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High-sensitivity piezoresistive cantilevers under 1000 Å thick
J. A. Harleya) and T. W. Kenny
Department of Mechanical Engineering, Stanford University, Stanford, California 94305-4021

~Received 1 March 1999; accepted for publication 17 May 1999!

Ultrathin, high-sensitivity piezoresistive cantilevers were constructed using vapor-phase epitaxy to
grow the conducting layer. A fourfold reduction in thickness was achieved over the thinnest
implanted piezoresistive cantilevers, allowing improved force or displacement sensitivity and
increased bandwidth. In cantilevers 890 Å thick, the dopant is well confined to the surface, and the
sensitivity is 70% of the theoretical maximum. A cantilever fabricated for high force resolution has
a minimum detectable force of 8.6 fN/AHz in air. Additionally, the 1/f noise is shown to follow the
relation proposed by Hooge@Phys. Lett A29, 139 ~1969!#, increasing in inverse proportion to the
number of carriers. ©1999 American Institute of Physics.@S0003-6951~99!01728-3#
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Piezoresistive cantilevers are typically used in force m
croscopy applications where difficulties in laser alignme
make optical detection inconvenient. Applications inclu
atomic data storage systems,1 cantilever arrays,2 high-
vacuum atomic force microscope~AFM! measurements,3

and portable cantilever-based sensors.4,5 The convenience o
the integrated sensor has thus far always come at the exp
of resolution, when compared to optically detected cant
vers. In principle, reducing the thickness of piezoresist
cantilevers can increase the sensitivity to overcome
drawback.

The other principal situation where piezoresistive can
levers are useful is for high bandwidth measurements, s
as high-speed atomic data storage, or high temporal res
tion force measurements. The bandwidth of a cantileve
limited by its resonant frequency, usually in the tens of ki
hertz for commercial AFM cantilevers. To increase res
nance without increasing cantilever stiffness requires a
duction in mass, hence there is a trend towards sma
beams.6 Typical AFM laser spot sizes are about 30mm, how-
ever, and it is difficult to get an adequate optical signal fro
a cantilever which is only a few microns long and wide, a
under 1000 Å thick. An integrated sensor can overcome
problem.

The sensitivity of a piezoresistor at the base of a rect
gular cantilever is given by
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whereR is the resistance;l, w, and t are the length, width,
and thickness;pL is the piezoresistive coefficient;E is the
young’s modulus; andDF is the applied load.b is a coeffi-
cient between 0 and 1 representing the efficiency compa
to an ideal doping profile restricted exclusively to the surfa
of the beam.7 The displacement sensitivityDx is computed
by substituting F5kx where for a rectangular beamk
5Ewt3/4l 3. Since the force sensitivity varies ast22, it can
be most effectively maximized by reducing the beam thi
ness. For maximum displacement sensitivity, the length
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the cantilever dominates, but to reduce length without
creasing the spring constant requires that the thicknes
reduced commensurately. In both cases, if the thicknes
reduced, the sensitivity gains can be made without sacrific
bandwidth.

The difficulty in reducing the cantilever thickness relat
to the b coefficient. For thin cantilevers it is increasing
difficult to confine the doped sensing region to the surface
the beam. If the doped region is evenly spread both ab
and below the neutral axis of the beam, the stresses
average out to a zero net signal. Chuiet al.8 reduced piezore-
sistive cantilevers to 1mm thick by first growing a passivat
ing oxide, and then implanting though it, thereby avoidi
the diffusion of the implant during the growth of the oxid
Ried et al.1 made 0.34-mm-thick piezoresistive cantilever
by lowering the implant energy to 10 keV, and using a lo
temperature oxide for passivation.

The depth of an implanted junction cannot be reduc
much further, however, since the implanted ions have gre
enhanced diffusivity until they are activated. Since activat
is achieved by annealing, the dopant diffusion is unavo
able. Even for rapid thermal anneals used by Chuiet al. and
Ried et al., the diffusion coefficient for the implanted boro
is 103 times greater that the intrinsic value.9

For reduction of the doped region thickness beyond
capabilities of conventional implantation, we have us
vapor-phase epitaxial growth. The boron atoms are incor
rated into the lattice during the epitaxy, so an activating
neal is unnecessary. Furthermore, since there is no dam
enhanced mobility, some high-temperature steps can
tolerated.

Using epitaxially grown piezoresistors, 870–900-Å
thick cantilevers were fabricated in lengths ranging from
to 350mm, with widths from 2 to 44mm. Scanning electron
micrographs~SEMs! of four of these are shown in Fig. 1.

The fabrication procedure is similar to that outlined
Tortoneseet al..10 A thermal oxide was grown and remove
to thin the top 2000 Å of a 10V cm p-type Simox silicon-
on-insulator~SOI! wafer to 800 Å. After a 30 s HCl clean in
the epichamber, which removed another 100 Å, 300 Å o
31019cm23 boron-doped silicon was grown over the enti
wafer. The cantilevers were then patterned and plas
© 1999 American Institute of Physics
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etched. Boron for the contacts was implanted at 131015

cm22, 30 keV, followed by a 200 Å growth of passivatin
thermal oxide during a 3 hanneal at 700 °C.

Aluminum for the contacts was then deposited, and
nealed in a forming gas at 400 °C for 1 h. A release m
was subsequently patterned on the back of the wafer, a
Bosch deep silicon etch used to release the cantilevers
partially dice the wafer in a single step. The buried oxid
which stopped the silicon etch, was then removed with a
buffered oxide etch~BOE!, using a photoresist adhered su
port wafer to protect the cantilevers. The cantilevers w
then dried using the critical-point method.11

Using a wet etch to clear the buried oxide at the bott
of the backside etch holes was problematic, since the sur
tension of the BOE prevented it from entering the sm
holes. As a result, when the support wafer was removed,
cantilevers were still embedded in the buried SOI oxide.
release some cantilevers while preserving the alumin
leads, part of the wafer was immersed in a pad etch for
min, removing both the buried oxide and the passivat
layer from most of the chips. A comparison between relea
and unreleased cantilevers showed negligible difference
the noise levels, suggesting that the passivating oxide is
critical for low-noise devices. Removal of the passivati
oxide also eliminates the cantilever curvature which wo
arise from stress in the oxide layer.

The sensitivity data were taken on the longest cantilev
which exhibits the best force resolution. The fractional res
tance change of the 350-mm-long cantilever is 50 ppm pe
micron deflection. The response to deflections in an AFM
shown in Fig. 2.

Sensitivity measurements like those shown in Fig.
were not consistently repeatable for the 350mm cantilever,
since the cantilever is too flexible for the tip to slide on t
surface and twisting can arise during thez deflection in our
AFM. The piezoresistor can self-detect its thermomechan
noise when the resonance quality is greater than 5, so
were able to get reliable sensitivity measurements by obs
ing the amplitude of the thermomechanical noise at re
nance in a moderate vacuum~20 mTorr! with both the pi-
ezoresistor and a laser vibrometer. The quoted sensit
was measured by this method, and is consistent with
measurement shown in Fig. 2.

TSUPREM-4 simulations of the epitaxially grown dope
layer before and after the 700 °C anneal are shown in Fig
From the postanneal profile, a theoretical value ofb was
computed to be 0.65. Using the measured sensitivity and

FIG. 1. SEMs of 0.087–0.090-mm-thick piezoresistive cantilevers.~a! 10
mm38 mm. ~b! 60 mm34 mm. ~c! 40 mm320 mm. ~d! 350 mm344 mm.
Note that image~d! is at 0.45% scale from the others.
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~1!, with pL54310210m2/N for 431019cm23 boron-doped
silicon,12 the measured value forb is 0.7. This indicates tha
the simulated doping profile is valid and that the doping
well confined to the surface. Once the value ofb for the
doping is determined, the sensitivity of the shorter cant
vers can be computed directly from Eq.~1!, and the capabil-
ity for high-bandwidth, high-displacement-sensitivity can
levers is also established.

The force sensitivity was computed from the displac
ment sensitivity using a calculated spring constant of
31025 N/m. The thickness of 890 Å was measured with
reflectometer.

The noise spectrum for the same cantilever is shown
the lowest line in Fig. 4. The 1/f noise knee is at 1 kHz, a
which point the noise flattens out to less than two times
Johnson noise limit. The total noise from 10 Hz to 1 kHz
1.14 mV, giving a force resolution of 500 fN in this band
width. At 1 kHz, the force resolution is 8.6 fN/AHz.

Although the sensitivity data all point to improved pe
formance with reduced cantilever dimensions, it was o
served that the 1/f noise was greater for the smaller cantil
vers on the wafer. Increased 1/f noise for smaller cantilevers
was also apparent in piezoresistive cantilevers from
literature.8,10 As plotted in Fig. 5, the noise from these ca
tilevers fits the empirical model proposed by Hooge,13 who
observed that the 1/f noise in homogeneous materials vari
inversely with the number of carriers. In volts squared p
hertz, the noise density can be written asSV5(aV2)/(N f).
Here,V is the bias on the resistor,N is the number of carri-
ers,f is the frequency, anda is a constant which appears t

FIG. 3. SUPREM-IV simulation of dopant distribution after growth of 30
Å 431019 cm23 boron-doped epitaxial silicon, and after a wet oxide grow
for 3 h at 700 °C.

FIG. 2. Force sensitivity for 0.089mm344 mm3350 mm piezoresistive
cantilever in a bandwidth from 1 Hz to 1.2 kHz. Upper trace shows respo
to 61 mm displacement, lower trace to60.1 mm. The force sensitivity is
calculated using the modeled spring constant of 331025 N/m.




