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Abstract

Piezoresistive silicon cantilevers fabricated by ion implantation are frequently used for force,
displacement, and chemical sensors due to their low cost and electronic readout. However, the design
of piezoresistive cantilevers is not a straightforward problem due to coupling between the design
parameters, constraints, process conditions, and performance. We systematically analyzed the effect
of design and process parameters on force resolution and then developed an optimization approach
to improve force resolution while satisfying various design constraints using simulation results. The

combined

simulation and optimization approach is extensible to other doping methods beyond ion

implantation in principle. The optimization results were validated by fabricating cantilevers with the

optimized

conditions and characterizing their performance. The measurement results demonstrate

that the analytical model accurately predicts force and displacement resolution, and sensitivity and
noise tradeoff in optimal cantilever performance. We also performed a comparison between our
optimization technique and existing models and demonstrated eight times improvement in force

resolution

Index Terms

over simplified models.

Force sensor; optimization; piezoresistance; piezoresistive cantilever

[. Introduction

Piezoresistive silicon cantilevers have become increasingly popular as force and displacement
sensors [1], since the first piezoresistive atomic force microscope cantilevers developed by
Tortonese et al. [2]. Piezoresistors have advantages such as high dynamic range [3], relatively
small size, simple fabrication, and straightforward signal-conditioning circuitry.

However, piezoresistor design remains challenging due to the many coupled parameters such
as cantilever and piezoresistor dimensions and also fabrication process parameters such as
implantation energy and dose, annealing time and temperature, and bias voltage, which must
be chosen carefully to optimize the performance given a set of constraints such as measurement
bandwidth, stiffness, and power dissipation (Table I). For example, a reduction in piezoresistor
dopant concentration leads to increased sensitivity but increased noise, and the effect on overall
performance depends upon the constraints and operating conditions of the piezoresistor.

Many researchers have focused on improving the resolution of piezoresistive cantilevers [4]-
[8]. However, prior works have considered a limited number of design and process parameters.
Harley and Kenny [5], Yu et al. [6], and Wang et al. [8] demonstrated the optimized design of
piezoresistive cantilevers only for epitaxial piezoresistors, where the dopant concentration is
constant through the thickness of the piezoresistor [9]. Although piezoresistors are commonly
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fabricated by ion implantation due to low cost and wide availability, an epitaxial optimization
approach is not accurate when the dopant profile is not uniform.

In this paper, we demonstrate the choice of optimal design parameters that satisfy the complex
parameter interaction of ion-implanted piezoresistive cantilevers. Previously, we reported an
improved analytical model for the sensitivity of piezoresistors with arbitrary dopant profiles
[10], [11]; however, the effect of noise was not considered. Here, we simulate the dopant profile
for various design conditions and analyze the overall cantilever force and displacement
resolution performance. We also implement an optimization technique to consider the design
constraints in arriving at an optimized cantilever design. Finally, we designed, fabricated, and
characterized cantilevers to validate the optimization method. The optimization technique
presented is based upon standard process simulation methods and is directly applicable to
piezoresistive transducers fabricated with other methods, such as epitaxial growth and
diffusion, and is extensible to the design of other piezoresistive devices.

[l. Methods

Piezoresistive silicon cantilevers were fabricated for validation of the optimization technique.
We have previously reported the fabrication process [12]-[14]. Briefly, the cantilevers were
fabricated from silicon-on-insulator (SOI) wafers with a 7-um device layer and 300-nm buried
oxide (IceMos Technology, Belfast, U.K.) using a 7-mask process (Fig. 1). The piezoresistors
(Iength 1 : 50-316 um; width wj, : 8.5 um) were formed by boron ion implantation, and the
cantilevers (length I : 2 mm; width w, : 30 um) were accordingly oriented in the (110) direction
(E = 169 GPa) to maximize the longitudinal piezoresistivity. We processed two SOls with
optimized conditions and eight others with varied process conditions for comparison.
Individual devices were attached to custom printed circuit boards (PCBs) (Imagineering Inc.,
Elk Grove Village, IL) with epoxy (Devcon, Glenview, IL) and wirebonded with aluminum
wire (Fig. 2). The strained piezoresistor is located on the cantilever, and three other unstrained
piezoresistors with matched resistance are on the same die for temperature compensation.

We measured the spring constant, force sensitivity, and first-mode resonant frequency of each
cantilever using a Laser Doppler Vibrometer (Polytec OFV3001), a signal analyzer (HP
89441A), and a piezoelectric shaker (Jodon, Ann Arbor, MI) as described previously [12]. For
noise characterization, we used a Wheatstone bridge with two signal conditioning circuits (Fig.
3). Johnson noise was measured with a simple instrumentation amplifier circuit (INA103,
Texas Instruments, U.S.) with dc bias. The Johnson noise floor of the INA103 is excellent

(1 nV/ VHz); however, its 1/f noise is greater than that of the piezoresistors we tested.
Therefore, we used an ac bridge circuit [Fig. 3(b)] with 600-Hz ac modulation signal, which
is greater than the 1/f corner frequency of the INA103, to remove 1/f noise of the
instrumentation amplifier. The low-frequency signal from the piezoresistive cantilever is
recovered at the output of a bandpass filter (bandwidth of 200 Hz and center frequency of 600
Hz), a synchronous demodulator (AD630, Analog Devices, U.S.), and a low-pass filter (cutoff
frequency of 100 Hz) [3].

We calculated the efficiency factor *, the number of dopant atoms across the piezoresistor
thickness N, and sheet resistance Rg based upon the simulation results from TSUPREM4
(Synopsys, Mountain View, CA). We simulated the fabrication process given in Table Il and
compared the simulation results with dopant profiles measured by spreading resistance analysis
(Solecon Laboratories, Reno, NV) of test structures (200 um x 2 mm).
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lll. Design Considerations

A. Sensitivity

B. Noise

We previously developed an analytical model for a piezoresistive cantilever (length I., width
W, and thickness t¢) with a U-shaped piezoresistor (length I, and width wp) (Fig. 2) [10]. We
assume that the cantilever is much longer than its width and thickness (I >> w >> t) so that
transverse stress can be neglected and Euler beam theory is applicable. Force sensitivity in
terms of output voltage from the 1/4-active Wheatstone bridge is

_ 3 - 0~51p)7T[.max

FV ™

'ber'dgeﬁ* .
Qw2 ' (1)

Displacement sensitivity is

3Et.(l, — 0.50,)71 m: "
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where 7| max is the maximum longitudinal piezoresistivity at 300 K, E is Young's modulus in
the longitudinal direction of the cantilever, Vyyiqge is the Wheatstone bridge bias voltage, and
y is a geometric factor defined as the ratio of the resistance of the strained region in the
piezoresistor to the total resistance including unstrained regions, interconnects, and contact
pads. * is an efficiency factor defined by

1e]2 ’
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where q, u, p, and P are the elementary charge, carrier mobility, dopant concentration, and
longitudinal piezoresistance factor, respectively. Carrier mobility is a function of dopant
concentration and is calculated from [15]. The piezoresistance factor as a function of dopant
concentration is calculated from Richter's analytical model [16]. Fig. 4 shows * for a 7-um-
thick device with 150-nm oxide. To investigate how diffusion affects f* with various process
conditions, g* in Fig. 4 was also calculated with various annealing conditions (temperature T

and time t) and was plotted in terms of diffusion length ( VDr). The diffusion coefficient is
defined as D = Dj, exp(—E;ja/kgT), where, for boron, Dj, = 0.037 cm?/s and Ej, = 3.46 eV
[17]. Each line corresponds to each annealing temperature plot with various times (1-900 min).

There are two main noise sources that we considered: Hooge noise and Johnson noise [2],

(3], [5], [18].

1) Hooge Noise—Hooge noise is a form of 1/f noise related to the finite number of carriers
in the piezoresistor. The noise power spectral density is inversely proportional to frequency,
and there is a corner frequency, dependent on device design, below which Hooge noise is the
dominant noise source. The integrated voltage noise power of Hooge noise for the Wheatstone
bridge with four matched piezoresistors is
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W Vbridge In (fmax)

" 2l/JWpN: Smin (4)

where o is an empirical parameter related to crystal lattice quality. In ion-implanted cantilevers,

a has empirically been found to decrease with diffusion length ( VDi{em]) as ¢ = (1.5- 1079
(D1)9-25 [3], [5]. fmin and fmax define the measurement bandwidth. The contributions of the
piezoresistor U-turn to the number of carriers and resistance are neglected because we assume
that 1, >> wp. We assume that the dopant profile varies only across the thickness of the
piezoresistor so that the total number of carriers can be calculated by integrating the dopant

atom concentration across the thickness, i.e., N.= f g’pdz. In an epitaxial process, where the
dopant profile approximates a step function, N, is ptp. For ion implantation, N, is numerically
integrated from TSUPREM4 simulation results, as shown in Fig. 5, or spreading resistance
analysis.

2) Johnson Nois—At frequencies above the 1/f corner frequency, Johnson noise is the
dominant noise source and is generated by the thermal energy of the carriers in the piezoresistor.
Johnson noise is independent of frequency. The Johnson noise of the Wheatstone bridge is
equal to the Johnson noise of the piezoresistor when all four resistors are chosen to have the
same resistance. In a U-shaped piezoresistor with total resistance, i.€., Rpjezo = 2Rslp/Wp, where
R is the sheet resistance, the integrated Johnson noise power is

8k TR (fndx - fmin)~
(%)

For an ideal epitaxial process, Rg= 1/uqpt,. In an ion implantation process, we calculate Rg
using TSUPREMA4 (Fig. 5).

C. Force Resolution

The electrical noise and force sensitivity of the piezoresistive cantilever determine the
minimum detectable force or force resolution. From (1), (4), and (5), the force resolution is

aV?
\/ oein (£2) 8k, TR, 2 (frx = finin)

min = 3(,—0.51

p)”l max
2wel2 Vbudueﬁ (6)

where the numerator is the root-mean-square voltage noise and the denominator is the force
sensitivity. Force resolution has several factors: cantilever dimensions (l., we, and t;),
piezoresistor dimensions (lp, Wy, and y), fabrication process parameters (N, Rs, a, £, and y),
and operating parameters (Vpridges T, fmin, and fimax)-

The force resolution of an ideal epitaxial piezoresistive cantilever is calculated by replacing
B*, Nz, and Rg with P(1 — tp/tc), ptp, and 1L/ugptp, respectively. In an ion-implanted cantilever,
we calculate the force resolution by using the dopant concentration profile which can be
simulated or measured experimentally. Fig. 6(a) shows the simulated force resolution of a
typical cantilever with constant bias voltage. The force resolution decreases with increasing
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diffusion length until the reduction in sensitivity is greater than the reduction in noise. For a
fixed bias voltage, the force resolution can be improved by increasing the implantation dose;
however, the piezoresistor power dissipation must be considered [Fig. 6(b)].

D. Power Dissipation

Force resolution improves with power dissipation, which can be shown by dividing the
numerator and denominator of (6) by Vpyiqge to obtain

\/21,,::,,N: In (ﬁT‘:) +kBT%(fmax = Jmin)

min 2030y i g
2wet? K

(7)

where W is the power dissipated in the piezoresistor (Vﬁndgc/ 4Rpicz0). We can improve the force
resolution by increasing W up to a threshold value, beyond which there is a negligible
improvement in performance with additional power. However, there is a limit to the maximum
power dissipation sustainable by the cantilever because Joule heating can destroy the
piezoresistor and large bias voltages lead to large leakage currents. Thus, we achieve the
optimal force resolution by increasing the power dissipation to the maximum which the
cantilever can sustain.

The maximum practical power dissipation depends on the cantilever and piezoresistor
dimensions. Due to the high thermal conductivity of silicon, the dominant heat transfer
mechanism for a cantilever in air is likely to be conduction rather than convection. The
maximum power dissipation is roughly proportional to cantilever thickness and width and
inversely proportional to piezoresistor length. For example, a 100-nm-thick cantilever was
destroyed with power dissipation in excess of 2-3 mW [5], while we have tested our cantilevers
(7 um thick) to a power dissipation of 25 mW without detriment. Additional experiments and
modeling are necessary to more thoroughly investigate the effect of power dissipation on device
performance.

We calculated the force resolution of a typical cantilever for various implant doses and constant
power (25 mW) in Fig. 6(c). The optimal performance is achieved for a moderate dose
(1015-5 . 1015 cm2) and diffusion length (5 - 1076 cm). While a larger dopant dose achieves
improved force resolution for a constant bias voltage case, an intermediate dose is optimal in
the constant power dissipation case. In the general case, the optimal dose for fixed power
dissipation will depend upon the power dissipation, cantilever dimensions, piezoresistor
dimensions, and measurement bandwidth.

E. Spring Constant

The spring constant is determined by the dimensions of the cantilever and elastic modulus of
the cantilever (E)

_Ewclg
oA ®)

Force and displacement sensitivities are related to the spring constant: While force sensitivity
is inversely proportional to the stiffness, displacement sensitivity is proportional to the
stiffness. A soft cantilever deflects more than a stiff cantilever for the same applied force and
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has better force sensitivity, while a stiff cantilever experiences greater stress than a softer
cantilever for the same deflection and has better displacement sensitivity. A final consideration
is that, when measuring material properties with a cantilever, cantilever stiffness should
typically be comparable to that of the sample in order to sufficiently deform it without damaging
it, but the ideal cantilever stiffness may depend upon other considerations as well, such as
actuator displacement resolution.

F. Resonant Frequency

The cantilever frequency response is attenuated above the frequency of its first resonant mode.
Therefore, the resonant frequency determines the upper limit of the measurement bandwidth.
The resonant frequency of cantilever is

1 ke A E
2r \ 0.24p5lewete  2nlz \ ps (9)

where pyg is the density of the cantilever.

G. Dynamic Range

The tip displacement and the applied force are calculated by measuring change in voltage and
by assuming that the tip deflection, piezoresistivity, and Wheatstone bridge are linear.
However, nonlinear effects become significant for large cantilever deflections. To determine
the dynamic range of a piezoresistive cantilever, we compare nonlinearities of three sources:
cantilever mechanics, piezoresistivity, and Wheatstone bridge.

1) Structural Nonlinearity—For small deflections, the deflection of the cantilever can be
approximated using linear Euler beam theory because geometric nonlinearity is negligible
[19], [20]. Belendez et al. [21] derived a differential equation for the force—deflection curve
in the general case of large deflections by considering geometric nonlinearity. We solved the
nonlinear equations numerically using MATLAB (Mathworks, Cambridge, MA). The
difference between a linear model based on the Euler beam theory and the nonlinear models

depends on a nondimensional force, i.e., £,=6F%/Ew.r} [21]. We can estimate the maximum
allowable force for a given degree of nonlinearity from

E wclf.

Fraxst=&st——>—
max st=S's 6[% (10

where Fyaxst IS the maximum allowable force. A nonlinear deviation of 0.1% or 1%
corresponds to & =0.047 or 0.15, respectively. The maximum forces for the dimensions given
in Table 111 correspond to 3.4 and 10.8 uN for 0.1% and 1% nonlinearities, respectively.

2) Piezoresistivity Nonlinearity—Piezoresistivity is linear for small deformations but can
be expanded according to

A
20 ATy 4T3 - - -
P (11)
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where z;j is the ith-order longitudinal piezoresisitivity. Matsuda et al. [22] and Chen and
MacDonald [23] estimated nonlinear piezoresistivity by measuring n-type piezoresistivity in
large deformation. Based on the third-order model of Chen and MacDonald [23], nonlinear
deviations of 0.1% and 1% occur at stresses &pr = 15.3 and 139 MPa, respectively. Considering
stress at the root of cantilever, we can estimate the maximum force (Fmaxpr) to generate 0.1%
or 1% nonlinear piezoresistivity with

wel?
Fmaxpr:'fpra- (12)

The maximum forces for the dimensions of cantilever given in Table I11 correspond to 1.87
and 17.0 uN for 0.1% and 1% nonlinearities, respectively.

3) Wheatstone Bridge Nonlinearity—As in the cases of structural and piezoresistive
nonlinearity, a Wheatstone bridge can only be approximated as linear for small outputs. The
output voltage is

Viride
V()m: bridge AR / R.
442AR/R (13)

Nonlinear deviation of 0.1% and 1% occurs at ratio of resistance change, &y =0.002 and 0.02,
respectively. From the force sensitivity equation, we can estimate the maximum allowable
force for a given nonlinearity from

wet?
6(lc — 0.50,)7_ maxYB* ' (14)

Fraxwh=&wh

We can estimate the force (Fmax wh) required to generate 0.1% or 1% nonlinear deviation,
which corresponds to 0.8 or 8.8 uN for the dimensions of cantilever given in Table IlI.

Considering the force resolution of the cantilever used for these calculations (71.2 pN), the
dynamic range over which 1% nonlinearity is maintained is greater than 50 dB and is limited
by the Wheatstone bridge.

H. Other Considerations

The piezoresistor resistance is constrained by several nonidealities of the instrumentation
amplifier chosen for the piezoresistor conditioning circuit. The piezoresistor Johnson noise,
which is lower than that of the amplifier, does not improve the overall performance, so the
piezoresistor resistance should be at least 100 Q in the case of the INA103. In addition, the
input current noise of the amplifier and the maximum available bias voltage must be considered,
both of which limit the maximum resistance to a few kiloohms. Finally, piezoresistivity is a
function of temperature, and the temperature dependence is significantly greater for low
concentrations, favoring a high implant dose in order to achieve a low temperature coefficient
of resistivity [2], [24].

J Microelectromech Syst. Author manuscript; available in PMC 2010 March 22.
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V. Optimization

To optimize the performance of piezoresistive cantilevers, we should choose design parameters
to achieve the best resolution within the constraints discussed in the previous section. Here,
we demonstrate the choice of parameters to optimize piezoresistive cantilever performance
within a set of imposed constraints. There are four parameter types: cantilever dimensions,
piezoresistor dimensions, bias voltage, and fabrication process parameters (implant dose and
energy, dopant atom, and annealing time and temperature). We summarize the optimization
process, which was performed iteratively in Matlab, in Fig. 7.

A. Cantilever Dimensions

Thickness is based upon the fabrication process constraints. Fabrication of cantilevers less than
a micrometer thick using ion implantation is challenging because of the diffusion during the
anneal required to electrically activate the dopant atoms and reduce lattice damage («).
Submicrometer cantilevers can be fabricated using epitaxial growth or diffusion [9], [25].

Once cantilever thickness is chosen, the measurement bandwidth and desired stiffness of the
cantilever determine the cantilever length and width. The maximum bandwidth is usually
limited by the resonant frequency (fg) of the cantilever. The stiffness (k¢) of the cantilever is
typically determined by the sample being probed, as described earlier.

We can determine the optimal cantilever length and width using stiffness (8), the desired
bandwidth (9), and cantilever thickness

1 _(E)1/4( ’C )1/2
“Nos) \2nfy (15)
4kc(lc)3
We=—"—|—1] .
T E i (16)

Fig. 8 suggests lengths of silicon cantilevers over a range of resonant frequency and thickness
for operation in air.

B. Piezoresistor Dimensions

Piezoresistor thickness is determined once we select the fabrication process, while piezoresistor
length and width are chosen to optimize the force resolution.

1) Optimal Piezoresistor Width—Force resolution is inversely proportional to the
piezoresistor width (6). Therefore, we select a piezoresistor width as large as possible (wp =
W/2). Practically, we also consider lithographic tolerance and a minimum gap in the U-shaped
piezoresistor.

2) Optimal Piezoresistor Length—The choice of piezoresistor length is not
straightforward: While a longer piezoresistor is better for 1/f noise, a shorter piezoresistor is
better for Johnson noise and force sensitivity (6). The optimal ratio of the cantilever and
piezoresistor length (a = 1p/l¢) can be found by differentiating the force resolution with respect
to a. The optimal length ratio aqp is a function of a characteristic number y (Fig. 9)

J Microelectromech Syst. Author manuscript; available in PMC 2010 March 22.
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2— 300[)1 17)
where y is defined as
2
g | —britze InCnan) = InC/in)
16kBTRSl§N: Somax = foin (18)

w is also the piezoresistor noise ratio (V,,/V,) when the piezoresistor extends the entire
cantilever length (I, = I¢). Thus, y conveniently indicates whether the cantilever performance
will be limited by 1/f or Johnson noise. For 1/f-noise-dominated cantilevers (y < 1), agpt is
2/3, which is the equilibrium point between 1/f noise and force sensitivity as reported by Harley
and Kenny [5], while for Johnson-noise-dominated cantilevers (y < 1), agpt approaches zero.
Thus, a long piezoresistor achieves better resolution when performance is limited by 1/f noise,
while ashorter piezoresistor achieves better resolution when performance is limited by Johnson
noise. The optimal piezoresistor length will be between 0 and 2/3 of the overall cantilever
length depending on . For instance, in a typical cantilever (Table Il1), y is less than 0.2, and
a short piezoresistor (agpt < 0.17) is optimal.

We can include a power dissipation constraint in the present analysis by differentiating (7) with
respect to a. In this case, aqpt is related to a characteristic number yy

2— 3aop[ (19)

where yyy is defined as

- \/ AW In(/mn) = i)

2](8 TlCWpN; Jmax = fmin (20)

The optimal piezoresistor length requires Rg and N, in (17) and (19), but Rg and N, depend
upon process parameters which have not been selected yet. Thus, we can calculate the local
optimal piezoresistor lengths based on simulation results (Rg and N,) for a variety of process
conditions and later determine the global optimal piezoresistor length based on optimal process
parameters which achieve the optimal resolution.

3) Optimal Ratio of Johnson and 1/f Noises—The optimal force resolution is achieved

when Johnson and 1/f noises are approximately balanced. Dividing both sides of (17) by
aopt, We obtain the optimal ratio of 1/f noise to Johnson noise

J Microelectromech Syst. Author manuscript; available in PMC 2010 March 22.
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] _ aop[+2
opt V 2 —3agy @1)

For 1/f-noise-dominated cantilevers (aopt = 2/3), the optimal ratio of 1/f and Johnson noises
becomes infinite, while for Johnson-noise-dominated cantilevers (agpt = 0), the optimal ratio
is one. In other words, the force resolution is optimized when V,, > V,, which indicates that a
cantilever with low 1/f noise does not achieve optimal performance. The optimal cantilever is
noisier and has a shorter piezoresistor, lower resistance, and larger bias voltage than expected,
at least when other constraints such as power dissipation, minimum resistance, and maximum
bias voltage are not included.

However, the optimal noise ratio (V,, /V,) changes when a power dissipation constraint is added.
Dividing both sides of (19) by aop, We find the optimal noise ratio

( EJ _ ; 2aopt
VJ opt,W 2- 3a0pt (22)

The noise ratio of a 1/f-noise-dominated cantilever (aop = 2/3) becomes infinite, as in (21),
but for a Johnson-noise-dominated cantilever (agpt = 0), the optimal noise ratio is zero rather

than one. Thus, the noise ratio (V,,/V,) of a Johnson noise cantilever may be less than one.

C. Bias Voltage

Once the cantilever and piezoresistor dimensions are determined from (15)-(17) and (19), we
can calculate the piezoresistor resistance and choose a bridge voltage based on the maximum

power dissipation, i.e., Viriagee =2 v WmaxR. Resolution improves with power dissipation, so we
should choose the maximum bias voltage possible.

In some design cases, the resistance of the piezoresistor is high enough that the bias voltage is
limited by the voltage source rather than power dissipation. For example, in Fig. 6(d), a high
bias voltage is required to achieve the optimal force resolution for the low-ion-implantation-
dose cases. The maximum possible bias voltage limits the piezoresistor resistance

(Ropy < Vﬁﬂdgc_,mx/4Wmax) and determines the upper limit of the optimal piezoresistor length

, v2
Wp Vbridgemax

l = l S R w_____°
p.opt=Coptle 8R s Winax .

D. Fabrication Process Parameters

Once the cantilever dimensions, piezoresistor dimensions, and bias voltage are set, we can
calculate the force resolution for a variety of process conditions using (6) and simulation results
to choose the process conditions which achieve the optimal resolution. If the force resolution
is not sufficient for the measurement application, the cantilever thickness can be reduced, and
the process repeated.

J Microelectromech Syst. Author manuscript; available in PMC 2010 March 22.
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V. Experimental Validation

A. Device Design

To validate the optimization method and provide a design example, we demonstrate the design
of a cantilever force probe with 0.050-N/m stiffness and 2.5-kHz resonant frequency for
studying touch sensation in the nematode Caenorhabditis elegans [14]. The cantilever is
intended to operate from 1 to 1000 Hz with a maximum power dissipation of 2 mW, maximum
bias voltage of 2 V, and resistance greater than 200 Q. We use a 150-nm-thick passivation
oxide to electrically isolate the piezoresistor from the environment; we choose a cantilever
thickness of 7 um. By using (15) and (16), we determine the cantilever dimensions (2000 um
long and 30 um wide). We set a piezoresistor width of 8.5 um, which is the maximum width
with 5-um air trench and 2-um alignment gaps on each side of the piezoresistor [Fig. 2(c)]. By
using (19), we determine the optimal piezoresistor length based upon TSUPREM4 simulation
results (6* in Fig. 4 and N; and R in Fig. 5). We calculated the bias voltage from the maximum
power dissipation and calculated force resolution for various process conditions in Fig. 10.
Finally, we choose the process conditions which yield the minimum force resolution, 68.1 pN
in this case. The optimal design parameters are summarized in Table IlI.

The optimal force resolution of the example cantilever depends on an interplay between the
efficiency factor, maximum power dissipation, and maximum power bias voltage. The
electronic noise of the example cantilever is dominated by Johnson noise (< 0.2). This means
that the 1/f noise term in the force resolution (7) is negligible compared with the Johnson noise
and force sensitivity terms. Consequently, the force resolution would be optimized for a low
implantation dose which maximizes g* (Fig. 4). However, a high bias voltage (> 25 V) would
be required and is not practical for many experiments. By limiting the maximum bias voltage
(23), we find that the optimal force resolution is obtained for an intermediate ion implantation
dose due to the bias voltage (< 2 V) and power dissipation (< 2 mW) constraints.

B. Performance Characterization

We compared the performance of optimized cantilevers with the performance of nonoptimal
designs. Table Il details the design parameters and performance. We have verified the
cantilever thicknesses by scanning electron microscope (XL30, FEI Company, Hillsboro, OR).
They were all within 10% of the target thickness. We also measured the length of each
cantilever by optical microscope, and they are within lithography tolerances (few micrometers).
In addition to the cantilever dimensions, we measured the piezoresistor width by microscope
and junction depth via spreading resistance analysis. We used the measured cantilever
thicknesses and the measured dopant profiles in calculating the theoretical force resolution.

We evaluated the optimal cantilevers by analyzing the effect of dopant dose and diffusion
length (Fig. 10), piezoresistor length [Fig. 11(a)], and power dissipation [Fig. 11(b)]. The
optimized cantilevers achieve force resolutions of 72.5 and 69.8 pN, which are comparable to
the analytical prediction of 68.1 pN. In Fig. 10, the cantilever fabricated with 2 - 101%-cm~2
dose and 4.8 - 10-%-cm diffusion length actually had the best force resolution of 62.3 pN due
to its reduced thickness (6.71 «m) and stress concentration due to the cantilever air trench. In
Fig. 11(a), the optimal piezoresistor length was found to be slightly greater than the predicted
optimal length due to the effect of the parasitic interconnect and contact resistances on the
geometry factor y which decreases as the piezoresistor resistance is reduced [Fig. 11(c)]. In
Fig. 11(b), the force resolution continues to improve beyond the 2-mW power dissipation limit
imposed, as expected, although with diminishing returns. The optimization technique
generated optimal cantilever designs while satisfying the bias voltage (< 2 V) and power
dissipation (< 2 mW) constraints. However, if the simple optimization technique for an
epitaxial cantilever [5] is directly applied to the sample ion-implanted cantilever, the optimal
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force resolution estimates 558 pN. It is eight times higher than our result, because low dopant
concentration and long piezoresistor length result in large Johnson noise. The simple model is
only applicable for epitaxial cantilever design where dopant diffusion is not significant.

The analytical model closely predicts the experimental force resolution. In Figs. 10 and 11(a)
and (b), the experimental results are in good agreement with the analytical model for most
cantilevers with various design and process parameters. The experimental sensitivity of all the
cantilevers is slightly higher than the analytical model predicts, partly due to the cantilever air
trench [Fig. 2(c)] which induces more stress in the piezoresistor for a given force, as reported
previously [26], [27]. The experimental noise is also slightly higher than the analytical model
because the overall resistance of the device is greater than the piezoresistor due to the
interconnects and contact pads. The increased sensitivity and noise slightly offset each other
to yield similar resolution as the analytical model.

However, the experimental data deviates from the analytical model, particularly when the
dopant dose is low, the diffusion length is short (Fig. 10), the piezoresistor is long [Fig. 11(a)],
or the power dissipation is high [Fig. 11(b)]. The force resolution of low-dose cantilevers (2 -
101 cm~2 in Fig. 10) is worse than expected, because low-dose cantilevers have greater noise
and drift due to large temperature coefficients both of resistivity and of piezoresistivity [24].
In Fig. 11(d), noise deviates from the analytical model, particularly when the piezoresistor is
long or the power dissipation is high, and it affects force resolution of long piezoresistor [Fig.
11(a)] with high power dissipation [Fig. 11(b)].

Low-frequency (< 10 Hz) noise makes the force resolution deviate from the analytical model.
Fig. 12(a) shows the noise of a cantilever operating at 1.2 mW. The experimental 1/f noise and
Johnson noise (solid lines) agree with the analytical model (dash lines). However, the low-
frequency noise of the cantilevers deviates from the analytical model as the power dissipation
increases [Fig. 12(b) and (c)]. We found that the 1/f" noise below 10 Hz depends on the
cantilever thickness and is a larger problem for thinner cantilevers. A piezoresistor test structure
with no cantilever does not have the 1/f" noise even for high power dissipation. The problem
becomes more severe as piezoresistor length increases [Fig. 11(d)]. These results suggest that
the noise is related to the thermal resistance of the cantilever and that the noise increases with
the cantilever temperature. The noise could be the result of temperature fluctuations or
thermomechanical coupling due to unstable convection around the cantilever, leading to
temperature fluctuations which are electrically coupled via a change in piezoresistivity with
temperature [4]. This high-order 1/f" noise introduces another noise term which is under
investigation; however, the analytical model presented here is useful and accurate for the design
of cantilevers with low power dissipation. We are currently investigating the mechanisms
underlying the increase in noise with larger power dissipation.

VI. Conclusion

We have presented an analytical model for piezoresistive cantilever design and an optimization
approach using TSUPREM4 process simulation for ion-implanted piezoresistors. We validated
the approach by fabricating optimized cantilevers and characterizing their performance. The
analytical model accurately predicted the force resolution of the devices, and the optimization
technique generated optimal cantilever designs. Optimized performance is obtained by
balancing Johnson noise, 1/f noise, and sensitivity while satisfying design constraints such as
power dissipation. We introduced a characteristic number which indicates if cantilever
performance is Johnson noise or 1/f noise dominated, and determines the optimal piezoresistor
length. For Johnson-noise-dominated cantilevers, which include the devices we fabricated, the
optimal force resolution depends on an interplay between the efficiency factor, maximum
power dissipation, and maximum power bias voltage. Prior work on piezoresistive cantilever
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design has been limited to epitaxial piezoresistors, which we have extended to ion implantation
and arbitrary dopant profiles in this paper.
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Fig. 1.

Piezoresistive cantilever fabrication process. (Mask 1) Pattern alignment marks. (Mask 2)
Grow 250-A screening wet oxide at 850 °C for 13 min, and pattern piezoresistors; then, ion
implant 2 - 1014, 2. 101%, 5 . 101%, and 10%6-cm~2 boron for the piezoresistor regions. (Mask
3) Pattern n++ region, and ion implant 5 - 1015-cm~2 arsenic for substrate contact; then, etch
damaged oxide in 6 : 1 buffered oxide etch (BOE). (Mask 4) Grow isolation wet oxide at 1000
°C-1150 °C (15-45 min) plus 1000 °C-1150 °C inert N, anneal (5-32 min); then, pattern and
wet etch (6 : 1 BOE) contact vias through the oxide. (Mask 5) Sputter 1 um of 99% Al/1% Si;
then, pattern and wet etch (Olin Aluminum Etch 1) the Al. (Mask 6) Pattern cantilevers, and
etch the oxide and silicon with 6:1 BOE, then deep reactive ion etch (DRIE) stopping on the
buried oxide layer. (Mask 7) Leave front-side resist, and release the cantilevers using back-
side pattern alignment, then a DRIE process stopping on the buried oxide again; remove buried
oxide from cantilevers using RIE, and finally anneal the wafers in H, forming gas at 475 °C
(10 min) to improve contact resistance and noise.
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Fig. 2.

Piezoresistive microcantilever. (a) Geometry of cantilever. (b) Geometry of piezoresistor. (c)
A 30-um-wide 2000-um-long cantilever having 8.5-um-wide 153-um-long U-shaped
piezoresistor with 5-um gap. The devices were directly attached to custom PCBs. The (e)
strained piezoresistor is located on the cantilever, and (d) three other unstrained piezoresistors
are physically on the same die for temperature compensation.
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Fig. 3.

(a) Measurement circuit for Johnson noise utilizes a standard Wheat-stone bridge and
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instrumentation amplifier. (b) Measurement circuit for piezoresistor 1/f noise adds 600-Hz

modulation and demodulation to remove the 1/f noise of the amplifier. Note that three
unstrained piezoresistors are used for the other three legs of the Wheatstone bridge for

temperature compensation. (a) Instrumentation amplifier circuit. (b) AC bridge.
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Fig. 4.

Efficiency factor f* of a 7-um-thick device with 150-nm oxide. The efficiency factor captures
the reduction in sensitivity due to the dopant atoms being spread across the thickness. f* was
also calculated with various annealing conditions (temperature and time) and was plotted in

terms of diffusion length ( VD1), Each line corresponds to each annealing temperature plot with
various times (1-900 min).
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Fig. 5.

Number of dopant atoms across the thickness of the cantilever and the resulting sheet resistance
for ion-implanted piezoresistors. When the concentration is below the solid solubility limit,
N, and R slightly decrease with diffusion length, because the dopant atoms diffuse away from
the piezoresistor region. However, when the initial concentration is greater than the solid
solubility limit at the processing temperature utilized, N, increases, but Ry decreases with
diffusion length because additional dopant atoms are incorporated into the crystal lattice as the
local concentration decreases. Each line corresponds to each annealing temperature plot with
various times (1-900 min).
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Fig. 6.

Simulated force resolution of a 2000-um-long, 30-um-wide, and 7-um-thick ion-implanted
cantilever with a 350-um-long, 15-um-wide, and 50-keV boron-implanted piezoresistor. (a)
Force resolution and (b) power with constant bridge voltage (10 V). (c) Force resolution and
(d) bridge voltage with constant dissipation power of piezoresistor (25 mW). While a larger
dopant dose achieves improved force resolution in the constant bias voltage case, there is an
intermediate dose which is optimal in the constant power dissipation case. In the general case,
the optimal dose for fixed power dissipation will depend upon the power dissipation, cantilever
dimensions, piezoresistor dimensions, and measurement bandwidth. Each line corresponds to
each annealing temperature plot with various times (1-900 min).
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Optimization flowchart. The optimal cantilever dimensions are chosen by the measurement
bandwidth and desired stiffness of cantilever. The optimal piezoresistor dimensions require
process parameters which have not been selected yet. Thus, we can calculate the local optimal
piezoresistor lengths based on simulation results (5*, Rg, and N;) for a variety of process
conditions at first and determine the global optimal piezoresistor length after determining the
global optimal process parameters.
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Relationship between piezoresistive cantilever length, thickness, and target resonant frequency
(bandwidth). Our sample cantilever is 2000 um long and 7 zm thick and has a resonant
frequency of 2.5 kHz.
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Optimal piezoresistor length with no constraint and constant power dissipation can be
determined by the characteristic number  and yy, respectively. We found that the optimal
length ratio agp of I/f-noise-dominated and Johnson-noise-dominated cantilevers approaches
2/3 and 0, respectively.
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Fig. 10.

Optimization of sample piezoresistive cantilever with 2-mW maximum power dissipation and
2-v maximum bias voltage. We calculated the force resolution for a variety of process
parameters based on the optimal piezoresistor dimension and optimal bias voltage. From the
(solid lines) analytical model, we can choose the optimum cantilever design. The experimental
results (three cantilevers each wafer) agree well with the analytical model. The optimized
cantilevers achieve force resolutions of 72.5 and 69.8 pN, which are comparable to the
analytical prediction of 68.1 pN. The detailed specifications are listed in Table I1l. Each line
corresponds to each annealing temperature plot with various times (1-900 min).
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Force resolution of an optimal piezoresistive cantilever (Table I111) with (a) various
piezoresistor lengths and (b) various power dissipations. The optimization technique generated
optimal cantilever designs while satisfying the bias voltage (< 2 V) and power dissipation (<
2 mW) constraints. (c) Geometry factor from finite-element method simulation with various
piezoresistor lengths. The optimal piezoresistor length shifts from 57 to 120 um because
geometric factor dramatically decreases in short length as the length decreases. We used the
same implantation dose in the piezoresistor and interconnects for all devices, but it is preferable
to reduce the resistivity of the interconnects to improve the geometry factor. (d) Noise of both
short and long piezoresistors (50 and 316 xm) with various power dissipations. Noise deviates
from the analytical model, particularly when the piezoresistor is long or the power dissipation

is high, and it affects force resolution.
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Noise spectra of sample piezoresistive cantilevers. (a) Optimal cantilever (Table I11) operating
at 2-V bias and 1.2 mW has 1/f noise (from ac bridge circuit) and Johnson noise (from
instrumentation amplifier circuit). At 1-1000-Hz frequency, it has 88.9-pN force resolution.
The (solid lines) experimental 1/f noise and Johnson noise agree with (dash lines) the analytical
model. Low-frequency noise of (b) 7-um- and (c) 3-um-thick cantilevers and (d) the
piezoresistor test structure fabricated without the cantilever with varying power dissipation.
When the power dissipation increases or cantilevers are thin, the low-frequency noise, 1/f1
noise, of the cantilevers deviates from the analytical model and leads to worse resolution.
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TABLE Il
Process Parameters of TSUPREM4 Simulation
Process | Parameters
|
Screening 250 A oxide growth | wet O, and 850°C for 17 min
|
lon implant with boron | 10 to 5 - 1016 cm2, 50 keV energy, 7° tilt
|
Strip screening oxide | all
|
1500 A oxide growth | wet O, or dry O,, 900 to 1150°C
|
Inert N, anneal | 900 to 1150°C for 1 to 900 min
|
Forming gas anneal | 475°C for 10 min with 96% N, and 4% H,
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