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We have fabricated a strain-sensing cryogenic field-effect trangiSE¥T) from a GaAs/AlGaAs
heterostructure containing a near-surface two-dimensional electron gas. The FET has
transconductance 1Q@S and a small signal drain-source resistance X0. Mhe charge noise has

a flat spectrum at high frequencies with magnitudesQi2z and 1f noise corner less than 300 Hz.

The piezoelectric effect couples stress in the substrate to the electron density in the FET channel
giving an electrical response to applied strain. Strain sensitivity was measured to be
2% 10 %/|Hz, limited by FET noise. Integrated strain-sensing FETs offer advantages for detecting
small forces in GaAs/AlGaAs microelectromechanical systems.1996 American Institute of
Physics[S0003-695096)04226-X]

Micromachined GaAs systems provide a novel environwith sheet densityng=2x10'%cm? and mobility u=1.5
ment for studying new physical phenomérd offer new  x1¢° cm?V s is confined by a 200 A square well beginning
possibilities for device applicatiorfs* When the size scale 520 A beneath the surface. Figur@)lshows a schematic of
of these systems becomes smaHl um), the detection of  the FET geometry. The channel, defined using electron beam
mechanical deflection presgnts a challenge for displacemefithography and a mesa etch, has lithographic dimensions of
sensors. However, the strain produced by a force generally ;,mx100 um as indicated, and is U-shaped to anticipate
increases as the size of the mechanical structure is reducegbrication on a SPM cantilever. The gate was made by ther-
Thus, a strain-sensor presents an alternative to deflecticmany evaporating 200 A of chrome followed by 2500 A of
sensors for detecting small forces in microelectromechanicajold over the channel giving a total gate area of 5002
systems(MEMS). Scanned probe microscog8PM) canti-  and a nominal gate to channel capacitance of 1.0 pF. Elec-
levers provide an important example of a small system whergical contact to the 2DEG was made by thermally diffusing
a strain sensor could be used. Currently most cantilevers relxuNiGe contacts into the chip. The channel was current bi-
on optical readouts of deflection which presents disadvangsed using a low-noise voltage source in serieb @il M
tages if the sample being scanned is photosensitive. Alterngesistor. Drain-source voltage was monitored with a PAR
tive deflection sensing mechanisms have been developed in13 preamplifier which has a noise temperature of less than
cluding external readouts via capacitah@nd integrated g5 K for typical resistanced M() and frequencie§10 Hz
internal readouts via piezoresisthand piezoelectrfc®can- g 10 kH2 encountered in this experiment.
tilevers. _ o . Figure 1b) illustrates how strain was applied to the

In this letter we describe the fabrication of a strain-fie|d-effect transistor. The chip 2.5 mxi4 mm containing
sensing GaAs/AlGaAs field-effect transistdFET) which  the FET was mounted on a piezoelectric bimorph which was

can serve as an integrated strain sensor in MEMS. It igjriven through the resonant frequency of the chip. The FET
known that piezoelectric properties of GaAs affect FET

parameters’~1?We exploit this dependence using low-noise
FETs to make a strain sensor capable of detecting volume or

—
dilatational strainse <2 x 10 °/|Hz. Our FETs have a 2.5 mm t

charge noisg,<0.2e//Hz, wheree is the charge of a single . 9{mm
electron and a t/noise corner less than 300 Hz. As strain FET Rigid
sensors these present several advantages: they can be made 1+ Extension
small (<1 ,mn), have a Igrge operating bandwid(k100 Piezoelectric
kHz), can be integrated directly into MEMS, and have low- 7= Bimorph
power dissipation(<1 uW) which makes them suitable for | L] |
operation at dilution refrigerator temperatures. Integrating Base
these FETs into a SPM cantilever would allow operation

with reduced cantilever size and increased sensitivity. (b)

Our field-effect transistors are fabricated from a GaAs/

AlGaAs heterostructure containing a near-surface tWO-FIG' 1. (a) Schematic of field-effect transistgFET) geometry. Dark lines
are etch trenches, diagonal line pattern represents top gate, arrows indicate

d|men5|o?§| electron ga@DEG) using a d_eS|gn similar t0 ¢y rrent path through channel. TH200] direction is out of the page and
Mar et al.”® In our samples the two-dimensional electron gag011] is indicated.(b) Schematic of mounting system for FET substrate.
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ps(V) FIG. 3. Family of noise spectra takenTat10 K corrected for RC rolloff of

. ) - the external circuit. The lowest white noise value corresponds to charge
FIG. 2. Family of source-drain characteristics takeMatl0 K. Voltages noise of 0.2,Hz. The 1f noise corner is<300 Hz.

indicate gate-source voltag¥ss. Inset shows a cutoff graph of channel
conductancés normalized to its zero gate voltage valGg=2.5 mS. The

cutoff threshold( Vr=—170 mV} is indicated by the arrow. MHz for the geometry of Fig. (. Much higher operating
frequencies can be obtained using a FET with a shorter and

was placed in the region of maximum strain near thewider channel.

clamped end of the chip as indicated. An aluminum piece Figure 3 shows measured spectra for voltage nejse
reinforced with a small Macor block served as both a rigidreferred to the input of the field-effect transistor. The noise is
extension to prevent the deformation of the bimorph fromcharacterized by a flat spectrum at high frequencies with a
straining the sample and as a ground plane to isolate thH@W 1/f noise corner of 300 Hz. In the saturation region the
sample from the relatively large voltages applied to the bi-nagnitude of the noise, is independent of drain-source
morph. The FET/bimorph assembly was mounted in vacuunyoltage Vps for a given gate-source voltagéss but in-
inside a thermal shield attached to the cold plate of an Infracreases with increasing channel currenegslp . The noise
red Labs ||qu|d helium Dewar with an Opening in the shield Contribution from the external CiI’CUit iS dominated by a
to allow optical access to the entire chip. The sample temwhite noise level of 20 n\{Hz from the voltage source used
perature was=10 K due to heating from black body radia- t0 apply a voltage to the gate; noise from the PAR 113 pre-
tion through the optical access window located 7 cm away.amplifier is negligible. The lowest noise occurs for

Figure 2 shows the measured drain characteristics for thes=—150 mV, where the charge noise,=e,Cg
field-effect transistor af~10 K. The transistor operates with <0.2e{Hz.
low noise in the saturation region and displays a typical ~ The field-effect transistor was subjected to strain by ap-
small-signal drain-source resistancg~10 MQ and trans- Plying a variable frequency voltag®.23/,) to the bimorph
conductanceg,,=100 xS which results in a transconduc- 0 drive the chip through its lowest mechanical resonance.
tance per gate width of 20 mS/mm. No carrier heating effect§igure 4a) shows the measured small signal respansgof
were observed even when the depletion region was large$te FET for operating poin¥gs=—85 mV andi,=3.8 uA
(Vgs=—150 mV andVps=6 V) indicating that the electrons
are strongly confined by the square well structure. The inset
in Fig. 2 shows a plot of normalized channel conducta@ce
versus gate voltag¥ss. The conductance changed by five
orders of magnitude with/gg from its zero gate voltage 0
value Gy=2.5 mS. The small magnitude of the threshold L .
voltage V+=—170 mV) gives excellent sensitivity while the 2.045 2.050 2.055
smooth, constant curvature indicates little parallel conduc- f (kHz)
tion.

The measured gain and frequency response are in accord
with simple field-effect transistor models. At a typical oper-
ating point( Vgs=—85 mV andl ,=3.8 uA) the dimension-
less voltage gairA,=70. Gain was found to vary with a
square root dependence on drain curre@ultocl%,’2 as
expected? A rolloff occurred aboe a 3 dBpoint of 400 Hz X (mm)
due to Dewar lead capacitaneet00 pF. The ac output sig-
nal was constant up to 100 kHz for voltage biased measurd=lG. 4. (a) Small signal drain-source voltages for an operating point of

ments. A figure of merit for transistor speed is given byVGS=—85 mV andl ,=3.8 uA as FET substrate is driven through its lowest
’ echanical resonancéb) Measured deflection as a function of position

Ce /gm! Wher?C_G i§ the capgcitgnge between the gate an long the length of the GaAs chip at its lowest mechanical resonance. Line
the 2DEG. This indicates an intrinsic rolloff frequency of 16 indicates a fit to the data. The arrow denotes FET position.

Vpg (mV)

Deflection (Lm)
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about the sharpQ=2000 mechanical resonance of the chip. :CGAEC/921 whereCg is the gate/channel capacitance and
The strain at this resonance was measured using a Michels@ithe electronic charge results in 35 gate electrons shifting to
interferometer operating through an optical access port in thgqyalize the chemical potential. The piezoelectric effect pro-
Dewar. At T§10 K the resonating chip was placed at oneqces a polarization given b?i:dijksjk'm'lg whereP; is
arm of the mterfer(_)meter. The result!ng frlnges were de+the induced polarization in thiedirection, d;; is the piezo-
tected by a photodiode mounted behind a pinhole and régjectric tensor, and;, is the stress tensor. The stress given
corded by a digital storage scope. By sliding the Dewar tayy the fit in Fig. 4b) is applied in thg011] direction for the
expose different parts of the vibrating chip, data on ampli-pET grientation with respect to the GaAs crystal axes indi-
tude of vibration as a function of position were obtained..ated in Fig. 13). The resulting nominal polarization is per-
Multiple measurements at each position on the chip wergengicular to the plane of the 2DEG and induces a change in
madg and then averaged. . . amplitude of 740 electrons on the gate. Thus, the piezoelec-
Figure 4b) shows the amplitude of deflection along the yic effect dominates the strain induced signal. The measured
entire length of the cantilever; the arrow indicates the pOSi'Charge in our device is less than the maximum predicted for
tion of the field-effect transistor. The data were fit to thehe piezoelectric effect.
equation of a driven cantilever be&hwith boundary condi- The authors wish to thank J. W. Hutchinson for helpful
tions of zero force and moment at the free end, fixed ampligiscussions. This work was supported at Harvard in part by
tude at the driven end and a slope at the driven end whickhe JSEP award N00014-89-J-1023, ONR awards NO0014-
was allowed to vary as a free parameter of the fit. The fitg5.1.0104 and N0O0014-95-1-08, NSF award DMR-95-01438
shown in Fig. 4b) indicates a total volume straiain the  gng by the MRSEC program of the National Science Foun-
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