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Strain-sensing cryogenic field-effect transistor for integrated strain
detection in GaAs/AlGaAs microelectromechanical systems
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We have fabricated a strain-sensing cryogenic field-effect transistor~FET! from a GaAs/AlGaAs
heterostructure containing a near-surface two-dimensional electron gas. The FET ha
transconductance 100mS and a small signal drain-source resistance 10 MV. The charge noise has
a flat spectrum at high frequencies with magnitude 0.2e/AHz and 1/f noise corner less than 300 Hz.
The piezoelectric effect couples stress in the substrate to the electron density in the FET chann
giving an electrical response to applied strain. Strain sensitivity was measured to be
231029/AHz, limited by FET noise. Integrated strain-sensing FETs offer advantages for detecting
small forces in GaAs/AlGaAs microelectromechanical systems. ©1996 American Institute of
Physics.@S0003-6951~96!04226-X#
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Micromachined GaAs systems provide a novel enviro
ment for studying new physical phenomena1 and offer new
possibilities for device applications.2–4 When the size scale
of these systems becomes small~'1 mm!, the detection of
mechanical deflection presents a challenge for displacem
sensors. However, the strain produced by a force gener
increases as the size of the mechanical structure is redu
Thus, a strain-sensor presents an alternative to deflec
sensors for detecting small forces in microelectromechan
systems~MEMS!. Scanned probe microscope~SPM! canti-
levers provide an important example of a small system wh
a strain sensor could be used. Currently most cantilevers
on optical readouts of deflection which presents disadv
tages if the sample being scanned is photosensitive. Alte
tive deflection sensing mechanisms have been develope
cluding external readouts via capacitance5 and integrated
internal readouts via piezoresistive6 and piezoelectric7–9 can-
tilevers.

In this letter we describe the fabrication of a strai
sensing GaAs/AlGaAs field-effect transistor~FET! which
can serve as an integrated strain sensor in MEMS. I
known that piezoelectric properties of GaAs affect FE
parameters.10–12We exploit this dependence using low-nois
FETs to make a strain sensor capable of detecting volum
dilatational strainse , 2 3 1029/AHz. Our FETs have a
charge noiseqn,0.2e/AHz, wheree is the charge of a single
electron and a 1/f noise corner less than 300 Hz. As stra
sensors these present several advantages: they can be
small ~,1 mm!, have a large operating bandwidth~.100
kHz!, can be integrated directly into MEMS, and have low
power dissipation~,1 mW! which makes them suitable fo
operation at dilution refrigerator temperatures. Integrat
these FETs into a SPM cantilever would allow operati
with reduced cantilever size and increased sensitivity.

Our field-effect transistors are fabricated from a GaA
AlGaAs heterostructure containing a near-surface tw
dimensional electron gas~2DEG! using a design similar to
Mar et al.13 In our samples the two-dimensional electron g
Appl. Phys. Lett. 68 (26), 24 June 1996 0003-6951/96/68(26)/
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with sheet densitynS5231011/cm2 and mobility m51.5
3105 cm2/V s is confined by a 200 Å square well beginning
520 Å beneath the surface. Figure 1~a! shows a schematic of
the FET geometry. The channel, defined using electron bea
lithography and a mesa etch, has lithographic dimensions
5 mm3100 mm as indicated, and is U-shaped to anticipat
fabrication on a SPM cantilever. The gate was made by the
mally evaporating 200 Å of chrome followed by 2500 Å of
gold over the channel giving a total gate area of 500mm 2

and a nominal gate to channel capacitance of 1.0 pF. Ele
trical contact to the 2DEG was made by thermally diffusin
AuNiGe contacts into the chip. The channel was current b
ased using a low-noise voltage source in series with a 1 MV
resistor. Drain-source voltage was monitored with a PA
113 preamplifier which has a noise temperature of less th
6.5 K for typical resistances~1 MV! and frequencies~10 Hz
to 10 kHz! encountered in this experiment.

Figure 1~b! illustrates how strain was applied to the
field-effect transistor. The chip 2.5 mm314 mm containing
the FET was mounted on a piezoelectric bimorph which wa
driven through the resonant frequency of the chip. The FE

FIG. 1. ~a! Schematic of field-effect transistor~FET! geometry. Dark lines
are etch trenches, diagonal line pattern represents top gate, arrows indi
current path through channel. The@100# direction is out of the page and
@011# is indicated.~b! Schematic of mounting system for FET substrate.
37633763/3/$10.00 © 1996 American Institute of Physics
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was placed in the region of maximum strain near
clamped end of the chip as indicated. An aluminum pie
reinforced with a small Macor block served as both a rig
extension to prevent the deformation of the bimorph fro
straining the sample and as a ground plane to isolate
sample from the relatively large voltages applied to the
morph. The FET/bimorph assembly was mounted in vacu
inside a thermal shield attached to the cold plate of an In
red Labs liquid helium Dewar with an opening in the shie
to allow optical access to the entire chip. The sample te
perature was'10 K due to heating from black body radia
tion through the optical access window located 7 cm aw

Figure 2 shows the measured drain characteristics for
field-effect transistor atT'10 K. The transistor operates wit
low noise in the saturation region and displays a typi
small-signal drain-source resistancer ds'10 MV and trans-
conductancegm5100 mS which results in a transconduc
tance per gate width of 20 mS/mm. No carrier heating effe
were observed even when the depletion region was lar
(VGS52150 mV andVDS56 V! indicating that the electron
are strongly confined by the square well structure. The in
in Fig. 2 shows a plot of normalized channel conductancG
versus gate voltageVGS. The conductance changed by fiv
orders of magnitude withVGS from its zero gate voltage
value G052.5 mS. The small magnitude of the thresho
voltage (VT52170 mV! gives excellent sensitivity while the
smooth, constant curvature indicates little parallel cond
tion.

The measured gain and frequency response are in ac
with simple field-effect transistor models. At a typical ope
ating point~ VGS5285 mV andI D53.8mA! the dimension-
less voltage gainAv570. Gain was found to vary with a
square root dependence on drain currentAv}I D

1/2 as
expected.14 A rolloff occurred above a 3 dBpoint of 400 Hz
due to Dewar lead capacitance'400 pF. The ac output sig
nal was constant up to 100 kHz for voltage biased meas
ments. A figure of merit for transistor speed is given
CG /gm , whereCG is the capacitance between the gate a
the 2DEG. This indicates an intrinsic rolloff frequency of 1

FIG. 2. Family of source-drain characteristics taken atT'10 K. Voltages
indicate gate-source voltage,VGS. Inset shows a cutoff graph of chann
conductanceG normalized to its zero gate voltage valueG052.5 mS. The
cutoff threshold~ VT52170 mV! is indicated by the arrow.
3764 Appl. Phys. Lett., Vol. 68, No. 26, 24 June 1996
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MHz for the geometry of Fig. 1~a!. Much higher operating
frequencies can be obtained using a FET with a shorter and
wider channel.

Figure 3 shows measured spectra for voltage noiseen
referred to the input of the field-effect transistor. The noise is
characterized by a flat spectrum at high frequencies with a
low 1/f noise corner of 300 Hz. In the saturation region the
magnitude of the noiseen is independent of drain-source
voltage VDS for a given gate-source voltageVGS but in-
creases with increasing channel current asen

2}I D . The noise
contribution from the external circuit is dominated by a
white noise level of 20 nV/AHz from the voltage source used
to apply a voltage to the gate; noise from the PAR 113 pre-
amplifier is negligible. The lowest noise occurs for
VGS52150 mV, where the charge noiseqn5enCG

,0.2e/AHz.
The field-effect transistor was subjected to strain by ap-

plying a variable frequency voltage~0.25Vpp! to the bimorph
to drive the chip through its lowest mechanical resonance.
Figure 4~a! shows the measured small signal responsevDS of
the FET for operating pointVGS5285 mV andI D53.8mA

l

FIG. 3. Family of noise spectra taken atT'10 K corrected for RC rolloff of
the external circuit. The lowest white noise value corresponds to charge
noise of 0.2eAHz. The 1/f noise corner is,300 Hz.

FIG. 4. ~a! Small signal drain-source voltagevDS for an operating point of
VGS5285 mV andI D53.8mA as FET substrate is driven through its lowest
mechanical resonance.~b! Measured deflection as a function of position
along the length of the GaAs chip at its lowest mechanical resonance. Line
indicates a fit to the data. The arrow denotes FET position.
Beck et al.
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about the sharp~Q52000! mechanical resonance of the chip
The strain at this resonance was measured using a Michel
interferometer operating through an optical access port in t
Dewar. At T'10 K the resonating chip was placed at on
arm of the interferometer. The resulting fringes were d
tected by a photodiode mounted behind a pinhole and
corded by a digital storage scope. By sliding the Dewar
expose different parts of the vibrating chip, data on amp
tude of vibration as a function of position were obtained
Multiple measurements at each position on the chip we
made and then averaged.

Figure 4~b! shows the amplitude of deflection along th
entire length of the cantilever; the arrow indicates the pos
tion of the field-effect transistor. The data were fit to th
equation of a driven cantilever beam15 with boundary condi-
tions of zero force and moment at the free end, fixed amp
tude at the driven end and a slope at the driven end wh
was allowed to vary as a free parameter of the fit. The
shown in Fig. 4~b! indicates a total volume straine in the
FET regione5731027. For this FET the normalized strain
responsivityr5N/Ae, whereN is the change in number of
gate electrons andA is the gate area, has a valuer57.1
3 1013/cm2. Combining this value with the measured charg
noise gives a strain sensitivity ofen5231029/AHz. For
comparison we consider a GaAs/AlGaAs SPM cantilever
typical dimensions~100mm320 mm31 mm!. With an inte-
grated FET this cantilever would have force sensitivity,20
pN/AHz and vertical resolution,0.5 Å/AHz. The maximum
uniaxial strainemax at the base of a cantilever with rectangu
lar cross section is given byemax56Fl /(Et2w!,15 whereF is
the force applied to the end of the cantilever,l, w, andt are
the length, width, and thickness, respectively, andE is
Young’s modulus. The minimum vertical resolution is give
by umin52enul

2/3t, whereenu is the uniaxial strain sensitiv-
ity. These expressions show that force sensitivity and vertic
resolution of a strain-sensing cantilevers increase for sm
sizes. Strain-sensing FETs can be made with submicron
mensions and low-power dissipation.

Two mechanisms which provide an electrical respon
to strain in GaAs are the piezoelectric effect16 and the defor-
mation potential.17 Both couple strain to a change in the
number of electrons in the FET channel. At the mechanic
resonance peak we measure a change in amplitude of
gate electrons. The shift in the conduction band energy d
to the deformation potential is given byD Ec5ae,18 where
D Ec is the conduction band shift,a58 eV is the hydrostatic
pressure deformation potential, ande is the volume strain.
The shift in the number of gate electrons given byD N
Appl. Phys. Lett., Vol. 68, No. 26, 24 June 1996
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5CGDEc /e
2, whereCG is the gate/channel capacitance ande

is the electronic charge results in 35 gate electrons shifting
equalize the chemical potential. The piezoelectric effect pro
duces a polarization given byPi5di jksjk ,

16,19 wherePi is
the induced polarization in thei direction,di jk is the piezo-
electric tensor, andsjk is the stress tensor. The stress given
by the fit in Fig. 4~b! is applied in the@011# direction for the
FET orientation with respect to the GaAs crystal axes indi
cated in Fig. 1~a!. The resulting nominal polarization is per-
pendicular to the plane of the 2DEG and induces a change
amplitude of 740 electrons on the gate. Thus, the piezoele
tric effect dominates the strain induced signal. The measure
charge in our device is less than the maximum predicted fo
the piezoelectric effect.
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