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GaAs/AlGaAs self-sensing cantilevers for low temperature scanning
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We have fabricated scanning probe microscope cantilevers with dimensionkl68< 0.25um?

and 3x2x0.129um® from GaAs/A},Ga-As heterostructures containing two-dimensional
electron gases. Deflection is measured by an integrated field-effect trafBETothat senses strain

via the piezoelectric effect and provides a low noise, low power displacement readout. We present
images of a 200 nm mica grating taken with the large cantilever having a defléctiog) noise 10

Al Hz (19 pNiHz) at T=2.2 K. The small cantilever has a resonant frequency of 11 MHz, a FET
gate charge noise of 0.0@1,Hz, and is projected to have a deflectidorce) noise of 0.002 A/Hz

(1 pN/JHz) at T=4.2 K. © 1998 American Institute of PhysidsS0003-695(98)00734-7

The invention of the atomic force microscdeas pro-  bilities while the small cantilever represents an advance in
foundly impacted surface imaging and has spurred the expldabrication and points toward advantages of smaller cantile-
ration of new types of scanning probe microscq®PM).  vers. The FET noise for both cantilevers has faspectrum
The deflection of scanning probe cantilevers has been déetween 10 Hz and 2 kHz witdV,=1(0.06) uV/Hz at
tected by using tunneling currehtoptical levers and 100 Hz corresponding to a gate charge nois@,

interferometers, capacitancé, piezoresistanc®, and ~0.1(0.005%/ \/Hz wheresV, and 5Qg are the gate voltage
piezoelectricS™’ Recently, strain sensors have been demonand charge noise. The cantilevers have calculated spring con-
strated comprised of field-effect transistOFETS fabricated  stants of 0.0194.7) N/m and resonant frequencies of 46 kHz
from a GaAs/AlGaAs heterostructure containing a two-(11 MHz). Vertical resolution was measuréggdrojected to
dimensional electron ga@DEG).%° Such strain sensors can be 10 (0.018 A//Hz at 100 Hz corresponding to a force
be used in heterostructure SPM cantilevers and also hawesolution of 183) pN//Hz, limited by FET noise. We im-
broader potential applications for detecting forces and disaged a mica grating with the large cantileverTat 2.2 K.
placements in GaAs/AlGaAs microelectromechanical sys- Figures 1a) and 1b) show scanning electron micros-
tems(MEMS). 1011 copy (SEM) images of the large and small cantilevers with
In this letter we describe the fabrication and operation of
GaAs/Al :Ga -As SPM cantilevers with integrated strain-
sensing FETs. Strain-sensing FETs offer advantages for can
tilever deflection sensing. Because the strain sensor is inte-
grated into the cantilever, no external deflection sensors are
needed, and micron-scale cantilevers and more complex mi-
croelectromechanical systems become feasible. Both force
and displacement sensitivity of strain-sensing cantilevers im-
prove with scaling to smaller sizes, and the resonant fre-
guency increases. The strain-sensing FET provides gain, re
ducing the cantilever power dissipation by several orders of
magnitude compared with piezoresistive strain sensors.
Small size, high operating frequency, and low power dissi-

pation make strain-sensing FETs ideal for use in small
cantilever$? and other MEMS. FIG. 1. (8 SEM image showing a GaAs/AlGaAs cantilever, >651.4
. . . X 0.25um?®, with a strain-sensing field-effect transist@®tET) at its base.

The |""r(-:]e(smalD cantilevers described here have dlmen'Both the FET gate and an etch trench can be seen at the cantilever base
sions 65<11.4x0.25um® (3X2x0.129um®. We have  showing that electrons flow through the region of maximum strain on the
characterized integrated FETs in both cantilevers in the firstuspended structure of the cantilev).SEM image of a smaller cantilever

demonstration of functional electronic devices il,]tegrat(:)c?<2><0.129,um3 with an integrated strain-sensing FET and an electron
eam deposited tip. The electrons are constrained to flow onto the sus-

into thin free-standing structures containing 2DEGS. Théended structure of the cantilever by the etch trench, which extends half the
large cantilever is used to demonstrate scanning probe cap@ngth of the cantileverc) View of the small cantilever plus reference FET,
which enables a differential strain measuremédt.Schematic diagram of

the epitaxial layer structure of the wafer and cantilever. The dimension in
¥Electronic mail: westervelt@fas.harvard.edu parentheses applies only to the small cantilever.
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FIG. 3. (a) FET response as the large cantilever is deflected at a frequency

of 2 Hz by a step deflection of amplitude Ou4n corresponding to a step

10! 10° 10° 10* force of 7.6 nN.(b) Measured noise spectra of the FET on the large free-
Frequency (Hz) standing cantilever converted to units of deflection and force noise.
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FIG. 2. (a) Drain characteristics for the FET on the large cantilever taken at

T=4.2 K for the gate-source voltages indicatég). Measured voltage noise .
referred to the input of the FET on the small free-standing cantilever. At ZFET on the large cantilever at temperatiire 4.2 K. For the

kHz, FET noise is dominated by the noise from the external amplifier. Thdarge (smal) lever, the small-signal transconductancegjis

arrow indicates a voltage noise corresponding to a gate charge noise e&(0.3(0.03) mS and drain source resistance,js:50 k) (4

0.00%/ yHz. MQ) at |5=50(10) uA. The pinchoff voltages are/,
=Vgs=—1.5(—0.95) V. The cutoff frequency inferred

integrated strain-sensing FETs. Figur@)lshows the small from the transistoRCtime is 9,/27C¢=6(0.3) GHz. Fig-
cantilever plus an additional on-chip reference FET. Figuregiré 2b) shows the gate voltage nois#/y for the small
1(d) is a schematic diagram of the epitaxial layers in theon-cantilever FET. The noise power has & frequency de-
heterostructure. The layers composing the cantilevers ifRendence at least up to 2 kHz where it is dominated by the
growth order are 100 A GaAs, 1510 50 A for the small  noise of the external amplifier. This white noise level corre-
leven AlysGay-As, Si delta doping layer, 220 A sponds to a low gate charge noise &H,=CgdV,

Al Gay -As, 200 A GaAs, 220 A AJ Ga, -As, Si delta dop- =0.00%//Hz which approaches the charge noise levels of
ing layer, 250 A A} (Ga, -As, and 50 A GaAs. The cantile- single electron transistor$.

vers are oriented along tf811] direction for the maximum The large cantilever was mounted in vacuum as part of a
strain effect. The small cantilever is locatedtO um from  low temperature scanning probe microscépeCantilever
the edge of the chip. deflection was monitored by dc voltage biasing the FET

Six electron beam lithography steps are required forchannel and gate while monitoring the drain current with an
small cantilever fabrication. For each step, resist is appliedthaco 1211 current amplifier. The bias point used for the
using an off-axis spinner chuck to eliminate the unwantedneasurements below wags=—1.30V andVps=0.30 V
resist bead close to the fabrication region. First, AuNiGeresulting in a power dissipation of 72W. Care was taken
contacts are deposited and thermally annealed. Second, th@ shield the cantilever from the high voltages required to
channels of the FETs are defined by etch trenches 650 Aperate the SPM scanning tube. Images were taken at 4.2
deep made by ion milling. Third, the gate leads, gate conand 2.2 K.
tacts, and on-cantilever gateudn long by 1um wide with a Figure 3a) shows the current response of the large can-
nominal gate-to-channel capacitance@y= 15 fF were de- tilever FET for a square wave deflection of the tip with a
fined. A thin film of 50 A Cr and 150 A Au was thermally frequency of 2 Hz and peak-to-peak amplitude of Qu#,
deposited. Fourth, the gate leads and contacts were maderresponding to a tip force 7.6 nN. Figur¢bB shows a
thicker by repatterning the gate layer, with the exception ofgraph of large cantilever deflection and force noise measured
the on-cantilever gate, and depositing 200 A Cr and 1000 Xor a free-standing cantilever. The noise power hasfa 1/
Au. Fifth, a vertical trench was cut around the cantileverspectrum in the frequency range between 10 Hz and 1 kHz
using the ion miller to expose the underlying AlAs layer. and is independent of gate voltage and drain-source voltage
After the resist is removed, the electron beam depositeth the operating region of the FET. The measured deflection
(EBD) tip was grown on the cantilever by coating the samplesensitivity is limited by FET noise; mechanical thermal noise
with a thin layer of paraffin and placing the electron beamand amplifier noise are negligible.
from the SEM on the end of the cantilever for 105 s with Figure 4a) presents a X7 um? SPM image of a mica
beam parameters of 15 keV and 3.0 pA. Residual paraffisin(x)sin(y) calibration grating with period of Jum and a
was removed in Hexanes followed by an oxygen reactive iopeak-to-peak amplitude of 200 nm taken using the large
etch. Finally, the cantilever was undercut and freed from thestrain-sensing cantilever at=2.2 K. Tip deflection was re-
substrate by selectively etching the AlAs layer in a 1:15 so-corded h a 1 kHz bandwidth. Figure(d) with a smaller scan
lution of 49% HF:HO for 5 s. The fabrication of the large range demonstrates the finer vertical resolution of the canti-
cantilever was similat® The substrate beneath the large can-lever.
tilever was cleaved away to facilitate contact with a sample  Strain-sensing GaAs FETs operate via the piezoelectric
for imaging. effect. Deflection of the cantilever produces a polarization in

Figure Za) shows drain characteristitg vs Vpg for the  the form of volume bound charge throughout the cantilever
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high resonant frequencies and strain-sensing FETs have low
power dissipation permitting operation in small structures.
The power required for good sensitivity is typicaiyl0 uW

(see above Commercial piezoresistive strain senéors-
quire much larger powePg~1 mW for good sensitivity,
and the power required is independent of size scale for two-
dimensional resistors. Comparing a piezoresistive cantftever
with our small self-sensing cantilever we fildFET cantile-

ver values in parenthesespring constant 1004.7) N/m,

FIG. 4. (a 7><_7 ,um_2 image ta_ken usi_ng th_e large _strain-sensing cantilever.resonant frequency 0.8(11) MHz, deflection noise

The structure is a sir|sin(y) mica grating with spacing &m and depth 200 . )

nm. (b) A smaller scan demonstrating the finer resolution of the large Can_O.OOZO.OOQ A/\’JHZ* force noise 2Q) pN/\/HZ, and power
tilever. dissipation~1 (0.005 mW. Thus, we achieve good sensitiv-
ity and high speed with low power dissipation. Small, fast
e§train-sensing FETs show promise for a range of sensitive
high speed imaging applicatiofi.

and sheets of bound charge at every interface. In our mod
we assume that free electrons in the FET channel screen t
bound charge induced in the GaAs well and the two neigh-  The authors would like to thank J. G. E. Harris, D. D.
boring GaAs/AlGaAs interfaces producing an effective gatéayschalom, and J. Tien for help with cantilever fabrication.
chargeAQ. Assuming that the 2DEG is on the gate side ofhis work was supported at Harvard in part by ONR Award
the cantilevefsee Fig. 1b)], the change in FET curremtl No. N00014-95-1-0104, the MRSEC program of the Na-

for tip deflectionAz is tional Science Foundation under Award No. DMR-94-
9,AQ(AZ) 3Eg.brd, 00396, and JSEP Award No. N00014-89-J-1023 and at
Al= = Az (1) UCSB under Award No. AFOSR F 49620-94-1-0158.
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