biosensors (i) shorter and wider cantilever geometries are better in terms of reduced Tmax

and ∆ZTCE, and (ii) WP has higher impact on ∆ZTCE than LP. Considering the fact that shorter and

wider piezoresistors are ideal for surface stress based cantilever biosensors, for further investigation,

we have taken a square cantilever platform (LC = WC = 200 µm) with an integrated U-shaped piezore-

sistor with LP and WS of 60 µm and 30 µm respectively. Since, WP plays a critical role in determining

the thermal behavior of the sensor, in the subsequent sections we investigate the impact of WP on the

sensitivity factor (υ).

FIG. 10. Variation in the magnitude of maximum steady state cantilever temperature and the TCE induced cantilever deflection

versus the cantilever width for different piezoresistor length.
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D. Effect of piezoresistor width on sensitivity ratio

In this section, we analyze the influence of WP on the sensitivity factor (υ) such that υ can be

maximized. The factor υ is obtained by computing the ratio of target-receptor interactions induced

surface stress to self-heating induced changes in∆R/R.36 The factors TCP, TCR and TCE contribute to

the thermal drift of sensor output. Typically, a piezoresistive cantilever biosensor is connected to one

arm of a Wheatstone bridge (WSB) with another reference cantilever operated in differential mode.

The other two passive resistors which complete the WSB are realized on the same die.25 Since, all

the four resistors are thermally coupled and are in thermal equilibrium with each other, variations in

the output, especially due to variations in intrinsic parameters like TCR can be effectively nullified.45

Moreover, through our computations it was found that the contribution of TCR to ∆R/R was less than

1% compared to TCP and TCE induced inaccuracies. Therefore, in this study, we have focused on

TCP and TCE induced inaccuracies.

Maximum cantilever tip deflection due to applied surface stress (∆Zσs) and difference in TCE

(∆ZTCE) as a function of WP is shown in Fig 11. The plot also contains the specifics of maximum

cantilever temperature as a function of WP. The following observations are made from the simulation

results: (i) for an applied surface stress, ∆Zσs remains constant (1.73 µm) irrespective of the variation

in WP, (ii) with an increase in WP, the parameter ∆ZTCE increases. This is due to the fact that as

WP increases, nominal resistance decreases and the magnitude of current increases which results in

higher heat generation, and thereby higher Tmax. The combined effect of the aforementioned factors

with the difference in TCE of constituent materials results in larger ∆ZTCE. For instance, when WP

is increased from 5 µm to 35 µm, the magnitude of Tmax and ∆ZTCE increases by 7.13% and 14.51%

respectively.

The magnitude of ∆R/R induced due to applied surface stress, and thermal drift components

TCP and TCE as a function of WP is shown in Fig 12. The plot also shows the variation of sensitivity

ratio as a function of WP. It is observed that the magnitude of ∆R/R increases initially and then

falls after WP = 15 µm. This is due to the fact that the factor ∆R/R is a function of the difference

in the longitudinal (σxx) and transverse (σyy) stress tensors represented as σxx −σyy as given by

eq. (7).15,46 From the inset figures of piezoresistor in Fig 12, it is seen that as WP increases, the

transverse piezoresistor section which is parallel to cantilever base increases. Since, for p-type SCS

piezoresistors the longitudinal and transverse piezoresistive coefficients have equal but opposite

magnitude, the increase in piezoresistor transverse section results in the reduction of ∆R/R. In the

present study, the contribution of transverse section becomes significant after WP = 15 µm which

results in a decrease in ∆R/R at higher WP.

FIG. 11. Variation in the maximum cantilever tip deflection due to surface stress and TCE, and nominal resistance as a function

of piezoresistor width.
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FIG. 12. Variation in the ∆R/R and sensitivity ratio as a function of piezoresistor width.

Furthermore, it is observed that for fixed LP as WP increases, υ improves. This is due to the

fact that, at higher values of WP, the ratio ∆R/R|σs/∆R/R|TCE+TCP improves. This is mainly due to

higher rate of reduction in ∆R/R|TCE+TCP at larger values of WP. For instance, when WP is increased

from 25 µm to 35 µm, the magnitude of ∆R/R|σs reduces by 27.40%, whereas ∆R/R| TCE+TCP falls by

43.37%. Therefore, it can be concluded that in order to improve υ of piezoresistive cantilever sensors,

wider piezoresistors should be chosen.

E. Operation of the sensor in liquid medium

Further simulations were performed to extend the modeling approach by operating the sen-

sor in liquid environment. For investigation, we have taken a square cantilever platform (LC= WC

= 200 µm) with an integrated U-shaped piezoresistor with LP, WS and WP of 60 µm, 30 µm

and 35 µm respectively. Water was chosen as the liquid medium. Typically, the heat convection

coefficient of water is 25 times higher than that of air.47 Convection heat coefficient of water

hwater=5000 W/m2 oC was imparted to the sensor model. Simulations were carried out and the

following observations were made: compared to air when sensor is operated in water (i) the mag-

nitude of Tmax reduces from 33.44 oC to 31.12 oC, (ii) magnitude of ∆ZTCE reduces from 7.11 µm

to 6.29 µm (iii) magnitude of ∆R/R| TCE+TCP reduces from 1.31 E-3 to 1.26 E-3, and (iv) sensitivity

factor (υ) improves from 0.65 to 0.68. The premise is due to the high convection heat transfer of

water compared to air, which results in higher rate of heat dissipation and thereby reduced Tmax,

∆ZTCE, ∆R/R|TCE+TCP and higher sensitivity factor (υ). It may be noted that although the sensitivity

ratio improves when the sensor is operated in water, the higher viscuos damping in liquid medium

will reduce the Q-factor and thereby the σsmin of the sensor.

In the present work, the maximum sensitivity ratio was obtained as 0.65 (in air) and 0.68 (in

water) at a dc-voltage supply of 5 V. The sensitivity ratio of the sensor can be further improved by

reducing the supply voltage to 1 V, since at lower supply voltages the contribution of ∆R/R|TCE+TCP

is expected to reduce. Furthermore, lower supply voltage will also improve the minimum detectable

surface stress (σsmin) and signal to noise ratio (SNR) of the sensor by reducing the intrinsic electrical

noises, especially the Hooge’s noise due to lower magnitude of joule heating induced temperature on

the cantilever platform. Further improvement in σsmin and SNR can be achieved by choosing surface

doping concentration of the piezoresistor ranging from 1 E18cm-3 to 1 E19cm-3 which will further

reduce the Hooge’s noise and for the same piezoresistor geometry will reduce the nominal resistance

and thereby Johnson’s noise. Although, silicon dioxide based piezoresistive cantilevers have been

reported to achieve resolution of ng/ml @ 3 V supply voltage,48 improvement in the sensor resolution

can be achieved by careful design of sensor geometry and reducing the supply voltage. Even though,

in the present study we have considered a piezoresistor with a junction depth of 100 nm which can be

realized with ion-implantation process,24,49–52 the results and conclusions obtained are also valid for
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piezoresistors with higher junction depths or piezoresistors realized with two-step thermal diffusion

process.

Based on the investigation carried out, we devise a set of design guidelines to effectively model

and design composite piezoresistive cantilever sensors:

(i) To effectively model the sensor closer to practical scenario the following aspects should be

considered during the modeling stages:

(a) Sensor should be modeled with its mechanical base in such a way that the sensor mechanical

base acts as a perfect heat sink to ensure conduction mode of heat dissipation.

(b) Both isolation and immobilization layers should be taken into account in the modeling and

design stages due to their prominent role in TCE induced cantilever deflection.

(c) The external environment in which the sensor is operated should be considered in the modeling

stages since it not only determines the convection mode of heat dissipation but also governs

the fluid damping effect and thereby the minimum detectable surface stress.

(ii) Piezoresistor length (LP) has negligible impact on the maximum temperature on the cantilever

platform (Tmax) and thereby maximum cantilever tip deflection due to TCE (∆ZTCE), but to

ensure higher magnitude of electrical sensitivity: LP/LC ≤ 0.33.

(iii) To ensure high value of sensitivity ratio (υ), piezoresistor width (WP) should be large taking

into account the rise in Tmax due to susceptibility of target-receptor interactions to temperature

changes.

To summarize, we believe that the multi-physics modeling approach and the results reported in

the present work will enable NEMS design engineers to model and design piezoresistive cantilever

biosensor with better performance. Even though, we have considered the specific case of piezoresistive

cantilever biosensor, the results obtained in this work and the modeling approach devised is extendable

to other piezoresistive based sensors. Future work includes design and optimization of piezoresistive

silicon dioxide sensors considering thermal drift and its dependence on the sensor geometry.

VII. CONCLUSION

This paper elucidates the impact of self-heating on the performance of piezoresistive cantilever

biosensors through 3D multi-physics modeling. Simulation results show that in piezoresistive can-

tilever sensors, conduction mode of heat transfer plays a critical role in governing the magnitude

of temperature and its profile. Similarly, it is depicted that the isolation and immobilization layers

have profound impact on the thermo-mechanical response of the sensor. Especially, the gold immo-

bilization layer is found to be the major contributor to the TCE induced deflections. A systematic

investigation is carried out to understand the influence of the relative dimensions of the piezore-

sistor and the cantilever on the sensor performance using a FEM based numerical simulation tool.

Results show that shorter and wider cantilevers are more suitable to minimize the self-heating induced

inaccuracies, especially the TCE induced deflections. In addition, it is found that the piezoresistor

width is important in determining the thermal behaviour. It has been demonstrated that the wider

piezoresistor improves the electrical sensitivity to thermal sensitivity ratio, and thereby the sensor

performance.
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