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Balanced electronic detection of displacement in nanoelectromechanical
systems
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We describe a broadband radio frequency balanced bridge technique for electronic detection of
displacement in nanoelectromechanical systéMEMS). With its two-port actuation-detection
configuration, this approach generates a background-nulled electromotive force in a dc magnetic
field that is proportional to the displacement of the NEMS resonator. We demonstrate the
effectiveness of the technique by detecting small impedance changes originating from NEMS
electromechanical resonances that are accompanied by large static background impedances at very
high frequencies. This technique allows the study of important experimental systems such as doped
semiconductor NEMS and may provide benefits to other high frequency displacement transduction
circuits. © 2002 American Institute of Physic§DOI: 10.1063/1.1507833

The recent efforts to scale microelectromechanical sys- Ret Zm(®)
. . ~\. )
tems(MEMS) down to thg submicron domehrhave opened Vo(w) V'“(w’RL+[Re+ Z(®)]
up an active research field. The resulting nanoelectrome-
chanical systemgNEMS) with fundamental mechanical ~V. (w)Re+ Zn(w) 1)
resonance frequencies reaching into the microwave bands are " RLtRe

suitable for a number of important technological applica- o
tions. Experimentally, they offer potential for accessing in-Here,R =Rs=50 Q. We have made the approximation that

teresting phonon mediated processes and the quantum beh&e>Zm(@)|, as is the case in most experimental systems.
ior of mesoscopic mechanical systems Apparently, the measured electromotive fo(EdMF) due to

Among the most needed elements for developing NEMéhe NEMS displacement proportlpnal () is empedded
based technolodi Il as ing interesti in a background close to the drive voltage amplitudg,|
ased technologies—as well as for accessing interesting ex: |y, | 50 jogR/(R_+R.) dBX° This facilitates the defini-

perimental regimes—are broadband, on-chip transductiof,n of a useful parameter at=w,, the detectiorefficiency
methods sensitive to subnanometer displacements. Whilgp, as the ratio of the signal voltage to the background. For
displacement detection at the scale of MEMS has been sugne reflective, one-port magnetomotive measurement of Fig.
cessfully realized using magnefic.electrostatié* and  1(a), S'B=Z,,(wo)/R.=R,/Re, indicating some shortcom-
piezoresistivetransducers through electronic coupling, mostings. First, detection of the EMF becomes extremely chal-
of these techniques become insensitive at the submicrolenging, whenR.>R,, i.e., in unmetallized NEMS devices
scales. Moreover, the attractive electronic two-portor metallized high frequency NEM8&mallR,). Second, the
actuation-detection configuration of most MEMS devices beVoltage background prohibits the use of the full dynamic

comes hard to realize at the scale of NEMS. due to the un@nge of the detection electronics. As mentioned above, a
’ two-port actuation-detection configuration cannot remedy

avoidable stray couplings encountered with the reduced di : .
. these problems due to the stray electronic coupling between
mensions of NEMS. the portstt
An on-chip d|splacem§nt transducthn scheme thgt scales The balanced circuit shown in Fig(d) with a NEMS
well into the NEMS domain and offers direct electronic cou- esonator on one side of the bridge and a matching resistor of
pling to the NEMS displacement is magnetomotive esistanceR=R,+ AR on the other side, is designed to im-
detectior®’ Magnetomotive reflection measurements asprove §B. The voltage,Vo(w) at the readoutRO) port is
shown schematicaffy in Fig. 1@ have been used nulled for w# wy, by applying two 180° out of phase volt-
extensively’"® Here, the NEMS resonator is modeled as aages to the Drive {D1) and Drive 2(D2) ports in the circuit.
parallelRLC network with a mechanical impedand,(w),  We have found that the circuit can be balanced with exquisite
a two-terminal dc coupling resistanc®,, and mechanical Sensitivity, by fabricating two identical doubly clamped
resonance frequency,. When driven at by a source with P&am resonators on either side of the balance p@t@),

impedanceR,, the voltage on the loadg,, can be approxi- instead of a resonator and a matching resistor, as shown in
mated as Fig. 1(c). In such devices, we almost always obtained two

well-separated mechanical resonances, one from each beam
resonator, with w,— w;|> 0;/Q; where w; and Q; are the
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FIG. 1. Schematic diagrams for the magnetomotive refle¢apand bridge measuremer(ty). In both measurements, a network analy@¢f) supplies the
drive voltage,V;, . In the reflection measuremer(® a directional couple(DC) is implemented to access the reflected signal from the device. In the bridge
measurementgh) Vi, is split into two out of phase components by a power splitE® before it is applied to ports D1 and D&) Scanning electron
micrograph of a representative bridge device, made out of an epitaxially grown wafer with 50-nm-thiGaAs and 100-nm-thick intrinsic GaAs structural
layers on top of a Jum-thick AlGaAs sacrificial layer. The doubly clamped beams with dimensionswhfL) X 150 nm{v) X 500 nm¢) at the two arms of

the bridge have in plane fundamental flexural mechanical resonanee35aviHz. D1, D2, and RO ports on the device are as shown.

described by the mechanical resonator-matching resistdield. Notice the dynamic background reduction in the rel-
model of Fig. 1b). We attribute this behavior to the high  evant frequency range.
factors Q=10°) and the extreme sensitivity of the reso- Bridge measurements also provided benefits in the de-
nance frequencies to local variations of parameters duringection of electromechanical resonances from metallized
the fabrication process. VHF NEMS. These systems generally possess igland
First, to clearly assess the improvements, we compareR,, diminishes quickly as the resonance frequencies increase.
reflection and balanced bridge measurements of the fundadere, we present from our measurements on doubly clamped
mental flexural resonances of doubly clamped beams pa&iC beams embedded within the bridge configuration. These
terned fromn™* (B-doped Si as well as froom™ (Si-doped  beams were fabricated with top metallization layers using a
GaAs. Electronic detection of mechanical resonances oprocess described in detdilFor such beams withR,
these types of NEMS resonators have proven to be-100() andR,=<1(), we were able to detect mechanical
challenging'? since for these systemB.=2 k() and R,  flexural resonances deep into the VHF band. Figue? Ge-
<R.. Nonetheless, with the bridge techniqgue we have depicts a data trace of the in plane flexural mechanical reso-
tected fundamental flexural resonances in the 10 Mifz  nances of two Zwm(L)X 150 nm{v) <80 nm () doubly
<85 MHz range forn* Si resonators and in the 7 MHz clamped SiC beams. Two well-separated resonances are ex-
<fu<35 MHz range forn* GaAs beams. In all our mea- tremely prominent at 198.00 and 199.45 MHz, respectively,
surements, the paradigm th8,<R, remained true a,,  with Q ~10° at T~4.2 K. The broadband response from the
<10Q and 2 K)<R.<20 k(). Here, we focus on our re- same device is plotted in Fig(l3. A reflection measurement
sults from n™ Si beams. These were fabricated from ain the vicinity of the mechanical resonance frequency of this
B-doped Si on insulator wafer, with Si layer and buried oxidesystem would give rise to an estimated background on the
layer thicknesses of 350 and 400 nm, respectively. The doprder,|V,/V;,|~—20 dB (Ref. 10, making the detection of
ing was done at 950 °C. The dopant concentration was estthe resonance extremely challenging.
mated asN,~6x 10" cm 3 from the sample sheet resis- Figure Xb) depicts our analysis of the bridge circuit. The
tance, Rp~600.*® The fabrication of the actual devices voltage at point RO in the circuit can be determinetf as
involved optical lithography, electron beam lithography, and
lift-off steps followed by anisotropic electron cyclotron reso- Vin(0)[AR+Z ()]

nance plasma and selective HF wet etch&¥ The electro- V()= - (Zn(@) +AR)(1+Ro/R.) + Re(2+Ro/R,)
mechanical response of the bridge was measured in a mag-

netic field generated by a superconducting solenoid. _ Vin(w) [AR+Zo ()] @
Figure 2a shows the response of a device with B Zyfw) i

dimensions 1%m(L) X500 nmfv) X350 nm¢) and with

Re~2.14 K), measured in the reflectidiupper curvesand by analogy to Eq(1). At o= wy, S'B=R,/AR. Given that
bridge configurations for several magnetic field strengthsAR is small, the the background is suppressed by a factor of
The device has an in plane flexural resonance at 25.598 MHarder R./AR, as compared to the one-port cdfég. 2(a)].

with a Q=3x10* at T~20 K. With AR ~10 Q a back- At higher frequencies, however, the circuit model becomes
ground reduction of a factor of 200~ R./AR was obtained imprecise as is evident from the measurements of the transfer
in the bridge measuremeritsee analysis belowFigure Zb) function. Capacitive coupling becomes dominant between
shows a measurement of the broadband transfer functions f@1, D2, and RO ports as displayed in Figb® and this acts

both configurations for comparable drives at zero magnetito reduce the overall effectiveness of the technique. With
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{ tudes from metallized SiC beams in bridge configuration. The narrowband
.' : : i response(a) is measured for different magnetic field strengths Bf
0 50 100 150 200 =2,4,6,8 T and shows two well-separated resonances at 198.00 and 199.45
(b) Frequency (MHz) MHz, respectively, withQ~10°. The broadband respongb) at B=0T

shows the significant background nulling attainable in bridge measurements.
We estimate that a reflection measurement on this system would produce
[Vo/Vin| ~—20 dB for o=~ w,,.

FIG. 2. (a) Data from a doubly clamped* Si beam resonating at 25.598
MHz with a Q~3x 10* measured in reflectiofupper curvesand in bridge
configurations for magnetic field strengths®# 0,2,4,6 T. The drive volt-
ages are equal. The background is reduced by a facte26D in the bridge
measurements. The phase of the resonance in the bridge measurements pa@zoresistive displacement detection. The technique, with its
be shifted 180° with respect to the drive sig(ste Fig. 3 (b) The ampli-  gdyantages, has enabled electronic measurements of NEMS

tude of the broadband transfer functiom$(w)=Vy(w)/Vi,(w) for both . -
configurations. The data indicate a background reduction of at least 20 dlgesonances otherwise essentla”y unmeasurable.

and capacitive coupling between the actuation—detection ports in the bridge
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