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Abstract 

 

Towards Silicon Nanowire Based Resonant Systems 

by 

Noel Arellano 

Doctor of Philosophy in Engineering – Electrical Engineering and Computer Sciences 

University of California at Berkeley 

Professor Roger T. Howe, Co-Chair 

Professor Jeffrey Bokor, Co-Chair 

 

 Silicon nanowires have attracted a lot of interest from both the nano- and 

microelectromechanical systems (NEMS and MEMS) communities due to their small 

size.  Their small mass facilitates the creation of high frequency NEMS resonators for 

sensing or electromechanical signal processing applications.  Due to their low stiffness 

and small mass, silicon nanowires are also ideally suited to replace microscale coupling 

beams in high quality factor MEMS filters.  Nanowire coupled MEMS filters could, in 

theory, achieve smaller bandwidths and lower passband distortion than microscale-beam 

coupled MEMS filters.   

 This dissertation investigates the feasibility of using silicon nanowires as 

mechanical coupling beams in microscale resonant systems with resonant frequencies 

ranging from 14 to 19 MHz.  Silicon nanowires, typically 400 to 200 nm wide, 6.2 mm 

long and 275 nm thick, are used as flexural coupling elements tethering two MEMS 

clamped-clamped resonators (L = 10 mm, W = 3.1 mm, and T = 275 nm).  The resonant 
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systems are measured in a two-port capacitive configuration; one MEMS resonator is 

actuated electrostatically with a polysilicon electrode suspended 100 nm above it, 

mechanical energy is then transmitted to the other resonator via the silicon nanowire 

coupling beam and resonant motion is sensed capacitively with the second MEMS 

resonator electrostatically coupled to a second polysilicon electrode.  The coupled 

resonant systems vibrate in two modes and the ratio of the nanowire coupler stiffness to 

the effective stiffness of the MEMS resonators determines the frequency span between 

the two resonant modes which varies from a maximum of 1.49 MHz to a minimum of 60 

kHz.  The frequency span of the resonant system is tuned by attaching the nanowire 

coupler at two different locations along the length of the MEMS resonators, trimming the 

width of the nanowire coupler with a focused ion beam, or by depositing films, such as 

platinum, SiC or a self assembled monolayer, on the nanowire coupler.  

 The silicon nanowires are fabricated using a six inch silicon-on-insulator (SOI) 

wafer with a device layer thickness of 275 nm and a 400 nm thick buried oxide.  The 

nanowires are initially defined with i-line lithography which limits the achievable 

nanowire width to 600 nm.  An oxygen plasma based ashing process is used to reduce the 

width of the i-line defined nanowires.  Finally, the ashed photoresist patterns are etched 

into the device layer, using a reactive ion etching process, to define the silicon nanowires. 

 A new field-effect transduction technique for silicon nanowire resonators is 

demonstrated on single nanowire resonators and mechanically coupled nanowire resonant 

systems with natural frequencies ranging from 18 MHz to 135 MHz.  Tri-gate polysilicon 

electrodes, which are capacitively coupled to both lateral surfaces of the nanowires with 

symmetric 60 nm gaps and the top nanowire surface with a 100 nm gap, deplete electrons 
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from three surfaces of vibrating silicon nanowires.  A DC current on the order of 100s of 

microamperes flows through the nanowires while harmonic nanowire motion is induced 

electrostatically.  As the nanowires deflect relative to the stationary tri-gate electrodes, 

the depletion regions on the lateral surfaces of the wire grow and recede, altering the 

resistance of nanowire segments located beneath the gate electrodes.  For a coupled 

nanowire resonant system vibrating at frequency of 124.14 MHz, the resistance of the 

nanowire segment surrounded by one tri-gate electrode is estimated to oscillate between 

1560 W and 1569 W.  The oscillating resistance results in an AC current component on 

the order of single microamperes which is easily detected with the 50 W internal resistor 

of a network analyzer operating in the transmission mode (S21), even in the presence of 

large parasitic capacitances.   
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Chapter 1. Introduction 

1.1 Silicon Nanowire Resonators 

 For this dissertation, silicon nanowires are defined as single crystal structures with 

lateral dimensions below 400 nm (width and height) and unconstrained lengths.  Silicon 

nanowires have attracted a lot of attention because their small size facilitates the creation 

of high frequency resonators [1,2].  The natural frequency of a nanowire resonator 

depends on its mass: 

NW
0 m

1f ∝           (1) 

f0 is the resonant frequency of a nanowire resonator and mNW is the active mass of a 

silicon nanowire.  Assuming the nanowire resonator is clamped at both ends and vibrates 

in the fundamental mode (Fig. 1), the active mass of the resonator is about half of the 

total static mass of the nanowire [1].  Quantum effects, for these devices, begin to 

influence their operation when the molecular scale is reached.  This transition, into 

quantum dominated mechanics, is believed to occur when nanowires are a few 

nanometers in diameter [1].  However, small-diameter single-walled carbon nanotubes 

(CNTs), still obey continuum bending mechanics with only slight modifications [3].   

 

 

 

 

Figure 1. A clamped-clamped nanowire resonator operating in the fundamental bending 

mode. 

 

Vertical Displacement δz

Fundamental 
mode operation

Clamped-Clamped 
Nanowire Resonator

Vertical Displacement δz

Fundamental 
mode operation

Clamped-Clamped 
Nanowire Resonator



 2

 In general, a small amount of power is required to drive bending-mode 

nanoelectromechanical systems (NEMS) [2], but sensing techniques for NEMS 

resonators are either electronically complex [4,5] or require cryogenic temperatures to 

minimize thermal noise sources which could mask the small signal generated by a NEMS 

resonator [1].   

1.1.1 Resonant Mass Sensors 

 Nanowire resonators are ideally suited for mass sensing applications because of 

their small active mass.  As predicted by eq. (1), if mass is added to a fundamental-mode 

nanowire resonator (Fig. 1) its resonant frequency decreases (Fig. 2).  Recently, 

zeptogram mass sensors have been demonstrated at cryogenic temperatures using SiC 

NEMS resonators [6].   

 

  

 

 

 

 

Figure 2. The red and grey traces represent the amplitude response of the unloaded and 

mass loaded NEMS resonator respectively (fL < f0). 
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1.1.2 NEMS Resonators for Frequency Domain Signal Processing and 

Nanomechanical Computation  

 High frequency and low-operating-power NEMS resonators are especially 

attractive for signal processing and nanomechanical computing applications [7].  High 

quality factor (high-Q) NEMS resonators are desired for frequency domain signal 

processing applications.  Electrical signals which match the resonant frequency of high-Q 

NEMS resonators are easily distinguished from signals at slightly lower frequencies (Fig. 

3).  For low insertion loss NEMS resonators high-Qs are essential [1].   

 

 

 

 

 

 

 

Figure 3. Frequency response comparison of a low-Q (red) and a high-Q (blue) NEMS 

resonator. The high-Q frequency response is better suited to discriminate between an 

electrical signal (signal 1) at the natural frequency of a NEMS resonator and a signal 

(signal 2) with a frequency slightly lower than the natural frequency of the NEMS device.   

 

 For nanomechanical computation applications, low-Q NEMS resonators may be 

required to prevent excessive ringing when transitioning between mechanical logic states 
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XOR logic gate was recently demonstrated with high-Q GaAs cantilevers operating at 

their resonant frequencies (about 10 MHz), so low-Q NEMS resonators may not be 

absolutely necessary for nanomechanical computation [8]. 

 To realize the full potential of NEMS based signal processing and computation 

systems simple low-power actuation and detection techniques should be developed to 

facilitate integration with complementary metal-oxide-semiconductor (CMOS) 

electronics.  Progress has been made in this regard with the advent of GaAs piezoelectric 

NEMS logic gates [8].  DC bias voltages were not required to actuate or sense the 

cantilever resonators; however, the GaAs fabrication process used to create the devices 

was not suitable for monolithic integration with CMOS.  Researchers have begun to 

investigate doped silicon NEMS resonators to create a new class of integrated systems in 

which a NEMS resonator would also serve as a mechanically active electronic device 

[21] in the same vein as the micro-scale vibrating gate transistor [22,23].  Field-effect 

transduced NEMS resonators would facilitate system integration. 

1.2 Nanowires Mechanically Coupled to Resonant Microelectromechanical Systems 

(MEMS)  

 Researchers have integrated nanostructures with larger scale MEMS resonators to 

improve the performance of MEMS sensors [9,10].  MEMS bandpass filters can also 

benefit from nanostructure integration.  Nanowire beams are the ideal elements to 

mechanically couple high-Q MEMS resonators due to their low stiffness and small mass.  

The stiffness of the coupling beam controls the frequency span between the resonant 

modes of a MEMS filter [11] (Fig. 3).  As a result, future nanowire-coupled MEMS 
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filters can achieve smaller bandwidths and lower passband distortion or ripple [11,12,13] 

(Fig. 3). 

 

 

 

 

 

 

 

 

 

Figure 3. A) Two identical MEMS resonators, represented schematically as pendulums 

M1 and M2, are mechanically coupled with a beam (spring) to create a passband filter. 

Mode 1 and 2 are the in-phase and out-of-phase vibration modes of the coupled resonant 

system respectively. The bandwidth of the MEMS filter depends on the frequency span 

between the two modes. B) The passband filter characteristic (black dots) of the coupled 

system with microscale beams has a large bandwidth (BWM). C) The filter bandwidth 

decreases (BWN <BWM) and has less passband distortion for the nanowire beam coupled 

MEMS filter. 

  

 Typical actuation techniques for NEMS resonators rely on forces that scale with 

surface area (electrostatic) [4,5] or length (magnetomotive) [6].  To avoid using 
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actuated with coupled high-Q MEMS resonators [14].  Recently, surface acoustic wave 

(SAW) devices have been used to acoustically drive high-order bending modes of NEMS 

resonators and to study the effect of acoustic agitation on a two dimensional electron gas 

that was confined within a NEMS resonator [15].   

1.3 Bottom-Up Vs. Top-Down Nanowires  

 The most popular bottom-up technique used to synthesize silicon nanowires is 

known as the Vapor-Liquid-Solid (VLS) process [16].  A metal catalyst, which forms a 

eutectic mixture with silicon, and a silicon vapor precursor are required for the VLS 

synthesis technique [17,18].  When catalyst particles with diameters above 20 nm are 

used to grow VLS nanowires, the preferred growth orientation lies along a <111> 

direction.  For catalyst particles with diameters below 20 nm, VLS nanowires prefer the 

<110> or <112> direction [17].  Microfabricated structures have been used successfully 

as templates for lateral VLS nanowire growth [17,18,19]; however, absolute control over 

the location of nanowire attachment points to contact pads or MEMS structures has not 

yet been demonstrated.  A new assembly technique was developed to create large arrays 

of nanowire resonators with harvested VLS nanowires, but the assembly process is still 

random resulting in missing or multiple nanowires at patterned nanowire trap sites [20]. 

 Top-down nanowires are usually created using thin Silicon-on-Insulator (SOI) 

wafers.  The thickness of the SOI device layer usually defines the height of the nanowires 

while the length and width of top-down nanowires are defined using nanoscale patterning 

techniques such as e-beam lithography.  In contrast to VLS nanowires, the orientation of 

top-down nanowires can be arbitrarily chosen depending on the SOI wafer orientation.    

However, the width of top-down nanowires is limited by the minimum feature size 
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capabilities of the patterning technique used.  Furthermore top-down nanowires generally 

have much rougher sidewall surfaces than VLS nanowires.  

1.4 Dissertation Overview 

 Chapter 2 investigates the feasibility of using of silicon nanowires as flexural 

coupling beams tethering a pair of clamped-clamped MEMS resonators.  The frequency 

response of the coupled system is tuned by varying the location of the nanowire 

attachment points along the length of the MEMS resonators.  A focused-ion-beam tool is 

used to tune the frequency span between the two resonant modes of the coupled system 

by milling the nanowire coupler or depositing platinum on the top surface of the 

nanowire coupler.   

 Chapter 3 describes the top down fabrication process used to create the devices 

described in Chapters 2 and 4.  Nitride anchor pillars are designed to suspend polysilicon 

electrodes above the MEMS and NEMS devices.  An oxygen plasma is used to reduce the 

width of i-line defined features to create the silicon nanowires. 

 Chapter 4 introduces a new field-effect detection technique for silicon nanowire 

resonators.  Polysilicon electrodes electrostatically actuate the nanowires while tuning the 

resistance of the nanowire as it displaces.  This sensing technique is demonstrated using 

relatively low DC bias voltages. Finally, Chapter 5 concludes the dissertation with some 

thoughts on future research directions. 
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Chapter 2. Silicon Nanowire Coupled MEMS Resonators 

2.1 Introduction 

 Microscale flexural-mode beams have been used with great success as mechanical 

coupling springs tethering multiple resonators to create microelectromechanical systems 

suitable for filtering electrical signals in the frequency domain [1,2].  Microscale 

coupling beams play an important role in determining the bandwidth [1], stopband 

rejection [2] and passband distortion [3] of RF MEMS filters.  State-of-the-art MEMS 

filters rely on medium scale integration of high-quality-factor (high-Q) resonators with 

extensional-mode microscale couplers, to avoid the use of submicron mechanical 

coupling beams, which would otherwise be required to generate small bandwidths at 

frequencies above 100 MHz [4].  In general the bandwidth BW of a mechanically 

coupled MEMS filter depends on the ratio of coupler stiffness to resonator stiffness: 









∝

R

MC

k
k

BW           (1) 

where kMC is the stiffness of a microscale coupler and kR is the effective stiffness of a 

single coupled resonator.   

 To first order, the stiffness of a coupling beam depends on its physical 

dimensions.  Reducing the cross-sectional area of a coupling beam decreases its stiffness 

resulting in a smaller bandwidth MEMS filter, as shown by Eq. (1).  A scaled cross-

section coupling beam also has a lower mass than an equivalent microscale coupler 

which, in theory, should minimize the passband distortion of a MEMS filter [3].  For 

these reasons, silicon nanowires are the ideal candidates to replace microscale coupling 

beams in MEMS filters due to their low stiffness and small mass.   
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 This chapter investigates the feasibility of using silicon nanowires as mechanical 

coupling elements by attaching a silicon nanowire to a pair of clamped-clamped MEMS 

resonators.  The work reported in this chapter constitutes an initial step towards the 

creation of nanowire-coupled MEMS filters and can potentially be adapted for sensing 

[5,6] or nanometrology applications. 

2.2 Nanowire Coupled MEMS Resonators: Operation and Design 

 The nanowire coupled resonator system, which is similar in structure and 

operation to the MEMS filter described in [1], vibrates in two modes depicted in Fig. 1.  

Mechanical energy is transmitted from one clamped-clamped microresonator to an 

identical resonator via the silicon nanowire coupling beam.  In the first mode, the MEMS 

beams vibrate in phase with each other (Fig. 1A), whereas in the second mode the beams 

vibrate out of phase (Fig. 1B).  The device shown in Fig. 1 is referred to as a maximum 

velocity coupled system, since the nanowire coupler is attached to the maximum 

displacement points, or maximum velocity points, of both MEMS resonators.  A low 

velocity coupled system was also designed where a nanowire was attached near the 

anchors of both clamped-clamped microresonators.   

 Figure 2 features two scanning electron micrographs (SEMs) of a fabricated 

maximum velocity coupled device (Fig. 2A) and a low velocity coupled device (Fig. 2B).  

The couplers and the MEMS resonators have the same height defined by the thickness of 

the silicon-on-insulator wafers used to create the coupled systems (275 nm).  The MEMS 

resonators were 10 mm long and 3.1 mm wide.  The nanowire couplers were 6.2 mm long 

and their widths varied from a minimum of 280 nm to a maximum of 500 nm.   
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Figure 1.  ANSYS mode simulations of a nanowire coupled clamped-clamped resonator 

system (maximum velocity coupled). A) In-phase vibration mode (Mode 1). B) Out-of-

phase vibration mode (Mode 2). 

  

 

 

 

 

 

 

Figure 2.  SEMs of fabricated nanowire coupled resonator systems. A) Maximum velocity 

coupled system (MVA). B) Low velocity coupled system (LVA).  The polysilicon RF 

electrodes partially conceal the clamped-clamped MEMS resonators. 
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The MEMS clamped-clamped resonators were suspended 100 nm beneath polysilicon 

drive and sense electrodes (Fig. 3) to induce the out-of-plane resonator displacement 

depicted in Fig. 1.  A pair of lateral electrostatic gaps were created, but did not contribute 

to the driving force applied to the system since they were balanced on each side of the 

MEMS resonators.  The lateral gap on the right side of the resonator is not shown in Fig. 

3. 

 

 

 

 

 

 

 

 

Figure 3. Cross-sectional SEM of a polysilicon electrode suspended above the single 

crystal device layer. The vertical gap is 100 nm and the lateral gap is 60 nm. The oxide 

was partially etched for better contrast. Single crystal silicon is 275 nm thick. 
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coupler and the effective stiffness of the MEMS resonators.  For a single clamped-

clamped (C-C) beam the resonant frequency is given by: 

ρ
E

L
1.03Hf 2

R

R
0 =          (2) 

where HR (275 nm) and LR (10 mm) are the height and width of the C-C beam 

respectively, E is Young’s modulus of (100) silicon (129 GPa), and r is the density of 

silicon 2330 kg/m3.  The mode shape of the C-C MEMS resonator is described by the 

modal displacement of the bending beam, f, given by: 

( )xxxx ββαββφ coscoshsinhsin −+−= , where     (3) 

RnRn

RnRn

LL
LL

ββ
ββα

coscosh
sinsinh

−
−

=         (4) 

with bn = 4.73/LR for the fundamental bending mode and x is the location along the LR = 

10 mm C-C beam (Fig. 4).  The effective mass, mEFF ,and the effective spring constant,  

 

 

 

 

 

 

Figure 4.  A cross-section view of the flexural-mode nanowire coupling the C-C MEMS 

resonators for the out-of-phase mode from Fig. 1B. Dimensions are highlighted with grey 

arrows. 
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kEFF, of a fundamental mode beam at a given point x, along its length LR, are given by 

[1,5]: 

( )
( )

,
2

1 2
0

2

X

L

RR
X

EFF φ

φ
ρ

φ
∫==

dxx
HWKEm tot

&
 and      (5)  

( ) EFFEFF mfk 2
02π=          (6)     

where KEtot is the kinetic energy of the bending beam, Xφ&  is the modal velocity of the 

nanowire at particular point x along the length of the resonator, Xφ  is the modal 

displacement of the nanowire at x, and WR (3.1 mm) is the width of the C-C beam. 

 Quarter wavelength (l/4) design rules were used to minimize mass loading 

contributions from the nanowire coupler to the MEMS resonators [1,5].  The stiffness of 

a quarter wavelength nanowire coupler, which vibrates in the flexural mode shown in 

Fig. 4, is given by [7]:  

( ) 25.02
02











=
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fHWL πρα        (7) 
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3

3

−
+

=
CCNW

CCCNW
NW αα

ααα
L

EIk        (8) 

where LNW, HNW and WNW are the length, height (275 nm) and width of the nanowire 

coupler respectively (see Fig. 4),  the flexural rigidity of the nanowire is 

12
3
NWNW

NW
HWI = , and f0 is the resonant frequency of one C-C resonator assuming both 

MEMS resonators coupled by the nanowire are identical.  For Eq. (8) to be valid LNW, 

HNW and WNW must satisfy the quarter wavelength criteria [7]: 

0sincoshcossinh =+ CCCC αααα .       (9) 
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For a nanowire with WNW = 400 nm and HNW = 275 nm, the quarter wavelength coupler 

should be 5.5 mm long; however, to prevent the RF drive and sense electrodes from 

shorting, the nanowire was made 0.8 mm longer.  The frequency span DF, or bandwidth 

BW, for a nanowire coupled system is estimated to be: 

0
EFF

NW f
k
k

BW∆F 







≈= .        (10) 

 The frequency span between the two resonant modes can be tuned by fixing the 

nanowire coupler at different positions along the length of the C-C beam resonators 

because the stiffness of the MEMS resonators, kEFF, varies along its length, Eqs. (3)-(6). 

Assuming equivalent nanowire couplers, maximum velocity coupled resonators should 

have a larger frequency span than low velocity coupled resonators.  Another way to tune 

the frequency response of the coupled systems is to alter the stiffness of the nanowire 

coupler, Eqs. (7)-(10).  Section 2.5 describes techniques which were used to alter the 

nanowire coupler stiffness. 

2.3 Measurement Equipment and Testing Approach 

 The nanowire coupled resonators were tested in the Janis Research vacuum probe 

station shown in Fig. 5.  The probe station was capable of reaching a minimum pressure 

of 1 mTorr with the aid of a turbo pump.  When the RF testing first began five out of the 

six probes shown in the figure below were operational (GSG 1,2,4 and DC 1,2), probe 

GSG 3 had a damaged ground shield resulting in extremely noisy measurements so it was 

never used, see Fig. 5.  On two separate occasions, two micromanipulation stages failed 

under vacuum while testing devices, damaging not only the devices but probes GSG 1 

and DC 1 rendering them unusable.   
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Figure 5. A) Picture of the Janis Research probe station used to test the coupled devices. 

B) Close up image of the vacuum chamber shown in A. 

 

 The nanowire coupled devices were tested in the two-port capacitive 

configuration depicted in Fig. 6.  A single DC power supply was used to apply the bias 

voltage, VP, to one C-C MEMS resonator which was shorted to the other resonator 

through the highly doped, 8X1018/cm3 n-type, nanowire coupler.  An Agilent 

Technologies E5071B Network Analyzer was used in the transmission measurement 

mode (S21) to supply the RF forcing signal from port 1 to the RF drive electrode and 

detect the output RF signal directly from RF sense electrode at port 2.  The measured 

signals were averaged 16 times and saved. 

 In the two-port configuration, parasitic capacitors create a RF feedthrough path 

directly coupling the drive and sense electrodes through the lightly doped handle wafer 

(Fig. 7).  An attempt was made to reduce the feedthrough current by grounding the 

handle wafer near the device to partially divert the parasitic current; however, the attempt  
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Figure 6.  Two port capacitive configuration used to measure the transmission response 

(S21) of the nanowire coupled systems.  

 

 

 

 

 

 

Figure 7.  A cross-sectional schematic, taken at the dashed line in Fig. 6, that illustrates 

the parasitic capacitors which couple the drive and sense electrodes to the lightly doped 

handle wafer creating a RF feedthrough path represented by the black arrows. 
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failed to reduce the feedthrough signal.  Typically, a highly doped wafer is used as a 

ground plane beneath MEMS resonators to divert the feedthrough signal away from the 

sense electrode because the resistance of a silicon substrate cannot be made large enough 

to effectively reduce the feedthrough current from the drive to sense electrode.  It was 

determined that the large area contact pads of the device were responsible for the 

majority of the parasitic capacitance highlighted in Fig. 7 (see Sec. 2.4.1).   

2.4 Measurement Results for Nanowire Coupled MEMS Resonators 

 The maximum velocity device shown in Fig. 2A, was tested using the two-port 

capacitive configuration from Fig. 6.  The S21 transmission magnitude for the device, 

with (110) sidewalls referred to as MVA (Fig. 2A), is displayed in Fig. 8 at two bias 

voltages, VP = 5.1V and VP = 11.1V.  In Fig. 8, the labels Mode 1 and Mode 2 

correspond to the in-phase and out-of-phase resonant peaks respectively.  Similar to [1] 

the parasitic capacitance creates dips in the transmission response before Mode 1 and 

after Mode 2.  The frequency span, or bandwidth, for MVA was defined as the frequency 

range in between these two resonant peaks.  The frequency span extracted from the data 

at 5.1V was 1.32 MHz and 1.30 MHz for 11.1V (a model for this device is given in Sec. 

2.6). 

 The 3dB quality factor measured at 11.1V for the in-phase mode of MVA was 

350, slightly larger than the quality factor measured, 270, for the out-of-phase mode.  The 

coupler mass could be damping the response of the MEMS resonators, since the nanowire 

was attached to the maximum displacement points of both resonators.  Anchor losses are 

also responsible for the low quality factors because the silicon nitride anchors of MEMS 

C-C resonators were attacked during the HF release (see Chapter 3).  For the out-of-phase  
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Figure 8. S21 transmission magnitude of device MVA with (110) sidewalls from Fig. 2A.  

PRF = -10dBm with WNW = 380 nm and LNW = 6.2 mm for both traces. 

 

mode, the MEMS resonators displace in opposite directions inducing an axial tension on 

the nanowire coupler, as shown in Fig. 1B and Fig. 4, also contributing to the lower 

quality factor of Mode 2.  

 A (100) oriented maximum velocity system with a 470 nm wide nanowire was 

tested (see Fig. 9).  The S21 transmission magnitude for this device is depicted in Fig. 10.  

The resonant frequencies of both modes were lower than the corresponding peaks of 

device MVA, demonstrating the dependence of the frequency on the MEMS C-C 

resonator and nanowire orientation.  Devices aligned with the wafer flat (110) are stiffer 

than devices aligned to the (100) plane.  The frequency span for the (100) oriented device 

(Fig. 10) was 1.35 MHz at 8V and 1.45 MHz at 10V resulting in a large (100 kHz) span 

variation over a bias voltage range of 3V compared to the lower frequency span variation  
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Figure 9. Maximum velocity coupled system with (100) sidewalls.  The nanowire coupler 

was 470 nm wide and 6.2 mm long.  The corresponding S21 transmission response is given 

in Fig. 8. 

 

 

 

 

 

 

 

 

 

 

Figure 10. S21 transmission magnitude of device from Fig. 10 with (100) sidewalls.  PRF 

= -10dBm with WNW = 470 nm and LNW = 6.2 mm for both traces. 

 

3 um3 um

-79

-78

-77

-76

-75

-74

-73

S2
1 

Tr
an

sm
is

si
on

 (d
B)

15.515.014.514.0
Frequency (MHz)

VP = 10V

VP = 8V



 23

of MVA (20 kHz over a bias voltage range of 6V).  The device shown in Fig. 10 was 

tested up to 10V so the quality factors of both peaks could not be extracted using the 3dB 

criteria used for MVA.   

 Figure 11 is the S21 transmission magnitude of the low velocity coupled device 

from Fig. 2B with (110) sidewalls, labeled here as LVA.  In contrast to the maximum 

velocity coupled devices, the frequency span between the two resonant peaks of LVA 

was much smaller since the nanowire coupler was attached to stiffer regions of both 

MEMS resonators.  It is more appropriate to equate the frequency span for this device to 

its 3dB bandwidth since LVA behaves more like a bandpass filter than did the maximum 

velocity coupled devices.  The bandwidth was tuned using electrostatic springs coupling 

the drive and sense electrodes to the MEMS C-C resonators (Fig. 11).  The electrostatic  

 

 

 

 

 

 

 

 

 

 

Figure 11.  S21 transmission magnitude of device LVA with (110) sidewalls from Fig. 2B.  

PRF = -11dBm with WNW = 340 nm and LNW = 6.2 mm for all traces shown. 
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springs compensated for resonant frequency differences between the two microresonators 

caused by variations in anchor stiffness and fabrication variations in resonator 

dimensions.  The 3dB bandwidth for the device was 150 kHz at 15V and 110 kHz at 17V.  

Notches in the transmission magnitude appear before and after the pass band of LVA due 

to the parasitic capacitances, similar to the filter from [1].  

 The input RF power to LVA was varied while maintaining a constant DC bias of 

17V to observe changes in the S21 transmission magnitude and phase responses (Fig. 12).  

Aside from the more noisy traces recorded at -25dBm, the shape of the passband changed 

and the 3dB bandwidth increased to 130 kHz (Fig. 12A).  In contrast to the magnitude, 

two peaks were visible for the S21 phase response of LVA (Fig. 12B).  The left and right 

phase peaks in Fig. 12B correspond to Mode 1 and Mode 2 respectively.  The phase 

response shows similar nonlinear behavior for LVA at PRF = -11dBm and -25dBm.  

Nonlinear operation of MEMS filters can increase the insertion loss of a MEMS filter [2].  

This is one reason why linear bulk-mode resonators are currently used in state-of-the-art 

MEMS filters [4]. 

 

 

 

 

 

Figure 12. A) LVA S21 transmission magnitude and B) S21 transmission phase at 17V with 

PRF = -11dBm or PRF = -25dBm. 
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 2.4.1 Contact Pad Parasitic Capacitance  

 As discussed in Section 2.3, parasitic capacitances create an RF conduction path 

from the drive electrode to the sense electrode.  One maximum velocity device was 

accidentally damaged while the device was tested, severing one polysilicon electrode 

from its contact pad (Fig. 13).  Originally the damage was limited to the area highlighted 

in red (Fig. 13), however, more damage was created left of the red oval when a GSG 

probe was placed directly onto the polysilicon lead in an attempt to continue testing the 

device.  The measurement results, after the contact pad was severed, are shown in Fig. 

14.  Before it was damaged the feedthrough level was -75 dB, similar to MVA and the 

device shown in Fig. 10.  The feedthrough dropped by 15dB to -90dB after it was 

damaged, effectively bypassing the parasitic capacitance contribution from the severed  

 

 

 

 

 

 

 

 

 

 

Figure 13. SEM of a (110) oriented maximum velocity coupled device with a polysilicon 

electrode severed from its contact 100 X 100 mm2 contact pad. 
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Figure 14. S21 transmission magnitude of the device shown in Fig. 13 before (red) and 

after (black) the polysilicon electrode was severed from the contact pad. The bias voltage 

was 7.1V and PRF  =  -14dBm for both traces. 

 

contact pad.  This result confirmed the relationship between the capacitance of the large 

area contact pads and the large feedthrough levels measured for the devices from the 

previous section.  Notches in the frequency response of the damaged device were still 

visible because all the parasitics were not completely eliminated from the system (black 

trace in Fig. 14).  The red trace in Fig. 14 had a smaller frequency span than the black 

trace because the stiffness of the nanowire coupler was tuned before the device was 

damaged (this frequency span tuning technique is discussed in Sec. 2.5.2).   

2.5 Coupled System Tuning 

 Individual maximum velocity and low velocity coupled devices were tuned by 

altering the stiffness of the nanowire coupler.  A Gallium based Focused-Ion-Beam (FIB) 
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tool at the Stanford Nanocharacteriation Laboratory (SNL) was used to either remove 

material from the silicon nanowire coupler to decrease its stiffness or deposit Pt on the 

top surface of the nanowire coupler to increase the coupler stiffness.  A fluorocarbon-

based self assembled monolayer (SAM) was deposited on one device which increased the 

stiffness of the nanowire coupler resulting in a larger frequency span between the two 

resonant modes of the system.  Finally, a thin film of high stress SiC was deposited on 

two released maximum velocity systems to increase the stiffness of nanowire couplers 

and the MEMS resonators.   

2.5.1 FIB Nanowire Trimming 

 The FIB trimming technique, used to tune the frequency response of the coupled 

devices, was inspired by the FIB trimming work demonstrated on a polymer nanowire 

based vapor sensor [5].  In the work described here, the FIB was used to remove silicon 

from the nanowire coupler to decrease the frequency span between the in-phase and out-

of-phase resonant modes of the coupled systems.  Device MVA was the first device to 

undergo the trimming process, so low Ga ion currents were used to minimize damage to 

the nanowire.  As a consequence, the nanowire was not completely trimmed near the FIB 

termination points because of the short exposure to low Ga ion currents (10 pA), Fig. 

15B.  Figure 15 shows the nanowire coupler before the nanowire of MVA was trimmed 

(A) and after the coupler was trimmed to a width of 232 nm (B).  Figure 16 compares the 

S21 transmission magnitude for MVA with the original 380 nm wide coupler (black) and 

the trimmed 232 nm wide (grey) coupler.  The frequency span for MVA decreased from 

1.30 MHz to 0.85 MHz at a DC bias voltage of 11.1V and PRF = -10dBm .   
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Figure 15. A) SEM of MVA nanowire coupler as fabricated WNW = 380 nm). B) SEM of 

MVA nanowire coupler after FIB trim WNW = 232 nm. 

 

 

 

 

 

 

 

 

 

Figure 16. Frequency response of MVA at 11.1V and -10dBm. The black trace represents 

the 380nm wide nanowire and the grey trace represents the 232nm wide nanowire. 
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 More aggressive cuts were made to push the limits of achievable nanowire widths 

by increasing the mill time at 10 pA Ga ion currents.  However, the nanowires began to 

buckle at widths below 200 nm.  Nanowire tethers, supporting a larger width island, were 

created to prevent the nanowires from buckling.  In addition to the more aggressive 

trimming process, the FIB was used to create release holes in the polysilicon electrodes to 

decrease the time the nitride anchors were exposed to HF during the release process.  The 

FIB release holes and sub 200 nm wide nanowire tethers were demonstrated on a device 

which was oriented parallel to the (100) plane (Fig. 17).   

 

 

 

 

 

 

 

 

 

 

Figure 17. SEM of an aggressively trimmed device oriented parallel to (100). A) 1 mm 

diameter FIB machined release holes. B) Close up of FIB trimmed wire, the island was 1 

mm long (LIS) and 460 nm wide (original wire width), the left nanowire tether was 180 nm 

wide and 2.8 mm long (LLT), the right nanowire tether is 160 nm wide and 2.6 mm long 

(LRT). 
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 Figure 18 highlights the change in the frequency response of the aggressively 

trimmed device, shown in Fig. 17, before (black) and after (grey) the nanowire was 

trimmed with the FIB.  The release holes, milled into the polysilicon electrodes, 

minimized nitride anchor etching during the HF release process resulting in stiffer 

MEMS resonators and ultimately higher frequencies for Modes 1 and 2 (Fig. 18 black 

trace) relative to (100) oriented device shown in Fig. 10 from Sec. 2.4.  After the 

nanowire coupler was trimmed the frequency span between the two resonant modes 

decreased from 1.45 MHz to 0.77 MHz (Fig. 18) for the device depicted in Fig. 17.   

 

 

 

 

 

 

 

 

 

Figure 18. Frequency response of the device shown in Fig. 17 at 7V and -14dBm. Before 

the tethers were created with the FIB the nanowire was 460 nm wide and 6.2 mm long 

(black trace).  After the nanowire tethers were milled the frequency span decreased (grey 

trace). 
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 A 6 mm long segment of the nanowire coupler from device LVA was trimmed 

from a width of 340 nm to 260 nm (Fig. 19).  The 3dB bandwidth of the low velocity 

coupled filter decreased from 130 kHz at 17V and PRF = -25dBm (Fig. 12A) to 60 kHz at 

8.8V and PRF = -24dBm (see purple traces of Fig. 20).  At a bias voltage of 5V and a RF 

input power of -11dBm the S21 transmission magnitude and phase were both nonlinear 

(black traces of Fig. 20).  By decreasing the input RF power to -24dBm LVA operated as 

a linear filter (purple and red traces in Fig. 20).  As the applied bias voltage was increased 

to tune the filter response, the 3dB bandwidth increased unlike the nonlinear filter 

response recorded for LVA before the nanowire was trimmed (Fig. 11).  The data for the 

trimmed and untrimmed couplers indicate that the 340 nm wide, untrimmed, coupler 

damped the frequency response of LVA.   Lower bias voltages and lower signal power 

were required to achieve the 3dB filter response of LVA after the nanowire was trimmed. 

 

  

 

 

 

 

 

Figure 19. SEM of the FIB trimmed nanowire coupler of device LVA with WNW =  260 nm 

and LNW =  6 mm.    
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Figure 20.  S21 transmission response of LVA after the nanowire was trimmed with the 

focused ion beam. VP = 5V and PRF = -11dBm (Black), VP = 8.8V and PRF = -24dBm 

(Purple), and VP = 5V and PRF = -24dBm (Red). 

 

2.5.2 FIB Pt Deposition on Nanowire Coupler 

 The FIB tool at the SNL is equipped with a metal organic Pt gas precursor which 

is used to selectively deposit Pt films where the ion beam scans the sample surface.  

Before the polysilicon electrode was accidentally damaged on the device shown in Fig. 

13, the 480 nm wide coupler was trimmed (Fig. 21) and a 40 nm thick Pt film was 
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Figure 21.  SEM of the nanowire coupler from the device shown in Fig. 13 with Pt 

deposited on top of the island.  The left tether was 210 nm wide and the right tether was 

225 nm wide.  The S21 transimission magnitude was measured at 4.7V with an input RF 

power of -17dBm. 

 

deposited on the top surface of the 1.3 mm long and 480 nm wide island.  The Pt film 

increased the stiffness of the trimmed nanowire coupler (Figs. 21 and 14), primarily 

shifting the resonant peak of Mode 1 to a lower frequency.  The frequency span of the 

device before Pt deposition was 0.87 MHz and increased to 1.58 MHz after the Pt was 

deposited on the island (Fig. 21).  Two mechanisms are thought to be responsible for the 

increase in coupler stiffness: 1) the thermal expansion coefficient difference between the 

Pt and the silicon nanowire generated a stress on the nanowire coupler and 2) the 

effective rigidity (EI)EFF of the nanowire coupler was increased due to the larger Young’s 

modulus of Pt and the thickness of the Pt film [8].   

 The experiment was repeated on another maximum velocity coupled device.  In 

this case a 15 nm thick film of Pt was deposited along the length of the nanowire 

coupling the device shown in Fig. 22.  The frequency span, of the device shown in Fig.  
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Figure 22. A) SEM of nanowire coupler of a (100) device. B) Pt was deposited along the 

length of the wire from A) with the exact dimensions of a Pt test structure deposited near 

the device.  AFM scans were performed on the test structure to determine the thickness of 

the deposited Pt.  C) S21 transmission magnitude of MVE before and after Pt deposition 

VP = 5V and PRF = -17dBm 

 

22A, increased from 0.91 MHz, before the Pt was deposited, to 1.07 MHz after Pt 

deposition (Fig. 22C).  Similar to the maximum velocity coupled device shown in Fig. 

21, Mode 1 experienced a larger shift in resonant frequency compared to Mode 2.  The 

deposited Pt film seems to affect the coupler bending motion associated with Mode 1 

(Fig.1A), which is similar to the bending motion of a clamped-clamped beam.  Mode 2 

seems to be less susceptible to the Pt film since the center of the nanowire coupler does 

not displace or bend (Fig. 4).   
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2.5.3 Frequency Span Tuning with a Self Assembled Monolayer (SAM)  

 The Applied MicroStructure molecular vapor tool in the Microlab was used to 

deposit a 1H, 1H, 2H, 2H-Perfluorooctyltrichlorosilane (FOTS) SAM (Fig. 23) on device 

MVA after the nanowire was trimmed with the FIB (Figs. 2A and 15).  OH-terminated 

silicon surfaces were created by the AMST tool with a five minute O2 plasma treatment 

to facilitate SAM deposition.  A dummy piece of silicon was placed in the AMST 

chamber, along with MVA, to measure the water contact angle of the deposited FOTS 

SAM (109o near the typical 110o estimated for the process).  The FOTS SAM deposits on 

all surfaces oxide coated surfaces including the nanowire coupler, whereas the Pt was 

only deposited on the top nanowire surface.  MVA was tested immediately after SAM 

deposition (Fig. 24A) at 11.1V and -10dBm.  The SAM was then stripped with a ten 

minute UV O3 treatment and tested once more (Fig. 24B). 

 

 

 

  

 

 

Figure 23.  General structure of the FOTS SAM.  F is a fluorine atom and H is a 

hydrogen atom. Each kink in the chain on the left hand side above the Si atom 

corresponds to a carbon atom. The chain on the right side of the figure is the short hand 

representation of the structure. The Silicon surface must be OH terminated in order to 

deposit the vapor phase SAM.   
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Figure 24. A) Comparison of MVA S21 transmission magnitude before SAM deposition 

(grey) and after SAM deposition (blue). B) Comparison of MVA S21 transmission 

magnitude with the SAM coating (blue), same as Fig. 23A, and after the SAM was 

removed (red).   

  

 In Fig. 24A, the frequency span increased from 0.85 MHz to 0.87 MHz upon 

SAM deposition.  The O-Si-O bonds and the bulky CF3 end groups (Fig. 23) are thought 

to hinder the bending motion of the nanowire for both resonant modes increasing the 

effective stiffness of the nanowire coupler.  Not only did the frequency span increase 

after the SAM was deposited but both resonant peaks shifted to lower frequencies (Fig. 

24A).  The shift in center frequency may be the result of a oxide created on the nitride 

anchors during theO2 plasma step, which slightly decreased the stiffness of the MEMS C-

C resonators. 

 UV O3 attacks the carbon atoms of the SAM leaving behind the O-Si-O bonds on 

the silicon surface.  After the SAM was removed, the span decreased from 0.87 MHz 

back to the original span of 0.85 MHz (Fig. 24B).  

 The frequency span of MVA was measured at different bias voltages before SAM 

deposition (Table 1), after SAM deposition (Table 2) and after SAM removal (Table 3) to 
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add statistical significance to the SAM measurements of Fig. 24.  The input RF power 

was held constant at -10dBm for all the data in Tables 1-3.  The extracted frequency span 

was relatively stable for all three cases (before SAM, with SAM, and after SAM 

removal).   

 

 

 

 

 

Table 1.  MVA data before SAM deposition.  The column labeled Mode 1 refers to the 

resonant frequency of Mode 1.  Span = Mode 2 – Mode 1.  The average span was 0.85 

MHz and the standard deviation was 5 kHz.  

 

 

 

Table 2. MVA data after SAM was deposited. The average span was 0.87 MHz and the 

standard deviation was 6 kHz.  

 

 

 

Table 3. MVA data after the SAM was removed with UV O3 . The average span was 0.85 

MHz and the standard deviation was 5 kHz.  

 

Bias Voltage (V) Mode 1 (MHz) Mode 2 (MHz) Span (MHz)
8.5 17.67 18.52 0.85

9 17.65 18.5 0.85
9.5 17.62 18.46 0.84
10 17.58 18.43 0.85

10.5 17.56 18.4 0.84
11 17.55 18.4 0.85

11.1 17.55 18.39 0.84
11.5 17.53 18.38 0.85
12 17.51 18.35 0.84

Bias Voltage (V) Mode 1 (MHz) Mode 2 (MHz) Span (MHz)
8.6 17.59 18.47 0.88

9 17.59 18.46 0.87
9.5 17.57 18.45 0.88
10 17.56 18.43 0.87

11.1 17.51 18.38 0.87

Bias Voltage (V) Mode 1 (MHz) Mode 2 (MHz) Span (MHz)
9 17.63 18.48 0.85

9.5 17.6 18.46 0.86
10.1 17.57 18.42 0.85
10.5 17.55 18.4 0.85
11.1 17.52 18.37 0.85
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2.5.4 Frequency Span Tuning with High Stress SiC  

  

 

 

 

 

 

 

 

 

 

 

Figure 25. A) SEM of a FIB machined SiC coated nanowire coupler. B) Measured S21 

transmission magnitude of device shown in A) with VP = 13.6V and PRF = 0dBm.  C) 

SEM of SiC coated device which was not trimmed with the FIB. D) Measured S21 

transmission magnitude for the device shown in C) with VP = 14V and PRF = -10dBm. 

 

 An undoped SiC film, 40 nm thick was deposited in a low pressure chemical 

vapor desposition reactor (Tystar 15) on maximum velocity coupled devices immediately 

after they were released (see Fig. 25).  The measured stress of the deposited film was 

slightly above 1 TPa.  The devices shown in Fig. 25A and 25C were not tested or imaged 

with the SEM before SiC deposition in order to follow LPCVD furnace cleanliness rules 
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developed by the Microlab.  Figure 25A shows a FIB etched hole in the nanowire 

coupler.  It was created in the hopes of etching the silicon core to yield a hollow 

nanobeam coupler, however, the attempt failed because the XeF2 etcher also attacked the 

contact pads severing them from the polysilicon electrodes.   

 The resonant frequencies for both modes increased significantly relative to 

previous maximum velocity coupled systems measured below 20 MHz (Fig. 25B and 

25D).  The frequency spans were 2.53 MHz and 2.44 MHz for the devices shown in Fig. 

25C and Fig. 25A respectively.  The combination of high film stress and large SiC 

Young’s modulus contributed to the shift in the resonant frequencies of both systems as 

well as the large frequency spans between the two resonant modes.  

2.6 Coupled System Frequency Span Models 

 An empirical model was developed to predict the frequency spans of the coupled 

resonator systems.  Each coupled system behaved in a unique manner because of 

variations in nanowire widths and MEMS resonator stiffness variations.  The lack of 

nitride anchor reproducibility was thought to be responsible for the resonator frequency 

variations.   

2.6.1 Maximum Velocity Coupled System Frequency Span Model 

 The center frequencies of the systems were first calculated from the S21 

transmission magnitude measurements recorded at several voltages, VP: 

( ) ( ) ( ) ( )
2

VfVfVfVf P1P2
P1P0

−
+=        (11) 

where f1(VP) and f2(VP) are the resonant frequency of the first and second modes 

respectively at a particular bias voltage VP.   
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 Before the nanowire was trimmed, the data for MVA was recorded on two days, 

two weeks apart.  The calculated center frequencies for MVA are plotted versus VP in 

Fig. 26.  Origin 6.1 software was used to calculate a second order polynomial function to 

fit the data measured on the first day of testing: 

( ) 2
PPP0 cVbVaVf ++=         (12) 

where a = 18.22 MHz, b = 0.01 MHz/V, and c = -3X10-3 MHz/V2 with a correlation 

coefficient of R2 = .982.  The center frequency dependence on VP, from the Day 2 data 

(Fig. 26), was overestimated by the polynomial function, Eq. (12).  The largest deviation 

occurred at VP = 10.1V where the extracted center frequency was 60 kHz larger than the 

corresponding value associated with the Origin fit, Eq. (12), giving a maximum center 

frequency error of 0.3%.  The unbiased center frequency, f0, for MVA was defined as the 

maximum center frequency predicted with Eq. (12).  Using this condition, the center 

frequency was estimated to be 18.23 MHz at VP = 2V. 

 

 

 

 

 

  

 

Figure 26. Center frequencies of MVA versus applied voltage before the 380nm was 

trimmed with the FIB. The red fitting curve was generated in Origin using a second order 

polynomial. 
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 The effective mass of a single MEMS C-C resonator was calculated at x = 5 mm, 

or the maximum displacement point of the resonator, using Eqs. (3)-(5) with LR = 10 mm, 

WR =  3.1 mm, and HR = 275 nm.  The effective mass along with the estimated 18.23 

MHz center frequency were used to calculate the effective stiffness of a MEMS C-C 

resonator using Eq. (6).  Assuming mEFF did not change when MVA was tested, the 

effective stiffness, kEFF, of the resonator was tuned by an electrostatic spring kE: 

3

2
PE0

E d
VAεk =           (13) 

where 0ε is the permittivity of free space (8.85X10-12 F/m), AE is the area of the forcing 

electrode (2.48X10-11 m2) and d is the vertical electrostatic gap 100 nm, assuming small 

displacements.  The center frequency of the MEMS C-C resonator should now be: 

 ( ) ( )
EFF

PEEFF
P0 m

Vkk
2π
1Vf −

= .       (14) 

Equations (13) and (14) were used to calculate the center frequencies of MVA using the 

effective mass and stiffness calculated at f0 = 18.23 MHz, represented by the black 

asterisks shown in Fig. 27.  It is suspected that the soft nitride anchors, attacked during 

the HF vapor release step, were also misaligned; the nitride anchors reduced the 

electrostatic spring softening effect on the resonant systems predicted by Eqs. (13) and 

(14) (see Fig. 27).   

 An effective voltage, VEFF, was introduced to model the relatively stable center 

frequency of MVA.  The center frequency data from Fig. 26 was used, along with mEFF 

and kEFF at 18.23 MHz, to calculate the kE term by rearranging Eq. (14): 
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Figure 27. Center frequencies versus VP extracted from data for MVA (380 nm wide 

nanowire) along with center frequencies modeled using Eqs. (13) and (14) (black 

asterisks) 

 

( ) ( )( ) EFF
2

P0EFFPE mVf2kVk π−= .       (15) 

Using the results from Eq. (15) the effective voltage was calculated as: 

( ) ( )
E0

3
PE

PEFF Aε
dVkVV =         (16) 

and rounded to the nearest tenth of a volt.  Origin was then used to determine an 

empirical fitting function for VEFF versus VP within the 5.1 to 12V range: 

( ) 2
PPPEFF cVbVaVV ++=         (17) 

where a = -0.77 V, b = 0.39, and c = -6E-4 /V with R2 = 0.994 (see Fig. 28).  Equation 

(17) was used to replace VP in Eqs. (13) and (14) to calculate kEFF – kE and ultimately 

estimate the frequency span between the two modes of MVA. 
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Figure 28. VEFF calculated using Eqs. (15) and (16) given as discrete points and the 

Origin derived function from Eq. (17) (red trace). 

  

 Although the nanowire coupler of MVA was about 1 mm longer than a true 

quarter wavelength coupler with WNW = 380 nm and HNW = 275 nm, the stiffness of the 

nanowire coupler was calculated using Eqs. (7) and (8). 

 The final frequency span was then calculated as: 
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≈=       (18) 

where f0(VEFF) was calculated using Eq. (14) with VEFF replacing VP. The frequencies of 

Modes 1 and 2 were estimated by: 

( ) ( )
2
∆F

m
Vkk

2π
1Vf

EFF

EFFEEFF
EFF1 −

−
= ,      (19) 

( ) ( )
2
∆F

m
Vkk

2π
1Vf

EFF

EFFEEFF
EFF2 +

−
= .      (20) 

3.5

3.0

2.5

2.0

1.5

V E
FF

 (V
)

1211109876
VP (V)

 Veff from eqs. (15) and (16)
 Veff from eq. (17)



 44

 Table 4 lists the data extracted from the S21 transmission magnitude 

measurements.  Table 5 list the results of the model outlined in this section.  Not only 

was the center frequency of MVA stable over the 6V range, but the frequency span  

 

 

 

 

 

 

 

 

Table 4. Recorded data for device MVA (380 nm wide nanowire) on Day 1 (grey cells) 

and Day 2 (white cells) along with extracted center frequencies and extracted frequency 

spans. The average span was 1.32 MHz with a standard deviation of 8 kHz. 

 

 

 

 

 

 

 

 

Table 5. Model results for device MVA (380 nm wide nanowire). 

1.3017.9918.6417.3412

1.3018.0518.7017.4011.1

1.3118.1018.7517.4410.1

1.3218.1418.8017.488.7

1.3218.1118.7717.458.5

1.3218.1218.7817.468

1.3218.1418.8017.487.5

1.3218.1618.8217.507

1.3218.1718.8317.516.5

1.3218.2018.8617.545.1

Freq. Span (MHz)Center Freq. (MHz)Mode 2 (MHz)Mode 1 (MHz)Bias Voltage (V)

1.3017.9918.6417.3412

1.3018.0518.7017.4011.1

1.3118.1018.7517.4410.1

1.3218.1418.8017.488.7

1.3218.1118.7717.458.5

1.3218.1218.7817.468

1.3218.1418.8017.487.5

1.3218.1618.8217.507

1.3218.1718.8317.516.5

1.3218.2018.8617.545.1

Freq. Span (MHz)Center Freq. (MHz)Mode 2 (MHz)Mode 1 (MHz)Bias Voltage (V)

1.2817.9518.5917.3112

1.2818.0018.6317.3611.1

1.2818.0418.6817.4010.1

1.2818.1018.7417.468.7

1.2818.1118.7517.478.5

1.2818.1318.7617.498

1.2818.1418.7817.507.5

1.2818.1618.8017.527

1.2818.1718.8117.536.5

1.2818.2018.8417.565.1

Freq. Span (MHz)Center Freq. (MHz)Mode 2 (MHz)Mode 1 (MHz)Bias Voltage (V)

1.2817.9518.5917.3112

1.2818.0018.6317.3611.1

1.2818.0418.6817.4010.1

1.2818.1018.7417.468.7

1.2818.1118.7517.478.5

1.2818.1318.7617.498

1.2818.1418.7817.507.5

1.2818.1618.8017.527

1.2818.1718.8117.536.5

1.2818.2018.8417.565.1

Freq. Span (MHz)Center Freq. (MHz)Mode 2 (MHz)Mode 1 (MHz)Bias Voltage (V)
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between the two resonant modes varied by only 20 kHz over the same range (Table 4).  

As expected the model estimates the resonant frequencies of Modes 1 and 2 reasonably 

well for the Day 1 data, but begins to deviate from the data recorded on Day 2.  

Comparing Table 4 and Table 5, at 10.1V and 11.1V, the model underestimates Mode 1 

by 40kHz and underestimates Mode 2 by 70 kHz.  The modeled frequency span was a 

constant 1.28 MHz over the entire voltage range which was off by a maximum of 3% 

relative to 1.32 MHz measured frequency span measured for MVA. 

 The modeling procedure was repeated for MVA, with the FIB trimmed coupler 

(232 nm wide), and the (100) oriented device with the FIB trimmed nanowire shown in 

Fig. 17, (a model was not created for the (100) oriented device before the coupler was 

trimmed because it was only tested at three bias voltages).  The complete modeling 

results for both devices are given in Appendix A.  Briefly summarizing, the modeled span 

of MVA (with the 232 nm wide coupler) was calculated to be 0.78 MHz compared to the 

average 0.85 MHz span measured for the device yielding an error of 8%.  For the device 

shown in Fig. 17, the coupler was modeled with an average width weighted by the length 

of each tether and the island: 

( ) ( ) ( ) [ ]nm
LLL

L180L460L160
W

RTISLT

RTISLT
AVE_NW ++

++
=     (22) 

where LLT, LIS, and LRT are the lengths of the left tether (2.8 mm), island (1 mm), and right 

tether (2.6 mm) respectively.  The modeled span for this device, with WAVE_NW = 216 nm 

from Eq. (22), was 0.7 MHz which was 80 kHz or 10% smaller than the average 

measured span of 0.78 MHz.  
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2.6.2 Low Velocity Coupled System Frequency Span Model 

 In contrast to the maximum velocity coupled devices, the coupling point for LVA 

is x = 1.5 mm, altering the effective mass and stiffness of the MEMS C-C resonators 

relative to the maximum velocity devices, Eqs. (3) and (6).  The center frequencies were 

extracted from the 3dB bandwidth data of LVA, after the coupler was trimmed to 260 nm 

(Table 6).  Similar to the maximum velocity model procedure described earlier in this 

section, Origin was used to create a fitting function to the data and estimate f0 (19.00 

MHz) using Eq. (12) with a = 18.90 MHz, b = 0.05 MHz/V, and c = -0.006 MHz/V2 with 

R2 = .998.  The effective mass was calculated with LR = 10 mm, WR = 3.1 mm, and HR = 

275 nm at x = 1.5 mm.  Next the effective stiffness was calculated with the estimated 

center frequency (19.00 MHz).  Equations (13) and (14) were then used to calculate the 

center frequency of LVA as a function of the applied bias voltage, VP, and graphed in 

Fig. 29 (black asterisks).  In contrast to MVA (Fig. 27), the center frequencies of LVA 

calculated with Eqs. (13) and (14) underestimated the center frequency dependence on VP  

 

 

 

 

 

 

Table 6. Measured data from LVA with a FIB trimmed 260 nm wide coupler with PRF =  -

24dBm. The average span was 0.08 MHz with a standard deviation of 20 kHz due to the 

larger bandwidths measured above 10.7V. 

0.1218.3718.4318.3114.5

0.1018.5918.6318.5412.6

0.0718.7618.7918.7210.7

0.0718.8418.8718.809.6

0.0718.8618.8918.829.2

0.0618.8818.9118.858.8

0.0618.9218.9518.898.3

3dB BW (MHz)Center Freq. (MHz)Mode 2 (MHz)Mode 1 (MHz)Bias Voltage (V)

0.1218.3718.4318.3114.5

0.1018.5918.6318.5412.6

0.0718.7618.7918.7210.7

0.0718.8418.8718.809.6

0.0718.8618.8918.829.2

0.0618.8818.9118.858.8

0.0618.9218.9518.898.3

3dB BW (MHz)Center Freq. (MHz)Mode 2 (MHz)Mode 1 (MHz)Bias Voltage (V)
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Figure 29. Center frequency data of LVA from Table 6. The unbiased center frequency (f0 

= 19.00 MHz) was extracted using the Origin polynomial fit (red trace). The black 

asterisks represent the theoretical response calculated using f0 with Eqs. (13) and (14).  

 

(Fig. 29).  The effective voltage correction term was not used for the LVA frequency 

span (3dB bandwidth) model because the maximum deviation between the empirically 

modeled center frequency and the extracted frequency was only 3% (at a bias voltage of 

14.5V).  

 A 6 mm long segment of the LVA nanowire coupler was trimmed to a width of 

260 nm (Fig. 19), so LNW = 6 mm, WNW = 260 nm were used to calculate the nanowire 

stiffness using the quarter wavelength expressions, Eqs. (7) and (8).  The 3 dB bandwidth 

was estimated with: 
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where f0(VP) was calculated using Eq. (14). The frequencies of Mode 1 and Mode 2 were 

calculated using: 
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( ) ( )
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  The results of the empirical model for LVA are given in Table 7.  The modeled 

frequencies for Mode 1 and Mode 2 differ by 3% at 14.5V compared to the measured 

frequencies of LVA, however, the bandwidth proved to be significantly more difficult to 

predict.  The measured bandwidth of LVA varied from 60 kHz to 120 kHz as VP was 

increased from 8.3V to 14.5V (Table 6).  The MEMS C-C resonators may not have been 

matched resulting in different resonant frequencies for each resonator.  However, at low 

bias voltages, 8.3V and 8.8V, the bandwidth was predicted to within 10 kHz, or 17% of 

the measured LVA bandwidth. 

 

 

 

 

 

 

Table 7. Modeling results for LVA using f0 = 19.00 MHz and Eqs. (23) and (25). The 

predicted 3dB bandwidth varies by 10 kHz since the modeled frequencies for Mode 1 and 

Mode 2 were rounded to the nearest 10 kHz resulting in an rounding error for the 3dB 

bandwidth. 

 

 

0.0518.8418.8618.8114.5

0.0518.8818.9018.8512.6

0.0618.9118.9418.8810.7

0.0518.9318.9618.909.6

0.0518.9418.9618.919.2

0.0618.9418.9718.918.8

0.0518.9518.9718.928.3

3dB BW (MHz)Center Freq. (MHz)Mode 2 (MHz)Mode 1 (MHz)Bias Voltage (V)

0.0518.8418.8618.8114.5

0.0518.8818.9018.8512.6

0.0618.9118.9418.8810.7

0.0518.9318.9618.909.6

0.0518.9418.9618.919.2

0.0618.9418.9718.918.8

0.0518.9518.9718.928.3

3dB BW (MHz)Center Freq. (MHz)Mode 2 (MHz)Mode 1 (MHz)Bias Voltage (V)
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2.6.3 Coupled System Frequency Span Model Limitations 

 The max velocity and low velocity models assumed that the MEMS C-C 

resonators were matched, however, the testing results from the trimmed LVA device 

seem to indicate that the coupled microresonators may not have the same resonant 

frequency.  The fabrication process, which will be described in the following chapter, 

created variations not only in MEMS C-C dimensions, but in the stiffness of each 

resonator due to the silicon nitride anchoring material and anchor misalignment.  In 

addition, the nanowires were modeled as quarter wavelength couplers, but their lengths 

were usually 1 mm longer than the lengths required to satisfy the quarter wavelength 

criteria given by Eq. (9).  Mass loading of the MEMS resonators may still be significant 

for these coupled systems because the length and height of the couplers were similar to 

those of the microresonators.  However, mass loading was implicitly accounted for by the 

extraction of the unbiased center frequencies using empirical expressions generated by 

Origin to fit the measured center frequency data.  In spite of the fact that mismatching 

MEMS resonators were not modeled, the empirical models produced reasonable 

frequency span estimates. 

2.7 Chapter Summary 

 Silicon nanowires were demonstrated as flexural coupling elements tethering two 

MEMS clamped-clamped resonators.  Empirical models were developed to describe the 

behavior of the coupled devices.  The ratio of the nanowire coupler stiffness to the 

effective stiffness of the MEMS resonators was tuned by attaching the nanowire coupler 

at two different locations along the length of the MEMS resonators, trimming the width 
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of the nanowire coupler with a focused ion beam, or depositing films on the nanowire 

coupler.  

 The nanowire-coupled MEMS resonators described in this chapter have low 

quality factors making them unsuitable for MEMS filter applications.  In general, high-Q  

resonators are required to create low insertion loss MEMS filters [1,2,4].  However, these 

devices may be used as nanometrology instruments given the demonstrated frequency 

span dependence on nanowire stiffness. 
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Chapter 3. Silicon Nanowire and Coupled MEMS Fabrication 

3.1 Introduction 

 Microfabrication and assembly processes have been used successfully to integrate 

top-down fabricated silicon microstructures with synthetic bottom-up nanowires to create 

nanowire resonators [1,2] and hybrid MEMS/nanowire structures [3,4]; however, 

absolute control over the location of nanowire attachment points to contact pads or 

MEMS structures has not yet been demonstrated.  Furthermore, the various metal 

catalysts required for Vapor-Liquid-Solid (VLS) synthesis of silicon nanowires restricts 

the thermal budget of any subsequent post-synthetic processing steps and in the case of 

gold catalyst particles can contaminate microfabrication tools used to process transistor-

grade silicon wafers.  To avoid the problems associated with VLS nanowires, a top-down 

fabrication process was designed to create the nanowire coupled resonator devices 

described in Chapter 2 and the nanowire resonators discussed in Chapter 4.  To mimic the 

single crystalline structure of synthetic nanowires, (100) silicon-on-insulator (SOI) 

wafers were used as the starting material for the fabrication process.   

3.2 Top-Down Process Flow 

 Six inch (100) SOI wafers, with a 275 nm thick device layer and 400 nm thick 

buried oxide (BOX), were used as the substrates for this fabrication process.  Cross-

sections will be used to describe the fabrication process of a maximum velocity coupled 

device (Fig. 1).  Critical processing steps will be discussed in detail in four subsections 

following the initial process-flow overview. 

 The process began with a phosphorus implant and activation anneal at 1000 °C 

for 30 minutes.  The resulting phosphorus concentration was 8X1018/cm3.  Next a 100 nm 
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Figure 1. Released max velocity coupled device. Process flow schematics were drawn 

representing the cross-section highlighted in the image. 

 

pad oxide was deposited to serve as a hard mask and etch stop for a hot phosphoric acid 

etching step. 

 Holes were patterned and etched through the pad oxide, silicon device layer, 

BOX, and finally etched 200 nm into the handle wafer, see Fig. 2.  A 1.4 mm thick low 

stress nitride film was deposited using a low pressure chemical vapor deposition process 

to fill the holes etched into the film stack.  Hot phosphoric acid (160 °C) was used to  

 

 

 

 

 

Figure 2. Holes have been etched into the film stack for nitride pillar creation 
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remove the nitride from the top surface of the pad oxide, while leaving the nitride pillar 

anchors intact (Fig. 3).    

 

 

 

 

Figure 3. Nitride pillars remain after nitride deposition and hot phosphoric acid etch 

back process. 

  

 The max velocity device was then patterned using i-line photoresist.  The i-line 

pattern was ashed using a parallel plate Technics PE II-A plasma etcher at 50 Watts for 

1.5 minute cycles (Fig. 4).  A scanning electron microscope was used to observe the 

width of the nanowires in between ashing cycles.  Once the desired nanowire widths were 

achieved the ashed pattern was etched into the pad oxide and silicon device layer using 

reactive ion etch processes. 

 After the maximum velocity device structure was etched into the device layer, a 

sacrificial oxide was deposited to define the vertical and lateral electrostatic gaps.  

Windows in the sacrificial oxide were patterned and etched to anchor the polysilicon 

electrodes and cover the nitride anchor pillars with a polysilicon film, as shown in Fig. 5.  

A 400 nm thick n+ doped polysilicon film was deposited and etched forming the RF drive 

and sense electrodes.  Finally the system was released using a vapor hydrofluoric acid 

(HF) etching tool (Fig. 6).  The process for NEMS resonator fabrication was identical to 

the process described for the maximum velocity coupled resonant system. 
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Figure 4. I-line photoresist device pattern after ashing. 

 

 

 

 

Figure 5. The sacrificial HTO was etched to anchor the polysilicon electrodes and 

protect the top surfaces of the nitride pillars. 

 

 

 

 

 

Figure 6. Released maximum velocity system with RF polysilicon electrodes. 
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3.2.1 Nitride Anchors 

 Non-conductive anchors were required for the resonant devices to prevent the 

electrodes from shorting through the lightly doped handle wafer.  For SOI NEMS [5] or 

MEMS [6] devices the buried oxide (BOX) layer is typically used to fix the devices to the 

handle wafer.  However, the buried oxide is also a sacrificial layer which must be 

removed for proper electromechanical device operation.  Therefore, large-area anchor 

blocks must be etched into the device layer to avoid consuming the entire BOX anchor 

beneath the device layer after a timed wet HF etching process, while ensuring that the 

electromechanical devices are completely released.  Large area BOX anchors are not 

used for the SOI resonant devices in order to minimize parasitic capacitances coupling 

the RF electrodes and to minimize the distance between clamped-clamped MEMS 

resonators, which dictates the length of the nanowire coupler. 

 Low stress silicon nitride pillars were used to minimize the anchor foot print for 

the MEMS and nanowire devices (Fig. 7).  Nitride pillars were also used to suspend the 

polysilicon drive and sense electrodes above the devices.  Silicon rich nitride films were 

attacked by HF at a slower rate than the oxide sacrificial films, however, the release 

process was still timed to avoid completely etching the nitride pillars (Fig. 8).  

Polysilicon was used as an anchor cap to prevent HF from attacking the top surfaces of 

the nitride pillar anchors. 
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Figure 7. High voltage (20kV) SEM of a low velocity coupled device. The nitride pillars 

are the round light colored features. The red rectangle highlights the small size of the 

polysilicon electrode anchors made possible by the use of nitride pillars.  

 

 

 

 

 

 

 

 

Figure 8. Cross-sectional view of a nitride pillar from the first fabrication run (the device 

layer was 275 nm for the final run). Polysilicon protects the top nitride anchor surface. 

HF attacks the 600 nm diameter pillar during the release process. 
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3.2.2 Nanowire Patterning 

 Electron beam lithography was not used to define the nanowires because the 

throughput would be too small to pattern nanowires over the entire surface area of a six 

inch SOI wafer.  Instead i-line photolithography was used to define the nanowires with a 

minimum width of 600 nm.  An oxygen plasma was then used to ash the photoresist to 

decrease the width of the patterned nanowire similar to work presented in [7] for deep 

submicron gate patterning.  The ashing process attacks the lateral and top surfaces of the 

photoresist feature at the same rate [8] (see Fig. 9).  Because the nanowires and the 

clamped-clamped MEMS resonators are defined at the same time, the widths of the 

MEMS resonators were increased on the reticle in anticipation of the lateral photoresist 

consumption.  The contact pads and leads, connecting the pads to the devices, were also 

patterned at the same time as the nanowires; however, their widths were large enough 

such that the removal of 200 to 300 nm from the photoresist pattern had minimal impact  

 

 

 

 

 

 

 

Figure 9. Cross-sectional view of an I-line patterned feature before (dashed outline) and 

after (brown feature) photoresist ashing. *O and *O2 represent the reactive species 

created by the O2 plasma. CO and CO2 are the main byproducts of the ashing process. 
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on these features (Fig. 10).   

 The ashing rates varied when other photoresist features were patterned in close 

proximity to the nanowires (Fig. 11).  Presumably these extra photoresist features deplete 

 

. 

 

 

 

 

 

Figure 10. Optical image of I-line photoresist pattern on an SOI wafer before the ashing 

process. The nanowire, clamped-clamped MEMS resonators and electrical leads were 

patterned at the same time.  

 

 

 

 

 

 

 

 

Figure 11. The I-line nanowire ashes faster where it is not in close proximity to other 

photoresist features. 
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the amount of reactive oxygen available to ash the nanowire.  For long ashing times, the 

line edge roughness of the resist patterned wires increases, as shown in Fig. 12. 

 

 

 

 

 

 

 

 

Figure 12. Line edge roughness of an ashed photoresist feature. 

 

3.2.3 Electrostatic Gap Formation 

 Either large surface areas or small electrostatic gaps are required for capacitive 

actuation of micro and nano resonators.  Electrostatic forces, Fres, driving a resonator at 

its natural frequency are inversely proportional to the electrostatic gap for voltage 

controlled devices: 

2
INEE0P

res d
vWLεVF =          (1) 

where VP is the DC biasing voltage, e0 is the permittivity of free space, LE and WE are the 

length and width of the forcing electrode, nIN is amplitude of the AC forcing signal, and d 

is the electrostatic gap separating the forcing electrode from the resonator.  Traditionally 

a sacrificial silicon dioxide is used to define the electrostatic gap for MEMS resonators 

because of its relatively large etch selectivity with respect to poly and single crystalline 
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silicon in hydrofluoric acid.  Control over the thickness of the sacrificial silicon dioxide is 

very important for electrostatically driven resonators.  Both vertical and lateral 

electrostatic gaps are created using the top-down fabrication process.  The vertical gaps 

are used for electrostatic actuation of micro and nanoresonators.  Lateral electrostatic 

gaps are created to control charge carriers transiting through the nanowire resonators 

(described in Chapter 4). 

 Three sacrificial oxide films were investigated for electrostatic gap formation.  

Each oxide film was judged on conformality and deposition or growth rate.  As shown in 

Fig. 13, the contact pads were cleaved and the edges of the pads were used to characterize 

the nanogaps, created by the sacrificial oxides, with cross-sectional SEMs.  HF was used 

to remove the oxide from the gaps to improve the SEM contrast of the nanogap images. 

 

 

 

 

 

 

 

 

 

Figure 13. Die were cleaved at the large area contact pads. HF was used to etch 

sacrificial oxide to characterize the nanogaps formed by the three deposition/growth 

methods (inset cross-sectional SEM). 
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 The first film investigated was a thermally grown silicon dioxide because precise 

control over oxide film thickness has been demonstrated for advanced three dimensional 

finFET devices [8].  A dry O2 silicon dioxide was grown at 950°C after the device layer 

was etched (see Fig. 14).  The desired lateral oxide thickness was 60 nm, however, the 

compressive stress of the growing oxide hindered growth at the base of the device layer.  

A pad oxide was already present on the top surface of the device layer before the wafers 

were oxidized resulting in a thicker oxide on the top surface of the device layer than the 

lateral surface (Fig. 14).  If the oxidation was performed at 1100 °C, oxide reflow would 

have relieved the compressive stress [9].  However, at 1100 °C the phosphorus diffusion 

profile within the silicon becomes harder to control since phosphorus would 

preferentially pile-up at the oxide-silicon interface.  Lower thermal budget oxide 

deposition processes were investigated to minimize dopant pile-up at the silicon surfaces.  

 

 

 

 

 

 

 

 

Figure 14. Electrostatic gaps were created by dry oxidation at 950 °C. The deposited 

polysilicon was very conformal. 
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 Deposited oxide films were subsequently investigated, beginning with a plasma 

enhanced chemical vapor deposition (PECVD).  A liquid tetraethooxysilane (TEOS) 

precursor containing silicon and oxygen was used for the deposition process.  The TEOS 

precursor has a low sticking coefficient compared to the silane based low temperature 

oxide (LTO) chemistry, which in theory should favor conformal oxide deposition [9].    

PECVD TEOS based oxides deposit rapidly making thickness control for sub 100 nm 

gaps difficult.  Figure 15 shows the results of a 9 sec PECVD oxide deposition on a 

patterned polysilicon wafer.  The deposited oxide was thicker at the top surface of the 

polysilicon test structure than on the polysilicon sidewall. 

 

 

 

 

 

 

 

 

 

Figure 15. PECVD TEOS oxide deposited on a polysilicon test structure. The oxide 

deposited on the lateral surface was thinner than the oxide deposited on the top surface 

of the test structure. 
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 Finally, a high temperature oxide (HTO) was investigated.  A HTO film is created 

when dichlorosilane and nitrous oxide decompose at temperatures above 800 °C in low 

pressure furnaces.  Conformal HTO deposits at relatively low deposition rates (depending 

on the pressure of the tube).  Typical deposition rates at 835 °C and 300 mTorr varied 

from a minimum of 0.8 nm/min to a maximum of 1.4 nm/min.  The oxide film used to 

create the gaps depicted in Fig. 16 was deposited for an hour and was more conformal 

than the PECVD deposited oxide. 

 

 

 

 

 

 

 

 

Figure 16. Electrostatic gaps created with a conformal high temperature oxide.  The 

vertical and lateral gaps for this structure were 190 nm and 56 nm respectively (a 130 

nm pad was on the surface of Polysilicon Layer 1 before the 60 nm HTO was deposited) . 

 

3.2.4 Vapor HF Release  

 Vapor phase HF was used to release the fabricated devices because the standard 

wet HF release process followed by a critical point drying step damaged the nanowire 

resonator devices, see Fig. 17.  The paddle heater of the Idonus vapor HF etcher was set  
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Figure 17. Nanowire device released in liquid HF and dried with a critical point drying 

process. The nanowire has been bent and makes contact with the polysilicon electrode. 

  

to 40 °C and the 49% HF reservoir remained at room temperature since no temperature 

control for the bath or reservoir was available at the time.  Water is thought to be the 

initiator of the vapor phase etch [10], the Idonus etcher scavenges water from the ambient 

and the chuck temperature controls the amount of water on the sample surface which in 

turn determines the oxide etch rate. 

 The film stack composed of the silicon device layer, 275 nm thick, and 

polysilicon, 400 nm thick, was semi-transparent to white light.  The release process was 

monitored by periodically removing the die from the vapor HF tool and observing the 

amount of BOX undercut with an optical microscope (Fig. 18). 
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Figure 18. White light illuminated image taken with 20X objective of UVscope. The BOX 

was removed near the edge of the electrical lead and the polysilicon structure. 

 

3.3 Focused Ion Beam Post Processing 

 A focused ion beam (FIB) is operated much like a scanning electron microscope, 

however unlike a SEM, ions generated by the FIB are used not only to image samples, 

but to mill or decompose precursor gases to form films of Pt on samples.  Usually liquid 

phase gallium is used as the ion source [11].  As Ga wets a tungsten tip, a large voltage is 

used to extract ions from the tip.  A series of apertures and electrostatic lenses are capable 

of focusing the ion current to a spot size below 10 nm [11]. 

 FIB based fabrication processes have increased in popularity for: precision 

nanoscale patterning of electrostatic gaps for MEMS and NEMS devices [12,13], 

nanowire patterning [14], thin film deposition to create arbitrary three-dimensional micro 

and nanostructures [15], and implant Ga ions to dope silicon nanowire devices [16].   
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 As discussed in Chapter 2, the FIB was used as a post-processing tool for the 

nanowire coupled MEMS resonators.  Release holes were milled into the polysilicon 

electrodes to minimize nitride anchor damage during the HF release step, see Fig. 19.   

 

 

 

 

 

 

Figure 19. Release holes milled into the polysilicon electrodes with a focused ion beam.  

 

 After the nanowire devices were released and tested the nanowire couplers were 

milled to tune the frequency response of the system.  The narrowest coupler created using 

the FIB milling process is shown in Fig. 20.  A larger width segment, or island, at the 

center of the nanowire prevented the coupler from buckling during the milling process. 

Some nanowire couplers were milled into arbitrary shapes (Fig. 21), however, the devices 

shown in Fig. 21 no longer functioned because the stiffness of the nanowire coupler was 

substantially reduced.   
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Figure 20. FIB trimmed nanowire coupler. The lines milled into the handle wafer were 

the result of an overetch step to ensure that the nanowire was completely milled. 

 

 

 

 

 

 

Figure 21. A) FIB milled meandering nanowire structure. B) FIB milled holes in 

nanowire coupler. C) FIB milled serrated nanowire coupler. Images A) and B) were 

generated with Ga ions, C) was taken with the electron beam optics of the FIB tool. 
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 The FIB was also used to deposit Pt films on the nanowire couplers to increase 

the frequency span of the resonant systems (see Chapter 2).  The FIB was not capable of 

depositing small area Pt films onto the nanowire couplers.  The nanowire was electrically 

and thermally isolated from the handle wafer; consequently, ions impinging on the small 

areas of the nanowire ablated silicon from the nanowire instead of depositing Pt (Fig. 

22A).  When the deposition area was increased, Pt was deposited successfully on the 

nanowire surface (Fig. 22B). 

 

 

 

 

 

 

 

 

Figure 22. A) The FIB had difficulty depositing small area Pt films on the nanowires. B) 

Larger area films were deposited without incident.   

 

 The major drawback to using the FIB tuning technique was Ga ion implantation.  

Prior to silicon milling or Pt deposition, an ion image of the device was captured by the 

FIB tool in order to draw the desired milling or platinum deposition patterns.  Before the 

image was captured, the ion beam was allowed to scan the device several times to make 
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sure the sample was in focus and the device did not charge.  The ion image scans resulted 

in Ga implantation into the exposed silicon surfaces (see Fig. 23). 

 

 

 

 

 

 

 

 

Figure 23. Microscope image of a (100) low velocity coupled device after a FIB post 

processing step was performed on the nanowire coupler. The Ga implanted areas are 

visible because the Ga changes the index of refraction of the silicon surface. 

 

3.4 Chapter Summary   

 A top-down fabrication process was introduced which was used to create flexural 

mode MEMS resonators and nanowire resonators.  Non-conductive silicon rich nitride 

pillars were used as anchors to reduce the footprint of the devices and decrease capacitive 

coupling between the device and the handle wafer.  The nitride pillars were also used to 

suspend the polysilicon electrodes above the devices, enabling local electrostatic 

actuation of MEMS and NEMS resonators.  i-line lithography was used to define the 

nanowires followed by an ashing process to reduce the line width of the nanowires.  
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Finally, a gallium-based focused ion beam tool was to tune the frequency response of 

coupled MEMS resonators after the devices were released. 
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Chapter 4. Silicon Nanowire Resonators 

4.1 Introduction 

 As mentioned in the introduction chapter individual silicon nanowire resonators 

have been proposed for signal processing and nanomechanical computation.  An 

actuation and detection scheme must be developed for NEMS resonators to overcome 

limitations presented by their small dimensions, while facilitating NEMS integration with 

complementary metal-oxide-semiconductor (CMOS) electronics in order to create 

integrated systems.  Large resistances and small surface areas both limit capacitive 

coupling to the nanostructure and result from the small nanowire dimensions.  For these 

small-area and highly resistive structures, parasitic noise from on-chip electronics or 

external environmental sources may drown out the diminutive signals generated by a 

vibrating nanowire resonator.  This chapter will introduce a new field-effect detection 

mechanism for silicon nanowire resonators.  The technique has been demonstrated to be 

effective in the presence of large parasitic capacitances.  Furthermore, it is potentially 

CMOS-compatible through an interleaved fabrication sequence.  In contrast to vibrating- 

gate transistor-resonator devices [13,17], where vibrating gate electrodes modulate the 

resistance of a stationary charge-inverted silicon channels, this new field-effect detection 

scheme modulates the resistance of the vibrating silicon nanowire resistor by depleting 

charge carriers from three nanowire surfaces. 

4.2 Driving and Detection Techniques Overview  

 This chapter begins with an overview of several actuation and detection schemes 

that have been successfully demonstrated for nanowire-based or nanotube-based NEMS 
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resonators.  Optical detection schemes will not be reviewed in this section, since 

electrical sense signals are better suited for CMOS system integration. 

4.2.1 Capacitive Drive and Sense 

 NEMS resonators can be driven using capacitive actuation, because electrostatic 

forces can be scaled by increasing signal power or DC bias voltages to generate sufficient 

electrostatic force to drive a NEMS resonator, compensating for small nanowire surface 

areas.  However, capacitive sensing of NEMS resonator motion is much more difficult.  

Capacitance scales linearly with area.  As device dimensions decrease, capacitive 

coupling between NEMS resonators and capacitive electrodes also decreases.  Parasitic 

capacitances become quite large relative to the small capacitive currents from nanowire 

resonators [2].  To increase capacitance between the nanowire and forcing electrodes the 

electrostatic gaps can be made smaller.  In [1], electrostatic gaps were defined using e-

beam lithography to push the lateral gap dimensions below 100 nm.  Figure 1 depicts the 

capacitive one port sensing scheme successfully used in [1] to measure signals directly 

from silicon nanowire resonators at pressures of 140 Torr and below.  The devices were 

fabricated at an eight inch STMicroelectronics facility with the aim of creating large 

quantities of NEMS-based timing references integrated with CMOS electronics.  In spite 

of the sub 100 nm electrostatic gaps, DC bias voltages in the range of 13-20V were used 

to actuate and detect the resonant motion of the devices, which are a factor of ten higher 

than the supply voltages required for CMOS.  More work is required to determine the 

ultimate limit of the capacitive sense technique for silicon nanowire resonators and to 

reduce the DC bias voltages required for this technique.   
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Figure 1.  A NEMS double clamped beam resonator depicting one port capacitive drive 

and sense from [1]. 

 

4.2.2 Magnetomotive Transduction 

 The magnetomotive drive and sense approach was first demonstrated on NEMS 

resonators by Michael Roukes’s group at the California Institute of Technology [3].  A 

metallic layer, deposited on top of the nanowire, was used to overcome the large 

resistance of the silicon nanowire and to achieve a better impedance match to a network 

analyzer.  This drive and sense approach is depicted in Fig. 2.  A time varying electric 

current was passed along the length of the wire (z direction).  A magnetic field was 

applied perpendicular to the current flow (x direction), which generated an oscillating 

Lorentz force on the nanowire (y direction according to the right hand rule). The device 

vibrated when the frequency of the current signal matched the resonant frequency of the 

nanowire.  The Lorentz force generated is given by: 
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Figure 2.  The magnetomotive drive and sense measurement schematic.   
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where fw is the Lorentz force at frequency w, L is the length of the beam, B is the 

magnitude of the magnetic field and I0cos(wt) is the RF current applied to the structure.   

 The resonant motion in the presence of the applied magnetic field induced an AC 

voltage VEMF, which was measured with a network analyzer by monitoring the reflected 

power S11.  The electromotive force depends on the rate of change of the magnetic flux Ф 

as the beam bends [4]: 
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where u(z,t) is the beam displacement along the length of the nanowire in the z direction 

at a time t.   

 For this transduction scheme, nanowire resonators must be probed at cryogenic 

temperatures to minimize thermal noise and to facilitate the use of superconducting 

magnets for the biasing DC magnetic fields.  Magnetic fields on the order of a few Tesla 

are used to actuate and sense these nanowire resonators.  The high magnetic fields 
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ultimately limit the environment in which magnetomotive nanowire resonators may 

operate.  However, this technique is flexible enough to actuate and sense NEMS 

resonators created from various materials like SiC, Si, GaAs, Pt and AlN [4,5,6].  In  

addition, zeptogram mass sensors have been demonstrated using the magnetomotive 

detection method supplemented with signal mixing to further minimize the influence of 

parasitic signals [7].  

4.2.3 Capacitive Drive and Conductivity Modulation Sense 

 The conductivity modulation sense technique was first demonstrated for carbon 

nanotubes by McEuen’s group at Cornell University [8].  A metal source and drain were 

used to anchor a one-dimensional semiconducting carbon nanotube (CNT) above a 

conductive silicon substrate (see Fig. 3).  The gap between the CNT and the gate was on 

the order of 1 µm for the demonstrated device.  A polarization voltage, VDC, and high 

frequency signal, nHI, were applied via a bias T to the highly doped substrate gate to 

capacitively drive the nanotube.  At resonance the CNT vibrated vertically, which varied 

the capacitance, CG, coupling it to the gate electrode.  The resonating CNT was used as a 

mixer, exploiting the nonlinear relationship between CNT conductivity and the gate 

 

 

 

 

 

 

Figure 3.  Test setup for a room temperature carbon nanotube resonator.  From [8]  

SILICON SUBSTRATE GATE
νLO

SOURCE DRAIN

CG

νHI VDC

BIAS T

CNT RESONATOR
iOUT at frequency 
Dw = wHI – wLO
routed to Lock-in    
AMP 

BLOCKING 
CAP

SILICON SUBSTRATE GATE
νLO

SOURCE DRAIN

CG

νHI VDC

BIAS T

CNT RESONATOR
iOUT at frequency 
Dw = wHI – wLO
routed to Lock-in    
AMP 

BLOCKING 
CAP



 79

capacitance CG [9].  A low frequency signal, nLO, was applied to the source contact which 

mixed the output signal, iOUT, to a lower frequency determined by the frequency 

difference between the gate and source signals (Dw = wHI - wLO).  The output signal was 

mixed to a lower frequency in order to increase the signal to feedthrough level [9].  The 

nanotube output current was routed out of the drain contact to a lock-in amplifier.  The 

high frequency signal on the gate modulated the charge on the nanotube surface.  At 

resonance the modulated charge on the CNT surface is given by [8]: 

( ) GGGGG VCVCVCq ∂+∂=∂=∂ G        (3) 

where VG is the total voltage applied to the gate, including both the DC bias voltage and 

the small signal. 

 The CNT resonator was tested in vacuum at room temperature [8], which was 

quite an accomplishment at the time since most NEMS resonators, up to that point, were 

tested at cryogenic temperatures using the magnetomotive scheme described earlier.  The 

limits of the technique were pushed further by Alex Zettl’s group at the University of 

California, Berkeley.  They demonstrated two CNT resonators; one with a fundamental 

frequency of 1.3 GHz which operated at room temperature in air and another vibrating at 

4 GHz [10, 11].  They used a similar test setup however the signal applied to the source 

had a frequency of 2wHI + 7 kHz, or two times the forcing frequency, since the 

electrostatic force on the CNT resonator is proportional to the square of the small signal 

applied to the gate the output signal can be detected at 7 kHz [10].    

 It is speculated that the signals measured by the lock-in amplifier were due to the 

strain induced at the metal CNT contacts at resonance [10].  It has been shown that the 

contact resistance can dominate the conductive properties of one-dimensional CNT field 
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effect devices [12].  The single-walled CNT resonant devices described in this section 

were assumed to be ballistic.  Charge carriers on ballistic CNTs do not experience very 

many scattering events as they travel along the length of the tube from the source to the 

drain [9].  Consequently the resistances of the CNTs were on the order of tens to 

hundreds of kiloOhms, enabling the use of this detection method [9,10]. 

 The only detrimental aspect of this approach is the complexity of the detection 

scheme.  Two high frequency signal sources and many discrete circuits, not shown in Fig. 

3, are required for the mixing methods used in [8] and [10].  However, the demonstrated 

operation in air is promising for future NEMS resonator-based signal processing and 

computation systems.   

4.2.4 Field-Effect Detection of MEMS Resonators 

 The first demonstrated resonating gate transistor (RGT) consisted of a 

cantilevered metal gate electrode suspended above a lightly doped transistor channel 

coupling the source and drain terminals (Fig. 4).  The device was originally designed as a 

high-Q bandpass filter for frequency domain signal processing [13].   At the time, stable 

high-Q tuned circuits were difficult to implement because of the variability in discrete 

components, such as inductors and capacitors, used to create active feedback networks 

[14].  The RGT was an attractive alternative to discrete component based circuit 

topologies because a high-Q micromechanical component could be fabricated on chip 

with corresponding active circuitry enabling batch fabrication of integrated tuned circuits.   

 For the device shown in Fig. 4, the metal gate was actuated electrostatically with a 

dedicated metal electrode beneath the cantilevered gate.  At resonance the vertical motion 

of the gate altered the capacitance coupling the mechanical gate to the fixed silicon 
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Figure 4.  Schematic of the resonant-gate silicon surface transistor along with biasing 

scheme for resonant motion detection.  From [13]. 

 

channel, thereby modulating the conductance of the transistor.  The change in conduction 

was monitored by observing the AC component of the current flowing from the source to 

the drain at resonance on an oscilloscope.  A capacitor was used to block the DC drain 

voltage and extract the AC current signal out of the drain terminal (Fig. 4).  Depending 

on the biasing conditions of the field-effect transistor [15], along with careful design of 

transistor dimensions, length and width, the RGT is capable of amplifying the AC current 

signal due to gate displacement at resonance [16, 17].  Therefore, the RGT provides a 

built-in advantage over the capacitive readout method typically used to sense 

microresonator motion [15].  Resonating gate transistors have been demonstrated within 

the past two years, using modern CMOS-compatible materials and processes [17]. 

 Field-effect transistor (FET) readout capability is not limited to bending mode 

resonators suspended above fixed semiconducting channels.  A resonant body transistor 

(RBT), a configuration in which a channel vibrates while the gate electrode remains 
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stationary, was demonstrated on a bulk-mode silicon resonator [18].  A lightly doped 

FET channel was built into the sidewall of a lamé-mode microresonator with highly 

doped anchors serving as the source and drain terminals of the device.  The device did 

not operate as expected due to the rather low subthreshold slope (10V/decade) of the 

transistor.  The RBT lacked a smooth lateral surface, a result of the RIE etching used to 

create the device, and also lacked a passivation layer which would limit the charge trap 

density at the channel surface.  The quoted threshold voltage VT for this device was 

100V, even with electrostatic gaps on the order of 60nm.   

 RBT readout has been proposed by researchers [19,20] to enable silicon nanowire 

resonator detection at room temperature without relying on the electrical signal mixing 

techniques described earlier in the chapter.  The built-in amplification capability of a 

vibrating transistor would facilitate nanoelectromechanical signal propagation for 

downstream electrical domain circuit operations.  The expected low bias voltage 

operation is especially attractive for integration with CMOS electronics.  However, like 

the bulk-mode RBT, surface charge traps can degrade the response of a nanowire 

resonant body device.  The increased surface-to-volume ratio of silicon nanowires can be 

exploited to increase gate control over the three dimensional nanowire channel compared 

to two dimensional microscale surface channels.  In addition, nanoscale electrostatic gaps 

can help maximize control over the nanowire channel.  Moreover, if depletion mode 

nanowire devices were developed, analogous to the junction field-effect transistor (JFET) 

where current is passed through a three-dimensional channel as opposed to a two-

dimensional surface channel, charge carriers would be forced away from the surface 

charge traps.  Since charge carriers do not interact with the nanowire surface in depletion 
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mode devices, surface scattering would decrease resulting in larger charge mobility.  For 

depletion mode devices the surface of the silicon nanowires is not inverted, so the DC 

bias voltages applied to small-area electrodes can be reduced compared to vibrating field-

effect transistor devices with equivalent electrostatic gaps [24]. 

4.3 Field-Effect Detection of Silicon Nanowire Resonators 

 The remainder of this chapter will describe a new field-effect detection scheme 

for silicon nanowire resonators which may enable future CMOS-integrated NEMS signal 

processing and computation systems.  This detection method has been demonstrated on 

single nanowire resonators and on mechanically coupled nanowires at room temperature 

in a vacuum chamber maintained at 1 mTorr.   

4.3.1 Silicon Nanowire Resonator Design 

 The silicon nanowire resonators described here were fabricated using the process 

described in the previous chapter on 275 nm thick silicon-on-insulator wafers.  

Polysilicon electrodes were designed to actuate higher-order nanowire bending modes to 

reach frequencies above 30 MHz, eliminating the need to aggressively scale the length of 

the nanowires for fundamental mode operation at similar frequencies.  The nanowire 

resonators were either aligned with the wafer flat, for (110) nanowire sidewalls, or 

rotated 45 degrees with respect to the flat for (100) nanowire sidewalls.  Two classes of 

nanowire resonators were designed.  The first design consisted of single 2nd bending 

mode nanowires with lengths of 11 mm and 16 mm (Fig. 5A,B).  The second resonator 

design consisted of a pair of parallel 3rd mode nanowires, 10 mm long,  mechanically 

coupled by a third orthogonal nanowire, 7.8 mm long, similar in structure to the devices 

described in [21].  ANSYS 8 was used to determine the minimum length of the coupling  
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Figure 5.  SEMS of the nanowire resonators.  A) 11mm long 2nd mode single nanowire 

resonator.  B) 16mm long 2nd mode single nanowire resonator.  C) Out-of-Phase gate 

configuration for mechanically coupled nanowire resonators.  D) In-phase gate 

configuration for the coupled nanowire resonators.   

 

nanowire to satisfy the electrode spacing design rules developed for the fabrication 

process and to find the ideal locations for the gate electrodes.  Two actuation 

configurations were designed for the mechanically coupled systems.  Two pairs of 

polysilicon gate electrodes were shorted to induce either an out-of-phase (Fig. 5C) or an 

in-phase (Fig. 5D) vibration mode.  Figure 6 shows the expected mode shapes for the 

coupled resonator systems depicted in Fig. 5.  
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Figure 6.  Expected mode shapes for the mechanically coupled nanowire resonators.  For 

the in-phase mode (left) the parallel nanowires vibrate in phase and for the out-of –phase 

mode (right) the parallel nanowire vibrate out of phase which each other.  The in-phase 

mode has a lower resonant frequency than the out-of-phase mode. 

 

4.3.2 Polysilicon Gate Electrode Design and Device Operation 

 The gate electrodes surrounded the nanowire on three sides similar to the tri-gate 

electrode configuration reported in scaled field effect transistor papers [22,23].  If viewed 

in cross section, the polysilicon gate electrodes, highlighted in Fig. 5, partially overlap 

the lateral surfaces of the nanowire while completely overlapping the top surface of the 

nanowires (see Fig. 7).  A conformal high temperature oxide (HTO) was deposited to 

create the lateral gaps resulting in a height mismatch between the nanowire and the 

adjacent regions of the gate (circled feature of Fig 7A).  The vertical and lateral 

electrostatic gaps were 100 nm and 60 nm respectively.   
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Figure 7. A) Cross-sectional SEM of a test structure depicting the dimensions of the air 

gaps between the silicon nanowires and the gate electrodes.  Due to the conformal nature 

of the deposited sacrificial oxide the lateral regions of the gap do not line up with the 

bottom of the nanowire (circled feature).  B) As the nanowire displaces the depletion 

region on the lateral surfaces of the nanowire grows (top) or shrinks (bottom) 

modulating the electrical cross-section of the nanowire resulting in a change in 

resistance.  The arrows above the nanowire depict the direction of displacement towards 

the gate (top) and away from the gate (bottom). 

 

When the nanowire is biased with a positive DC voltage, relative to the gate electrode, 

the surfaces of the n+ doped nanowire deplete.  The depletion regions are depicted in Fig. 

7B by the black regions on the nanowire surface.  When an RF signal, nRF, is applied to 

the polysilicon gate electrode the vertical region of the gate forces the nanowires into 

resonance while the lateral regions of the gate control the resistance of the nanowire.  At 
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resonance the vertical displacement alters the electrical cross section of the nanowire 

resistor with advancing or receding depletion regions at both lateral surfaces of the wire 

(see Fig. 7B).   

4.3.3 Measurement Equipment and Testing Approach 

 All of the resonant nanowire devices were tested at 1 mTorr in a Janis Research 

Probe Station.  The probe station had one functional DC probe which was used to apply 

an RF signal and bias voltage to the one gate contact pad.  The two functional RF GSG 

probes were used to bias the source and drain contacts while routing the RF current signal 

out from the resonating nanowires (see Fig. 8).  For the device shown in Fig. 8, the gate 

contact on the right hand side of the figure was left floating since no other Janis probes 

were available to route an electrical signal or bias voltage to the remaining pad. 

 An Agilent Technologies E5071B Network Analyzer was used in the transmission 

measurement mode (S21) to supply the RF forcing signal from port 1 to the gate electrode 

and detect the output signal directly from the nanowire resonator at port 2.  The sensed 

output signals were averaged 16 times and saved.   

 Three wideband bias Ts, ZFBT-4R2GW from Minicircuits, Inc., along with three 

DC power supplies were used to bias the gate, source and drain terminals.  The bias T at 

the source terminal was also used extract the output RF signal through the internal DC 

blocking capacitor.   

 An HP 4145B Semiconductor Parameter Analyzer equipped with Metrics ICS v. 

3.7.0 software was used for DC characterization to demonstrate the depletion operation of 

released nanowires.  An Andeen-Hagerling 2700A Capacitance Bridge, was used by Yu-

Chih Tseng to measure the capacitance coupling the gate to source contact.  The DC  
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Figure 8.  SEM of a (100) 16mm long 2nd mode nanowire resonator with GSG contacts.  

Note the gate contact on the left has a solitary scratch from the DC probe of the Janis 

probe station.  GSG probes were used to make contact with the source and drain while 

the right gate contact was left floating. 

 

measurements were performed in air at room temperature. 

 The devices were tested using both the field-effect configuration and the one-port 

capacitive sensing techniques.  Figure 9 illustrates the field-effect testing approach.  DC 

bias voltages were applied to both the source and drain pads through RF bias Ts to force 

a current through the nanowires.  An RF signal, νRF, from port one of a network analyzer 

was applied to the poly electrodes closest to the source contact.  The RF current signal, 

due to resistance modulation, was detected out of the source contact and fed into the 
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Figure 9. Testing configuration demonstrated on an out-of-phase mechanically coupled 

resonator shown in Fig. 5C.  The region of gate covering wire is not depicted in the 

schematic.  The gates labeled Flo Elec are left floating during the measurements.  

Electric current flows from the drain contact through the orthogonal wire and out of the 

source contact (orange arrows). 

 

second port of a network analyzer.  This is the same configuration used to probe the 

single nanowire resonators where one gate electrode is left floating (Fig. 8).  Devices 

were tested as one-port capacitive resonators by disconnecting the bias from the drain 

contact, leaving the rest of the circuit intact, to confirm that the RF current signal 

detected at the source was due to a bulk nanowire resistance change and not due to a RF 

electrical current passing from the gate electrode to the resonating device. 
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4.4 Linear Out-of-Phase Resonator  

 The single nanowire resonators were the first devices tested using the field-effect 

sensing scheme, however, the S21 transmission measurements for the 2nd mode resonators 

were nonlinear.  Attempts were made to extract the linear behavior of these devices by 

reducing the RF signal power and reducing the bias voltages applied to the electrodes, 

however, the linear behavior of the devices was never measured.  On the other hand, the 

majority of the coupled nanowire resonators tested behaved linearly, enabling the 

estimation of quality factor and the creation of a model from first principles.  The 

measured transmission signals (S21) for the linear devices were fractions of a decibel due 

to the large capacitance coupling the source and gate contacts through the substrate.  

Figure 10 illustrates just how small the measured signals were for the out-of-phase  

 

 

 

 

 

 

 

 

Figure 10.  Example of the S21 transmission signal measured with the network analyzer 

with a frequency span of 5MHz.  The input power for both the field-effect and one port 

capacitve sense measurements was -14dBm.  VG = 0V for both the field-effect and 

capacitive sense traces.  
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coupled devices. 

 Figure 11 is an SEM of the best performing out-of-phase coupled nanowire 

resonator (OP-A) tested which was aligned to the flat (110 sidewalls).  The constituent 

nanowires of OP-A had widths of 280 nm and the gate electrodes were 2 mm long.  The 

measured magnitude response for device OP-A is shown in Fig. 12.  The field-effect 

testing technique produced a resonant peak at 124.14 MHz.  The one-port capacitive 

measurement did not produce a detectable signal.  For the one-port measurement, the 

frequency was scanned at 200 kHz intervals over a 20 MHz span centered at the resonant 

frequency of the field-effect measurement.  The corresponding linear phase response for 

OP-A is shown in Fig. 13. 

 Since the field-effect resonant peaks were so small the quality factor was 

estimated by curve fitting the linear transmission response of OP-A using Origin 6.1 with 

a modified lorentzian function function given by: 

 

 

 

 

 

 

 

 

Figure 11.  SEM of device labeled OP-A (out-of-phase A) with 280 nm wide nanowires. 

 

Drain 
Contact

Source 
Contact

Poly-Si RF gate

Anchor 
(Isolated)

Anchor 
(Isolated)

Poly-Si RF gate

2mm

Drain 
Contact

Source 
Contact

Poly-Si RF gate

Anchor 
(Isolated)

Anchor 
(Isolated)

Poly-Si RF gate

2mm



 92

 

 

 

 

 

 

 

 

Figure 12.  Linear system response of device OP-A for the field-effect sensing approach 

with VD=6.4V, VS=2V, VG=0V and PRF = -14dBm and response for one port capacitive 

measurement with VS = 6.4V, No VD applied to drain contact, VG=0V, PRF = -14dBm.  

The response is given as the linear ratio of VOUT/VIN (left axis) and 20*log(VOUT/VIN) in 

dB on the right axis. 

 

 

 

 

 

 

 

Figure 13.  Measured phase response of OP-A for both the field-effect and capacitive 

testing approach under the same biasing conditions used for the magnitude 

measurements depicted in Fig. 12.  
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where C1, C2, C3, and C4 are fitting constants which account for the y offset and sloping 

lorentzian curves, f is frequency, fr is the resonant frequency corresponding to the 

maximum magnitude, and w is the width of the lorentzian.  For the lorentzian fit shown 

in Fig. 12 the coefficients are: C1 = -0.156, C2 = 1.29E-9 /Hz, C3 = 0.28, C4 = -2.26E-9 

/Hz, fr = 124.14 MHz, and w = 30139 giving a correlation coefficient R2 = 0.995, 

suggesting a good fit to the measured data.  For device OP-A the fitted quality factor Qf 

was estimated to be 4100. 

4.4.1 Mode Verification 

 S21 transmission measurements were performed at the source and drain contacts to 

confirm the out of phase operation of device OP-A.  When the device was tested using 

the exact configuration shown in Fig. 9, the black trace in Fig. 14 was recorded.  Then the 

device was tested once more in the same configuration with one modification; the output 

RF signal was routed from the drain bias T to port 2 of the network analyzer (purple trace 

in Fig. 14).  Figure 14 confirms that the two parallel nanowires of device OP-A vibrate 

out of phase relative to each other.  Even though the polysilicon gate electrode closest to 

the drain was left floating for this measurement a resonant peak of 0.1 dB was detected 

by the network analyzer.  It should be noted that the capacitive feedthrough from the 

source side gate electrodes to the drain contact pad was about 0.7 dB lower than the 

feedthrough coupling the source side gate electrodes to the source contact pad (Fig. 14).  
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The peak measured at the drain shifted to a slightly lower frequency due to the larger bias 

voltage applied to the drain terminal increasing the magnitude of the electrostatic spring. 

 

 

 

 

 

 

 

 

 

Figure 14.  Measured magnitude response of device OP-A using the resistance 

modulation technique.   VD=5.8V, VS=2V, VG=0V and PRF = -14dBm for both traces. 

 

 The measurements plotted in Fig. 14 were performed one week after the initial 

data, in Figs. 12 and 13 were recorded.  The device was stored at room temperature in a 

hand pumped vacuum jar with anhydrous calcium sulfate to minimize moisture 

adsorption onto the device.  However, compared to the initial measured response, it is 

obvious that the device response degraded in spite of the effort undertaken to minimize 

device exposure to air.  Resonant peaks measured the week before at VD = 5.5V were 

about 0.15 dB and sharper than the peaks recorded in Fig. 14. 
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4.4.2 Frequency Tuning 

 The resonant frequency can be tuned by either varying the DC bias voltage 

applied to the driving gate electrode, VG (Fig. 15), or by varying the bias voltage applied 

to the drain, VD (Fig. 16).  At VG = +2.0V the resonant peak decreases in magnitude since 

VGS ≈ 0V, hence decreasing the driving force resulting in smaller nanowire displacement.  

At VG < 0V, the resonance peak shifts to lower frequencies, due to electrostatic spring 

softening.  The resonant frequency of the device changed by about 100 kHz/V for 

negative gate voltages (Fig. 15). 

 Only three distinct drain bias voltages were applied to device OP-A.  The resonant 

frequency of OP-A decreased by about 1 MHz over DVD = 1V.  More data points were 

taken on another device (OP-B) which was composed of 310 nm wide nanowires and had  

 

 

 

 

 

 

 

 

 

Figure 15.  Resonant frequency tuning of nanowire system OP-A with VD = 5.8V, VS = 

2V for various values of  VG.  At VG < 0V, the resonant frequency of the device changed 

about 100 kHz/V. 
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Figure 16.  Resonant frequency tuning of nanowire systems OP-A (left) and OP-B (right).  

OP-B is composed of nanowires which are 310 nm wide.  VS = 2V, and VG = 0V for both 

devices.  Red traces are quadratic fitting curves for the data points (black). 

 

a larger resonant frequency than OP-A (see Fig.16).  The results depicted in Fig. 16 give 

an idea of the variation in measured resonant frequencies from device to device.  The 

lowest resonant frequency measured for an out-of-phase coupled system was 96 MHz.  

4.4.3 DC Characterization 

 The coupled nanowire system, OP-A, was tested with DC bias voltages to extract 

the doping concentration within the wires and to demonstrate the depletion operation of 

the device (Fig. 17).  The electric current was measured at the source, like the RF current 

signal, resulting in negative values for the DC current.  The gate bias voltage, VG, was 

applied to the pair of polysilicon electrodes on the left side of Fig. 11, while the 

electrodes on the right side of Fig. 11 were left floating similar to the RF measurement 

test setup shown in Fig. 8.  As shown in Fig. 17, the gate tuned the resistance of the 

nanowire system.  At VG = 0V and with 5V < VD < 6.4V the resistance of the system was 

found to be 13.9 kW.  Using the dimensions of the nanowires, the resistivity was  
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Figure 17. DC operation of the coupled wire system.  The drain voltage was swept while 

VS was held at a constant at 2V, to mimic the biasing conditions used for the field-effect 

RF testing scheme, and VG was varied from -2V to 2V. 

 

calculated, 6X10-3 W-cm, giving a phosphorus dopant concentration (Nd) of 8X1018 /cm3. 

 CV measurements were performed to verify the depletion operation of OP-A.  

The bias voltages for these measurements were applied between the source contact and 

gate electrodes closest to the source.  The source voltage was held constant at ground (VS 

= 0V) while the gate voltage (VG) was swept from negative to positive voltages at three 

frequencies.  The capacitance bridge used to measure the CV characteristic of the device 

was limited to 20 kHz.  The expected capacitance of OP-A is on the order of 10-16 F, 

however, the measured values were on the order of 10-12 F (Fig. 18).   The CV response 

of OP-A was dominated by the capacitance coupling the source and gate contact pads 

through the lightly doped handle wafer.  At VGS = -2V, the average capacitance was 
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Figure 18.  CV response of OP-A at 200 Hz (red), 2 kHz (grey), and 20 kHz (purple).  

 

8X10-13 F.  The average capacitance was used to calculate an input resistance estimate of 

OP-A at 124 MHz to model the performance of the device, impedance = 1/(w0C).  The 

impedance was then used to calculate the small signal RF voltage for -14dBm (500mV).   

4.4.4 Model of Device OP-A 

 The resonant nanowire system was modeled in a quasi-static manner using the 

results from the resonant testing along with the resistance and capacitance of the system 

extracted from the DC measurements.  First the system was analyzed in the mechanical 

domain by calculating the displacement of the nanowire system, at discrete L = 50 nm 

intervals, beneath the forcing gate electrode at resonance.  The calculated displacement 

was then used in the electrical domain to determine the change in resistance as the 
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nanowire displaces up (towards the gate) and down (away from the gate) as shown in Fig. 

7B.   

4.4.4.1 Mechanical Domain Single 3rd Mode Nanowire Resonator 

 Ignoring the orthogonal coupling nanowire, the third bending mode of a single 

nanowire is described by the following expression: 

( )xxxx ββαββφ coscoshsinhsin −+−=       (4) 

LL
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nn

nn

ββ
ββα

coscosh
sinsinh

−
−

=         (5) 

where f is the modal displacement of the bending nanowire, bnL = 10.995 for the third 

bending mode, x is the location along the L = 10 mm nanowire.  In this mode the left 

nanowire anchored at the source contact (Fig. 19) has maximum displacement points at 

2.1 mm, 5 mm, and 7.9 mm relative to the source contact where x = 0 mm.  The mechanical 

analysis will focus on the nanowire region between x = 1 mm to x = 3 mm where the gate 

 

 

 

 

 

 

 

 

Figure 19.  Reprinted from Fig. 11 with the position convention used for third mode 

mechanical model.  x = 0 mm at the source contact. 
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electrode overlaps the region of the nanowire which was in the current path.  The 

effective mass meff and the effective spring constant, keff, of a third mode beam at a given 

point x, along its length L, are: 
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where KEtot is the kinetic energy of the bending nanowire, Xφ&  is the modal velocity of 

the nanowire at particular point x along the length of the resonator, Xφ  is the modal 

displacement of the nanowire at x, r is the density of silicon 2330 kg/m3, Wnw (280 nm) 

and Hnw (275 nm) are the width and height of the silicon nanowire respectively, and w0 is 

the measured resonant frequency (124.14 MHz in Fig.12).  Assuming the two lateral 

regions of the gate electrode are balanced electrostatically, the dynamic capacitive force 

applied by the gate electrode to the top surface of the nanowire at resonance, Fres, is: 

2
INnwE0GS

res d
vWLεVF =         (8) 

where VGS is the dc bias voltage between the nanowire and the gate electrode, LE is the 

length of the electrode (2 mm as fabricated), d is the dimension of the vertical gap 

between the electrode and the nanowire (100 nm from Fig. 7A), nIN is the amplitude of 

the input RF voltage signal 500 mV, and 0ε  is the permittivity of free space.  The 

harmonic displacement of the nanowire resonator, Y, is given by: 

eff

res

k
QF

Y =           (9) 

where Q = 4100 from the lorenztian fit (Fig. 12).  Since the nanowire system behaves as a 

linear resistor (Fig. 17), the average DC bias voltage at x = 2 mm is 2.5V under the 
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biasing conditions described in the caption of Fig. 12.  VGS = -2.5V, since the gate was 

grounded when the system was tested in the frequency domain.  Using Eqs. (4)-(9) the 

displacement was calculated at 50 nm intervals from x = 1.00 mm to x = 2.95 mm.  The 

maximum displacement of the third mode nanowire, calculated at x = 2.1 mm, was 5.3 

nm. 

4.4.4.2 Electrical Domain Single 3rd Mode Nanowire Resonator 

 In the electrical domain the gate electrode depletes the n+ silicon under negative 

DC bias voltages, where VG < VS (Fig. 20).  The depletion region adds a second capacitor 

in series with the air gap capacitor, Cgap, separating the nanowire from the gate electrode 

(Fig. 20).  The silicon depletion capacitance CDe is a function of the charge within the 

depletion region, QDe, and the potential drop across it VDe.  For the case shown in Fig. 20, 

the gate to source potential VGS can be written as [24]: 

DegapGS VVV +=             (10) 

where Vgap is the voltage drop across the gap between the electrode and the nanowire.   

 

 

 

 

 

Figure 20.  Adapted from [24] shows a generalized air-gap capacitor where the metallic 

polysilicon gate depletes n+ doped silicon at negative bias voltages VGS.  The depletion 

region adds a second capacitor in series with the air gap capacitor separating the 

nanowire from the gate electrode. 
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The charge within the depletion region, QDe, is now [24]: 

( )DeSiDe VFkTAQ εε 02=         (11) 

where A is the surface area of the capacitor, k is boltzmanns constant, Siε  is the relative 

permittivity of silicon, T is temperature in Kelvin and  
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where q is the charge of an electron, p0 is the concentration of holes in the silicon 

assumed to be 1010 /cm3, and Nd is the concentration of donors in the silicon [24].  The 

voltage drop across the gap can be rewritten as [24]: 
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which is substituted into Eq. (10) to arrive at an expression linking the voltage drop VGS 

from gate to source to both Vgap and VDe [24]: 

( )DeSiDeGS VFkTdVV εε
ε 0

0

2+=        (14) 

Equations (10), (12), and (14) were used to calculate VDe which was subsequently used to 

calculate the depletion length (XDe) from [24]: 

d

DeSi
De qN

V
X

εε 02
=  .        (15) 

 As shown in Fig. 21, three regions of the polysilicon gate deplete the 2 mm long 

nanowire resistor segment, from x = 1 mm to x = 3 mm.  Using Nd = 8X1018 /cm3 and VGS 

= -2.5V, the region of the gate above the nanowire depletes about 0.8 nm of the top 

nanowire surface, while the two lateral regions of the gate each deplete 1.0 nm of both 

lateral nanowire surfaces.  At resonance the electrical cross-section of Resistor 1 and 
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Figure 21.  Cross-section of the nanowire resistor under the polysilicon gate electrode. 

Ignoring DC displacement due to VGS, the top resistor (Resistor 1) has an electrical 

height of 214 nm and an electrical width of 278nm where the depletion dimensions were 

subtracted from the physical dimensions of the wire.  The bottom resistor (Resistor 2) has 

an electrical height of 60nm and an electrical width of 280nm.  Resistor 1 is in parallel 

with Resistor 2. 

 

Resistor 2 change, as shown in Fig. 7B, modulating the resistance of the nanowire.  The 2 

mm long resistor was broken up into 50 nm long segments (Fig. 22) to match the 

displacement intervals used in the mechanical analysis, from x = 1.00 mm to x = 2.95 mm.  

For the first half cycle of resonance where the wire displaces up, towards the gate, the 

values of Resistor 1 and Resistor 2 were calculated to the nearest Ohm using the 

displacement from the mechanical domain analysis to adjust the electrical dimensions of 

Resistor 1 and 2.  For example, if a 50 nm long segment was calculated to have a  
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Figure 22.  2 mm long resistor depicted displacing up towards the gate broken up into 50 

nm segments (not drawn to scale and vertical displacement is exaggerated).  The blue 

regions represent Resistor 1 and the red regions represent Resistor 2.  The dashed lines 

are the continuous displacement envelope of the nanowire resinator, using eqs. (4-9), for 

the 2 mm long region modeled.  The heights of Resistor 1 and Resistor 2 vary along the 

length of the 2 mm resistor.  The height given on the left of the figure is the physical 

height minus the vertical depletion region depicted at the top surface of Fig. 21. 

  

displacement of 2 nm, towards the gate in the mechanical domain, the cross sectional area 

of Resistor 2 and Resistor 1 was calculated to be 58*280 nm2 and 216*278 nm2 

respectively.  The resistivity extracted from the DC characterization was used to calculate 

the value of each resistor: 

1,2

S
1,2 Area

ρL
R =          (16) 

where LS = 50nm and Area1,2 is the respective area of Resistor 1 and 2.  For each 50 nm 

segment the total resistance was calculated as the parallel combination of Resistor 1 and 

Resistor 2 and rounded to the nearest Ohm.  Finally all 50 nm long segments were added 

in series.  This procedure was then repeated for next displacement half cycle (away from 
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the gate).  The quasi-static resistance, for a single third mode wire, was found to be RTUP 

= 1574 W, for up state, and RTDOWN = 1579 W for the down state.   

 At VD = 6.4 and VS = 2V the voltage drop across the 2 mm nanowire segment, 

V2mm, was calculated to be 0.5V using: 

( ) 






 −=
µm17.8
VVµm2V SD

m2µ         (17) 

assuming a linear resistor where 17.8 mm is the length of the path from drain to source.  

Employing the quasi-static approach the voltage drop, 0.5V, across the 2 mm long 

nanowire resistor was assumed to be constant for both resistor states (up and down).  The 

RF signal current, iRF, was calculated as the difference in current between the two 

resistance states:  









−







=

TDOWN

m2

TUP

m2
RF R

V
R
V

i µµ ,        (18) 

usually on the order of 1 mA.  The RF signal current was then multiplied by the 50 W 

internal resistor found at the second port of the network analyzer (Fig. 23), to calculate 

the small signal voltage, nRF.  The small signal voltage was calculated to be 50mV for the 

 

 

 

 

 

Figure 23. Small-signal circuit approximation of resonant nanowire resistor. TR is the 

average resistance of RTUP and RTDOWN.  RNA is the 50 W load resistor within port 2 of the 

network analyzer. 

iRF
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single third mode wire model.  The linear transmission gain, Fig. 12 along with the fitting 

function, were used to extract the output voltage measured by the network analyzer, 

estimated to be 79 mV.  The RF voltage, nRF, was underestimated by the model since the 

previous mechanical analysis ignores the stiffness contribution from the nanowire 

mechanically coupling the two resonators.  To estimate this stiffness contribution a 

harmonic analysis was done using an ANSYS 11 finite element model.   

4.4.4.3 ANSYS 11 Finite Element Mechanical Model for Device OP-A 

 The dimensions of the beams were extracted from SEM images.  Solid structural 

elements 186 were used to construct the mechanical model.  The silicon density was 

2.333X10-15 kg/mm3 in mMKS units and the stiffness matrix, C, for OP-A was calculated 

using the procedure outlined in [25] to orient X and Y as {110} surfaces while retaining 

Z as a {100} surface:   



























=

1.500000
00.80000
000.8000
0006.164.64.6
0004.65.195.3
0004.65.35.19

C  

each element in the matrix is multiplied by 104 yielding units of MPa for the mMKS 

scheme.  Finally, a constant damping ratio (1/2Q) was used for the ANSYS model where 

Q = 4100 from the lorentzian fit (Fig. 11).  Fres from Eq. (8) was applied to the top 

surface of the source nanowire from x = 1 mm to x = 3 mm (Fig. 24). 
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Figure 24.  Captured image from ANSYS 11 depicting the loading scheme for the 

harmonic analysis.  The pink colored features represent the anchor boundary condition 

applied to the model.  The corresponding anchor boundary conditions on top side of the 

figure are symmetric. 

 

 The resonant frequency of the ANSYS simulated system was about 125.1 MHz.  

The mechanical displacements calculated by ANSYS were extracted at 50 nm intervals.  

The calculated ANSYS displacement for each 50 nm long segment was then corrected by 

a multiplication factor which modeled electrostatic spring contributions.  Assuming equal 

effective masses for each data point of Fig. 16 the spring multiplication factor can be 

extracted by the ratio of resonant frequencies.  For example: 
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where f1 > f2, k1 > k2, f# and k# are the resonant frequency and effective spring constant 

for two distinct VD bias points.  For the data given in Fig. 16 the spring ratio ranged from 

0.99 to 0.97 for device OP-B.  The relative electrostatic spring correction factor increased 

the ANSYS calculated displacements by about 0.1 nm for each discrete 50 nm segment.   

 The maximum displacement at x = 2.1 mm was found to be 2 nm for the new 

ANSYS-based mechanical model as opposed to 5.3 nm using the third mode nanowire 

model.  The total resistance calculated for both up and down states, based on the ANSYS 

mechanical model, were RTUP = 1560 W and RTDOWN = 1569 W.  The calculated RF signal 

current, iRF, was 1.8 mA yielding a RF signal voltage of 92 mV, which is 12 mV larger than 

the extracted 79 mV.  The ANSYS model was then used to model OP-A at two more drain 

bias voltages.  The results are summarized in Table 1.    

VD (V) nRF Extracted RTUP (W) RTDOWN (W) V2mm (V) Modeled nRF 

5.5 76 mV 1560 1572 0.4 98 mV 

5.9 88 mV 1560 1571 0.44 99 mV 

6.4 79 mV 1560 1569 0.5 92 mV 

Average 81    96 

STD 6.2    3.8 

Table 1.  Comparison of nRF extracted from the measured transmission data and ANSYS 

based nRF model results at three drain bias voltages. 
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4.4.4.4 OP-A Model Discussion and Limitations 

 The nRF, extracted from the transmission data, was relatively stable with an 

average of 81 mV and a standard deviation of 6 mV (Table 1).  The discrete ANSYS based 

model predicts an average nRF of 96 mV with a standard deviation of 4 mV.  The predicted 

RF signal differs from the measured RF signal by an average of +15 mV.  The modeled 

RF output voltage, nRF, is heavily dependent on resonator displacement since the 3rd 

mode mechanical model overestimated the displacement resulting in a nRF = 50 mV and 

the ANSYS mechanical model underestimated resonator displacement producing a nRF of 

92 mV.  The actual displacement for OP-A must be slightly higher than the ANSYS 

model predicts.   

 The electromechanical model used to describe the performance of OP-A has the 

following limitations: 

1. The large parasitic capacitance negates the ability to directly measure quality 

factor from the measured signals using the 3dB requirement typically used for 

MEMS resonators. 

2. The input resistance was estimated using the measured parasitic capacitance, 

shown in Fig. 18. The estimated input resistance was subsequently used to 

calculate the output voltage from the S21 transmission measurements. 

3. The discrete modeling approach inevitably results in rounding errors for both 

displacement and resistance which may increase or decrease the modeled signal 

level. 

4. Second order effects were ignored (e.g. resistivity gradients within nanowires, 

residual stress from the nitride anchors and high phosphorus doping levels). 
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However, the piecewise linear electromechanical model does provide a plausible 

explanation for the origin of the RF signal sensed with the network analyzer since the 

model results and the results from the data are on the same order of magnitude and only 

differ by an average of 15 microvolts. 

4.4.5 OP-A Transconductance Calculation 

 The transconductance of device OP-A was calculated using only the measured S21 

linear magnitude (Figs. 12 and 25) and phase (Figs. 13 and 26) because the other S 

parameters could be ignored (see Appendix B).  Although OP-A did not operate as a 

transistor, the calculation procedure outlined in Appendix B was adapted from [27].  The 

transconductance of OP-A was calculated using Eqs. (B.2),(B.5),(B.7) and (B.9) from 

Appendix B.  The absolute value of the peak transconductance calculated for OP-A was 

7.2X10-6 S (Fig. 27). 

 

 

 

 

 

 

 

 

Figure 25. S21 linear magnitude of device OP-A (black trace) and estimated field-effect 

feedthrough magnitude (purple trace) from Fig. 12. 
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Figure 26. S21 phase of device OP-A (black trace) and estimated field-effect feedthrough 

phase (purple trace). 

 

 

 

 

 

 

 

 

 

Figure 27. Calculated transconductance of device OP-A as a function of frequency. The 

transconductance is negative because of the definition used in Appendix B.  

 

-29

-28

-27

-26

-25

-24

S2
1 

Tr
an

sm
is

si
on

 P
ha

se
 (D

eg
.)

124.20124.15124.10124.05
Frequency (MHz)

-6

-4

-2

0

G
m

 R
ea

l (
µ

S)

124.20124.15124.10124.05
Frequency (MHz)

Calculated at 6.4V



 112

 The calculated transconductance (Fig. 27) was about two times larger than the gm 

estimated using the definition for solid-state devices: 

G

RF

G

S

G

D
m v

i
V
I

V
Ig ≈

∂
∂

≈
∂
∂

≡         (19) 

where iRF is the extracted or modeled small signal current from section 4.4.4 and nG = 

500mV.  For VD = 6.4V, VS = 2V, VG = 0V, and nRF = 500mV Eq. (19) gives gm = 

1.6 mA/500mV or 3.2X10-6 S.  The gm for the ANSYS based model, for the same biasing 

conditions, was calculated to be 1.8 mA/500mV or 3.6X10-6 S.  Equation (B.9) from 

Appendix B multiplied the real component of S21 by 2 accounting for the factor of two 

difference with respect to the results obtained from Eq. (19). 

4.5 Nonlinear Nanowire Resonators 

 The remaining nanowire resonators tested were nonlinear, including the in-phase 

coupled nanowire resonators.  Both the S21 transmission magnitude measurements and 

the corresponding phase measurements confirmed the nonlinear behavior of the devices. 

4.5.1 (100) Nonlinear Coupled Resonators 

 The nonlinear response of both the in-phase and out-of-phase coupled nanowire 

resonators oriented at a 45-degree angle from the flat was the direct result of the 

polysilicon gate electrode geometry.  The polysilicon gate electrodes for these devices 

were purposely designed to have lengths of 1 mm.  Gate electrode misalignment coupled 

with the SF6 plasma over-etch step contributed to the creation of asymmetric lateral gates 

for both the (100) coupled resonators, in-phase and out-of-phase devices (Fig. 28).   
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Figure 28.  Polysilicon gate electrodes for A) (100) in-phase coupled resonator and  B) 

(100) out-of-phase coupled resonator.  The devices were located next to each other on 

the same die. 

 

 Figure 29 shows the measured S21 transmission response for the out-of-phase 

device with 260 nm wide nanowires and an in-phase device with similar width 

nanowires.  The phase response for each (100) device was no longer as smooth as the 

phase response for OP-A (Fig. 13) suggesting a likely transition into nonlinear operation 

for both devices.  It should also be noted, from Fig. 29, that the resonant frequency of the 

in-phase device, 110 MHz, was larger than the out-of-phase coupled device, 108 MHz, 

even though the in-phase device was biased at a larger VD.  A modal analysis was 

performed on ANSYS 11 assuming 260 nm wide nanowires and using the (100) stiffness 

matrix for Silicon.  The resonant frequency was calculated to be 104.3 MHz for the in-

phase mode and 111.8 MHz for the out-of-phase mode.  ANSYS also predicts a distinct 

in-plane mode at 111.9 MHz (Fig. 30) which has roughly the same resonant frequency as 

the out-of-phase mode.  Since the gate electrodes for the both in-phase and out-of-phase 

 

A) B)A) B)
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Figure 29.  A) Magnitude response and B) Phase response of (100) Out-of-Phase 

resonator with VD = 5.7V, VS = 2V, VG = 0V, and PRF = -14dBm.  C) Magnitude 

response and D) Phase response of (100) In-of-Phase resonator with VD = 6V, VS = 2V, 

VG = 0V, and PRF = -14dBm.   

 

 

 

 

 

 

 

Figure 30. In-plane mode predicted by ANSYS 11 for 260nm wide (100) coupled 

nanowires. 

-55.8

-55.7

-55.6

-55.5

-55.4

-55.3

S2
1 

Tr
an

sm
is

si
on

 (d
B

)

108.6108.5108.4108.3108.2
Frequency (MHz)

(100) Out-of-Phase Magnitude

-7

-6

-5

-4

-3

-2

S2
1 

P
ha

se
 (D

eg
re

es
)

108.6108.5108.4108.3108.2
Frequency (MHz)

(100) Out-of-Phase

-56.1

-56.0

-55.9

-55.8

-55.7

S2
1 

Tr
an

sm
is

si
on

 (d
B

)

110.2110.1110.0109.9
Frequency (MHz)

(100) In-Phase Magnitude

-19

-18

-17

-16

S
21

 P
ha

se
 (D

eg
re

es
)

110.2110.1110.0109.9
Frequency (MHz)

(100) In-Phase

A
B

C D

-55.8

-55.7

-55.6

-55.5

-55.4

-55.3

S2
1 

Tr
an

sm
is

si
on

 (d
B

)

108.6108.5108.4108.3108.2
Frequency (MHz)

(100) Out-of-Phase Magnitude

-7

-6

-5

-4

-3

-2

S2
1 

P
ha

se
 (D

eg
re

es
)

108.6108.5108.4108.3108.2
Frequency (MHz)

(100) Out-of-Phase

-56.1

-56.0

-55.9

-55.8

-55.7

S2
1 

Tr
an

sm
is

si
on

 (d
B

)

110.2110.1110.0109.9
Frequency (MHz)

(100) In-Phase Magnitude

-19

-18

-17

-16

S
21

 P
ha

se
 (D

eg
re

es
)

110.2110.1110.0109.9
Frequency (MHz)

(100) In-Phase

A
B

C D



 115

devices were laterally asymmetric, the in-plane mode might have been actuated for both 

devices.  The nonlinear behavior and the measured resonant frequencies of both devices 

also hint at the in-plane resonant mode.  Further testing to confirm this conclusion was 

not possible since the out-of-phase device was destroyed during testing.  SEMs later 

confirmed that the coupling nanowire was destroyed by the current passing through the 

device, see Fig. 31.  The (100) in-phase device no longer functioned after imaging the 

device with the SEM, which may have been due to electrons charging the isolated SOI 

nanowires during imaging.   

 

 

 

 

 

 

 

 

Figure 31.  Damaged coupling wire of the (100) out-of-phase device.  The conduction 

path from the source to drain was severed. 

 

4.5.2 Nonlinear 2nd Mode Nanowire Resonators  

 The second mode nanowires resonators were the first devices tested using the 

field-effect resistance modulation measurement technique.  The S21 transmission response 

of these devices was extremely nonlinear.   
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 A 11 mm long 2nd mode device was first tested as a two port capacitive resonator 

(Fig. 32) up to 40 MHz.  Two gate electrodes, separated by 1.9 mm, were used to force 

and sense the displacement of the nanowire capacitively (Fig. 32) while the nanowire was 

biased at 8V.  Only one very small resonant peak was detected within the 40 MHz 

frequency span at an input power of -7dBm (Fig. 33A).  The large capacitive feedthrough 

overwhelmed the two port capacitive signal from the vibrating nanowire.  Then the field-

effect testing technique was performed on the same device with VD = 3V, VS = 2V, and 

VG = 0V with PRF = -10dBm.  Figure 33B shows the measured transmission response for 

the field-effect measurement in which two nonlinear peaks were detected.  The first field-

effect peak (Fig. 33C) was measured at the same resonant frequency as the two port 

capacitive peak coinciding with the (100) fundamental mode at 19.2 MHz, predicted with 

 

 

 

 

 

 

 

 

Figure 32.  Two port capacitive test set-up for the first 2nd mode nanowire resonator 

tested.  The nanowire for this device was aligned with the flat for (110) sidewalls and was 

380 nm wide and 11 mm long.  

 

RF SENSE 
ELECTRODE

RF DRIVE 
ELECTRODE VDC APPLIED 

TO THE 
NANOWIRE

1.9 mm

RF SENSE 
ELECTRODE

RF DRIVE 
ELECTRODE VDC APPLIED 

TO THE 
NANOWIRE

1.9 mm



 117

 

 

 

 

 

 

 

 

 

 

Figure 33.  A) Two port capacitive S21 Transmission Magnitude for VDC = 8V and PRF = -

7dBm.  B) Field-Effect S21 Transmission Magnitude for VD = 3V, VS = 2V, VG = 0V, and 

PRF = -10dBm.  C) A close up of the first field-effect peak shown in (B).  D) A close up 

view of the second resonant peak measured in (B). 

 

an ANSYS modal analysis.  The field effect measurement of the first mode had a larger 

magnitude than the two port capacitive measurement even though the feedthrough was 

larger for the field-effect measurement.  The second resonant peak (Fig. 33D), from the 

field-effect measurement shown in Fig. 33B, coincides with the (110) fundamental mode 

at 28.1 MHz predicted with ANSYS.  The measured (110) fundamental mode may be the 

result of unequal lateral gap spacing on either side of the nanowire resonator since there 

was no visible gate asymmetry in Fig. 32 similar to the gate asymmetry shown in Fig. 25.   
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 After compiling the data, from Fig. 33, it was realized that the resonant 2nd mode 

frequency was outside of the target 40 MHz span initially used for both the two port 

capacitive and field-effect measurements.  The device was subsequently tested in the 

field-effect configuration at frequencies above 40 MHz.  The resonant frequency of the 

2nd mode was measured at 53 MHz, moreover, the device was exhibiting tapping mode 

behavior similar to the work reported in [26] (Fig. 34).  VD and PRF were decreased to 

measure the linear magnitude response of the device, however, all attempts to extract the 

linear response were unsuccessful.  After the device was imaged with the SEM to extract 

the nanowire dimensions, it no longer operated.  All subsequent 2nd mode nanowire 

resonators were tested using the field-effect technique because the output signals from the 

 

 

 

 

 

 

 

 

 

Figure 34.  S21 Transmission magnitude measurement for the 11 mm long second mode 

device.  VD = 3.1V, VS = 2V, VG = 0V, and PRF = -10dBm.  The measured transmission 

response exhibits tapping mode characteristics. 

 

-56.6

-56.4

-56.2

-56.0

-55.8

S2
1 

Tr
an

sm
is

si
on

 (d
B)

53.353.253.153.052.9
Frequency (MHz)

Pull-In Discontinuity

Tapping Mode 
Operation Begins

Nonlinear Response Begins Here

Tapping Mode
Operation Ends



 119

nanowire resonators were more easily measured in the presence of large parasitic 

capacitances than the one-port or two-port capacitive techniques.   

 A 16 mm long, 350 nm wide second mode resonator was also tested.  The (110) 

aligned device was adjacent to the 11 mm long device described above, (Fig 35).  The 

distance between the gate electrodes was 3 mm for the 16 mm nanowire resonator, so the 

(100) fundamental mode was not actuated like the previous shorter device, however, the 

device was still nonlinear.  A 1dB peak was measured at a resonant frequency of 29.9 

MHz (Fig. 36), ANSYS predicts the second mode at 28 MHz.  Attempts to extract the 

linear response of the device also failed.  

 

 

 

 

 

 

 

 

 

Figure 35.  A (110) aligned 16 mm long and 350 nm wide 2nd mode resonator.  PRF = -

10dBm, VD = 3.4V, VS = 2V and VG = 0V. 

 

 Some (100) oriented 2nd mode nanowires were also tested (Fig. 37).   The 

anticipated resonant frequency for the 16 mm device was 24.8 MHz and 48.1 MHz for the  
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11 mm long device.  Figure 37A demonstrates the ability to tune the resonant frequency 

and Fig. 37B shows just how sensitive the magnitude response is to the RF signal power.  

Both (100) 2nd mode devices were still highly nonlinear.     

 

 

 

 

 

 

 

 

Figure 36.  S21 transmission magnitude for the device shown in Fig. 32. 

 

 

 

 

 

Figure 37.  S21 transmission data for (100) second mode devices. A) 16 mm long, 330 nm 

wide nanowire response with VD = 3.2V (black) or 3V (red) , VS = 2V, VG = 0V, and PRF 

= -13dBm. B) 11 mm long, 380 nm wide nanowire response with VD = 3.2V, VS = 2V, VG 

= 0V, and PRF = -14dBm (black) and -15dBm (pink). 
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4.6 Chapter Summary 

  A new field-effect measurement technique for silicon nanowire resonators has 

been demonstrated on both single nanowire resonators and mechanically coupled 

nanowire resonant systems.  The measurement technique exploits the semiconducting 

nature of single crystal silicon by employing electric fields to deplete three surfaces of the 

silicon nanowires.  Harmonic motion is induced electrostatically with localized tri-gate 

polysilicon electrodes.  As the nanowires deflect, the depletion regions on the lateral 

surfaces of the wire grow and recede, altering the resistance of nanowire segments 

located beneath the gate electrodes.  The DC current passing through the wires at 

resonance is subsequently modulated and the AC current component can be easily 

detected with a network analyzer even in the presence of large parasitic capacitances. 

 A first-order model was developed to explain the electromechanical behavior of 

the device.  Although the results of the model did not exactly match the measured 

response of the device, the model does lend credence to the proposed depletion-mode 

field-effect sense mechanism.  Finally, nonlinear nanowire resonators were demonstrated 

using the field-effect characterization technique at relatively low bias voltages, which 

may open possibilities for integration with CMOS electronics for signal processing and 

computation applications. 
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Chapter 5. Conclusions and Future Work 

 The previous chapters have described the design, fabrication, and characterization 

of silicon nanowire based resonant systems.  Silicon nanowires were used as mechanical 

coupling beams which perturbed the frequency response of a coupled pair of flexural-

mode MEMS resonators.  Single nanowire and mechanically coupled nanowire 

resonators were characterized using a new field-effect detection scheme, which may 

facilitate integration with CMOS electronics. 

5.1 Nanowire Coupled MEMS Resonators Conclusions 

 Precise control over the nanowire coupler dimensions and location is required for 

future ultra-narrow bandwidth MEMS filters.  Therefore, the combination of i-line 

photolithography, photoresist ashing, and focused ion beam etching used to fabricate the 

coupled devices described in Chapter 2 is not well suited for MEMS filters.  In addition 

to nanoscale coupling beams, narrow band MEMS filters should be fabricated with high-

Q MEMS resonators to minimize insertion loss [1].  The nitride pillars anchoring the 

MEMS resonators are etched when the coupled systems are released in vapor HF, 

resulting in low-Q resonators due to increased anchor losses and unmatched MEMS 

resonators due to variations in anchor stiffness.   The coupled resonant devices do not 

have a ground plane and capacitive signals are only measured with one of the MEMS 

resonators limiting the signal-to-feedthrough ratio of the measured magnitude response. 

 In spite of the above limitations, a low-velocity coupled MEMS filter was 

demonstrated with a bandwidth of 60 kHz at 18 MHz.  The bandwidth, or frequency 

spans, of the maximum velocity coupled devices could not be tuned below 780 kHz 

because the nanowire couplers buckled after they were trimmed with a focused ion beam 
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to widths below 200 nm.  Although the nanowire coupled MEMS resonators were not 

suitable for use as electromechanical signal processing devices, the silicon nanowires 

described in this thesis behaved as excellent flexural-mode coupling beams for clamped-

clamped MEMS resonators.  The coupled devices could ultimately find use as 

nanometrology instruments since their frequency span, or bandwidth, was sensitive to the 

stiffness of the nanowire coupler.   

5.2 Silicon Nanowire Resonators Conclusions 

 A new field-effect transduction scheme was demonstrated on silicon nanowire 

resonators at room temperature in a vacuum of 1 mTorr.  In contrast to the 

magnetomotive transduction technique [2], the signals measured using the field-effect 

detection technique were an order of magnitude larger than the magnetomotive 

techniques (10s of microvolts compared to single microvolts).  However, the signal to 

background, or feedthrough, levels for field-effect sensed nanowire resonators are about 

0.2 dB compared to 8 dB for inductively sensed nanowire resonators [2].  Consequently, 

the quality factors of the field-effect sensed silicon nanowire resonators were estimated 

using a lorentzian curve fit.  While the field-effect detection method was less 

electronically complex than the signal mixing technique demonstrated on resonating 

carbon nanotubes (CNTs) [3,4], the carbon nanotube resonators were operated at room 

temperature and at ambient pressure.  Futhermore, a DC bias current was not required for 

the signal mixing technique.  However, unlike the mixing scheme, the demonstrated 

field-effect detection scheme produced detectable RF signals in the presence of large 

parasitic capacitances.  Finally, the surface quality of the silicon nanowires appears to 
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degrade over time corresponding to a drop in transmission magnitude for field-effect 

sensed silicon nanowires.   

5.3 Suggestions for Future Work 

5.3.1 Top Down Fabrication Process 

 Pillar-type anchors are required to suspend polysilicon tri-gate electrodes above 

MEMS and NEMS resonators with gaps on the order of tens of nanometers.  Undoped 

poly diamond or SiC pillars should be used in future fabrication processes to avoid 

anchor damage during the vapor HF release step.  Acoustically mismatched anchor 

materials could also minimize anchor losses resulting in higher quality factor resonators 

[5].   

 Modern 193 nm photolithography should be used to pattern the silicon nanowires 

with proximity correction to provide tighter control over the length and width of the 

nanostructures.  Nanowires with widths on the order of tens of nanometers could be 

patterned with 193 nm lithography techniques used in the microelectronics industry. 

 A thin dry oxide passivation layer should be grown on the silicon nanowire 

resonators to control the surface charge density of the nanowires [6].  A high dielectric 

constant material, which is resistant to HF, should be deposited on top of the passivation 

layer to ensure that the field-effect transduction efficiency does not decrease over time.  

The lateral sacrificial oxide should be thinner to ensure greater gate control over the 

lateral nanowire surfaces.  Alternatively, an encapsulation process could be developed or 

adapted to encase the devices in a suitable vacuum environment. 

 Finally, SOI wafers with highly doped handle wafers should be used as the 

starting material to provide a ground plane for the resonant devices.  Highly doped silicon 
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structures, which are electrically coupled to the ground plane, should be fabricated in 

close proximity to the resonant devices to further reduce the magnitude of the 

feedthrough capacitance. 

5.3.2 Nanowire Coupled MEMS Resonators 

 Extensional-mode nanowires should be coupled to high-Q bulk mode resonators 

in order to create ultra-narrow bandwidth MEMS filters.  Lateral VLS nanowires are 

ideal for this application because their stiffness could be much lower than couplers with 

the same height as the MEMS resonators [7,8].  Furthermore, once the metallized tip of 

lateral VLS nanowires makes contact to opposing lateral silicon surfaces, a mechanically 

rigid epitaxial link to the opposing surface is created [9,10].  An oxide window process 

could be adapted to grow silicon nanowires on the lateral surfaces of single or poly 

crystalline resonators [11] (reviewed in Appendix C), however device yields would be 

low because VLS nanowire synthesis is still a random process. 

 Extensional-mode nanowire couplers could be used to study the giant 

piezoresistance effect [12,13,14] of silicon nanowires as a function of frequency, similar 

to [15].  The envisioned piezoresistance probe system would require multiple bulk-mode 

resonators with either conductive or non-conductive VLS nanowire couplers to 

electrically isolate bulk-mode mechanical drive resonators from the source and drain 

resonators (see Fig. 1). 

 RF strained FET operation could potentially be demonstrated provided that 

double- or tri-gate electrodes are in close proximity to the extensional mode nanowire 

(gap < 20 nm) to achieve reasonable threshold voltages (Fig. 1).  A passivation layer 

must be grown on the nanowire to control its surface charge density and to ensure that the  
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Figure 1. Bulk-mode resonator architecture proposed to probe the piezoresistive 

properties of nanowires at RF frequencies. The left and right most resonators are 

actuated electrostatically and electrically isolated from the source and drain resonators. 

The RF signal would be sensed out of the source or drain resonators. The mechanical 

drive resonators would induce a longitudinal mechanical strain on the nanowire between 

the source and drain.  

 

threshold voltage does not drift significantly [16]. 

5.3.3 Silicon Nanowire Resonators 

 The DC current path should be shortened to decrease the drain voltage required to 

extract a detectable signal from the mechanically coupled nanowire resonators.  This can 

be accomplished by redesigning the layout such that the drain and source electrodes make 

contact to the opposing ends of the same nanowire (Fig. 2).  The layout redesign would 

also free up the second parallel nanowire which could be used exclusively to drive the 

sense nanowire mechanically (see Fig. 2).  The nanowire mechanical coupler should be 

highly resistive to minimize the current flowing between the drive and sense nanowires  
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Figure 2. The proposed layout redesign would create a drive and sense nanowire 

configuration. A high resistance nanowire coupler would be required for this redesign. 

  

through the nanowire coupler. 

 Multiple port operation could be demonstrated by mechanically coupling many 

nanowire resonators.  In addition, multiple in-phase vibrating nanowires could be 

connected in parallel such that all the RF current signals add [1].  Assuming a 10 mm 

long, 280 nm wide nanowire has a resistivity of 6X10-3 W-cm, the resistance of the 

nanowire would be 7.8 kW; therefore, approximately 150 parallel nanowire resonators 

would be required to match to the 50 W impedance of a network analyzer.   

 Other mechanical coupling strategies should be investigated such as torsional-

mode couplers [8].  Capacitive coupling strategies should also be pursued similar to the 

work presented in [17]. 
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 Finally, the frequency, gate length, electrostatic gap, and nanowire diameter limits 

would have to be investigated for the field-effect sensing technique described in Chapter 

4.  The method could also be adapted to single or multiple VLS nanowires provided that 

a suitable merged VLS-microfabrication process is designed.   
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Appendix A.  Maximum Velocity Coupled Device Model 

The general procedure for modeling maximum velocity devices outlined in section 2.6 

was followed to estimate the frequency span of MVA with a 232 nm wide coupler (Ch. 2, 

Fig. 15) and the nanowire tethered island coupler from Chapter 2 (Fig. 17). 

MVA results (with 232 nm coupler)  

 

 
 
 
 
 
 
 
 
 
 
 
 
Table A1. Data from MVA with FIB trimmed 232 nm wide coupler. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table A2. Model results for MVA with FIB trimmed 232 nm wide coupler. 
 
 
(A.1) ( ) PP0 bVaVf += , a = 18.50 MHz  = f0, and b = -0.05 MHz/V with R2 = 0.972 
 
(A.2) ( ) 2

PPPEFF cVbVaVV ++= , a = -0.26V, b = 0.81, c = -0.03/V with R2 = 0.964 

0.8417.9318.3517.5112
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0.8417.9818.4017.5610.5

0.8518.0118.4317.5810

0.8418.0418.4617.629.5
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Figure A1. Center frequencies for the FIB trimmed MVA (232 nm wide coupler) versus 

VP. The red fitting curve was generated in Origin using a linear fit due to the inflection 

point recorded at 11V. The unbiased resonant frequency, f0, used for the model was 18.50 

MHz 

 

 

 

 

 

 

 

 

Figure A2. VEFF calculated using Eqs. (15) and (16) given as discrete points for MVA 

after the coupler was trimmed with the FIB (232 nm wide) and the Origin derived 

function from Eq. (A.2) (red trace). 
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 MVA (232 nm) was also modeled using the VEFF Origin fit, Eq. (17) for MVA 

before the coupler was trimmed and f0 = 18.23 MHz.   The results are given in Table A3.  

The results closely match the model results from Table 2A. 

 

 

 

 

 

 

 

Table A3.  Model results for MVA (232 nm wide coupler) using f0 = 18.23 MHz and VEFF 

from Eq. (17) with a = -0.77 V, b = 0.39, and c = -6E-4 /V just like MVA with the 380 nm 

wide coupler. 

 

Model Results for the Device Shown in Chapter 2 Fig. 17  

 The width of the coupler was calculated using a weighted average: 

(A.3) 
( ) ( ) ( ) [ ]nm

LLL
L180L460L160

W
RTISLT

RTISLT
AVE_FIG17 ++

++
=  

where LLT, LIS, and LRT are the lengths of the left tether (2.8 mm), island (1 mm), and right 

tether (2.6 mm) respectively.  
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Freq. Span (MHz)Center Freq. (MHz)Mode 2 (MHz)Mode 1 (MHz)Bias Voltage (V)
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0.7818.0218.4117.6310.5

0.7818.0518.4417.6610

0.7818.0718.4617.689.5
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Table A4. Data before the nanowire coupler was trimmed at PRF = -14dBm. 

 

 

 

 

 
 
 
 
Table A5. Measured response after the nanowire coupler was trimmed at PRF = -17dBm. 

 
 
 
 
 
 
 
 
 
 
 
 
Table A6. Modeling results after the nanowire coupler was trimmed at PRF = -17dBm. F0 

was estimated to be 16.72 MHz from the maximum value of Eq. (A.3). 

(A.4) ( ) 2
PPP0 cVbVaVf ++= , a = 16.54 MHz, b = 0.11 MHz/V, c = -0.02 MHz/V2 with 

R2 = 0.964. 

(A.5) ( ) PPEFF bVaVV += , a = -2.97V,  b = 0.87 with R2 = 0.982. 

1.4916.5317.2715.787
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1.4816.6017.3415.866
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Figure A3. Center frequencies for the maximum velocity device from Fig. 17 Ch. 2 versus 

applied voltage (from Table A5). The red fitting curve was generated in Origin Eq. (A.4). 

The unbiased resonant frequency used for the model was 16.72 MHz. 

 

 

 

 

 

 

 

 

Figure A4. VEFF calculated using Eqs. (15) and (16) and the Origin derived function from 

Eq. (A.5) (red trace).  
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Appendix B. Transconductance Calculation 

 Measured S parameters are typically required to calculate the transconductance of 

RF field-effect transistors.  Using the linear magnitude, referred to as M for this 

discussion, and the phase θ of the S parameters the real and imaginary components can be 

calculated: 

(B.1) ( ) ( )xyxyxyxyxy θsinjMθcosMS +=          

where j = 1− , the cosine term and the sine term are the real and imaginary components 

of Sxy respectively.  The real and imaginary components of the S parameters are then 

used to calculate the transconductance gm using [1]: 

(B.2) ( )21m yRealg = , where         

(B.3) ( )( ) ( )( )211222110

21
21 SSS1S1Z

2Sy
−++

−
=        

Z0 = 50 W is typically used for transistor calculations [1].   

 Although the nanowire resonators described in Chapter 4 are not vibrating 

transistors, Eqs. (B.1)-(B.3) were used to calculate the transconductance of vibrating 

nanowire resistors.  S11, S12, and S22 were not measured for device OP-A.  However, a 

new device, with the same orientation (Fig. 1B), was released and all four S parameter 

were measured (Figs. 2B-9B).  The S parameters were measured at VD = 6V, VS = 2V, 

VG = 0V, and PRF = -14dBm, represented by the black traces in Figs. 2B-9B.  To measure 

the feedthrough levels, represented by the purple traces in Figs. 2B-9B, the drain voltage 

was decreased to VD = 5.2V while maintaining the other voltages and RF signal power 

constant.  A S11 signal peak was not visible in Figs. 2B-3B, so S11 was eliminated from 

Eq. (B.3): 
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(B.4) ( ) ( )( )2112220

21
21 SSS1Z

2Sy
−+

−
=  .        

 

 

 

 

 

 

 

Figure 1B. Out-of-phase device, with 290 nm wide nanowires, used to measure S11, S22, 

S12, and S21. 

 

 

 

 

 

 

 

 

 

 

Figure 2B. S11 linear magnitude. The black trace is the measured signal and the purple 

trace is the feedthrough. 
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Figure 3B. S11 phase. The purple feedthrough phase lies on top of the black signal phase. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4B. S22 linear magnitude. The black trace is the measured signal and the purple 

trace is the feedthrough. 
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Figure 5B. S22 phase. The black trace is the measured signal and the purple trace is the 

feedthrough. 

 

 

 

 

 

 

 

 

 

 

Figure 6B. S12 linear magnitude. The black trace is the measured signal and the purple 

trace is the feedthrough. 
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Figure 7B. S12 phase. The black trace is the measured signal and the purple trace is the 

feedthrough. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8B. S21 linear magnitude. The black trace is the measured signal and the purple 

trace is the feedthrough. 
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Figure 9B. S21 phase. The black trace is the measured signal and the purple trace is the 

feedthrough. 

 

 S22, S12, and S21 were redefined with respect to the feedthough levels measured 

for each parameter.  The relative phase qRxy for each S parameter was defined as: 

(B.5) xyFTxyRxy θθθ −=            

where qxy corresponds to the black phase traces measured for each Sxy and qxyFT 

corresponds to the purple feedthrough levels measured (Figs. 5B,7B and 9B) for each Sxy.  

qxyFT was then set to zero over the 160 kHz frequency span depicted in Figs. 5B,7B and 

9B.  The real and imaginary components of S22, S12, and S21 were also normalized to the 

feedthrough levels: 

(B.6) ( ) ( ) ( ) ( )0sinjM0cosMθsinjMθcosMS xyFTxyFTRxyxyRxyxyRxy −−+=     
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(B.7) ( ) ( ) xyFTRxyxyRxyxyRxy MθsinjMθcosMS −+=        
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where Mxy is the linear magnitude of the S parameters, black traces from Figs. 4B,6B and 

8B, MxyFT is the linear magnitude of the S parameter feedthrough levels, purple traces 

from Figs. 4B,6B and 8B.  Equation (B.4) now becomes: 

(B.8) ( ) ( )( )R21R12R220

R21
21 SSS1Z

2Sy
−+

−
= .        

Equations (B.8) and (B.2) were then used to calculate the transconductance of the device 

shown in Fig. 1B (see Fig. 10B).  Since S12 was very small relative to the feedthrough 

level, the SR12SR21 term was dropped from Eq. (B.8) and the transconductance was 

recalculated (Fig. 11B).  Finally SR22 was also eliminated from Eq. (8.B) leaving only 

SR21 to calculate the transconductance (Fig. 12B): 

(B.9) 
0

R21
21 Z

2Sy −
= .          

The peak values of transconductance for Figs. 10B-11B were 6.69X10-6 mS compared to 

6.68X10-6 mS for Fig. 12B.  Therefore, the only S parameter that matters for the 

mechanically coupled out-of-phase resonators is S21. 

 

 

 

 

 

 

 

 

Figure 10B. Transconductance calculated using Eqs. (B.8) and (B.2). 
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Figure 11B. Transconductance calculated using Eqs. (B.8) and (B.2) without SR12. 

 

 

 

 

 

 

 

 

 

 

Figure 12B. Transconductance calculated using Eqs. (B.9) and (B.2). 
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 The transconductance for OP-A was calculated at VD = 5.5 and 5.9V using only 

the S21 forward transmission measurements (Figs. 13B-16B).  The feedthrough levels for 

these devices were estimated using the one port capacitive measurements.  The 

transconductance plots for 5.5 and 5.9V are given in Figs. 16B and 17B respectively. 

  

 

 

 

 

 

 

Figure 13B. S21 linear magnitude for device OP-A at VD = 5.5V, VS = 2V, VG = 0V, and 

PRF = -14dBm. The feedthrough level was estimated with the one-port capacitive 

transmission. 

 

 

 

 

 

 

 

Figure 14B. S21 phase for device OP-A at VD = 5.5V, VS = 2V, VG = 0V, and PRF = -

14dBm. The feedthrough level was estimated with the one-port capacitive transmission. 
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Figure 15B. S21 linear magnitude for device OP-A at VD = 5.9V, VS = 2V, VG = 0V, and 

PRF = -14dBm. The feedthrough level was estimated with the one-port capacitive 

transmission. 

 

 

 

 

 

 

 

 

Figure 16B. S21 phase for device OP-A at VD = 5.9V, VS = 2V, VG = 0V, and PRF = -

14dBm. The feedthrough level was estimated with the one-port capacitive transmission. 
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Figure 17B. Transconductance calculated using eqs. (B.8) and (B.2) for device OP-A at 

VD = 5.5V, VS = 2V, VG = 0V, and PRF = -14dBm.  

 

 

 

 

 

 

 

 

 

Figure 18B. Transconductance calculated using eqs. (B.8) and (B.2) for device OP-A at 

VD = 5.9V, VS = 2V, VG = 0V, and PRF = -14dBm.  
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Reference: 

[1] J. Saijets and M. Aberg, “MOSFET RF Extraction Uncertainties Due to S 

 Parameter Measurement Errors,” Physica Scripta, Vol. T114, 2004, pp.244-247. 
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Appendix C. Top-Down and Bottom-Up Process Integration 

 A fabrication process was developed to integrate bottom-up VLS nanowires with 

top-down silicon on insulator (SOI) microstructures.  VLS nanowire nucleation sites were 

defined on the sidewalls of the microstructures with i-line photolithography followed by a 

hydrofluoric acid etch step to remove oxide from the lateral surfaces of the 

microstructures.  The process was used to create microstructures suspended by arrays of 

lateral silicon nanowires.  The simplest structure consisted of a nanowire array clamped 

to the sidewall of an anchor structure at one end and to a freely suspended micropaddle at 

the other; the device resembled a single clamped microcantilever with a body composed 

of a uniformly dense, well-oriented nanowire array instead of bulk Si (see Fig. 1C). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1C. Released silicon nanowire array based microcantilever. SOI sidewalls are 

(111) to grow lateral VLS nanowires. 
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 Six inch (110) SOI wafers with (111) flats were used as the starting material for 

the merged process (Fig. 2C).  The (111) oriented crystal planes were required to grow 

lateral VLS nanowires from the sidewalls of the microstructures [1].   

 First, the device layer was thermally oxidized to obtain a 160 nm thick oxide layer 

(Fig. 3C).  Then, the micropaddles and the anchors were defined with (111)-oriented  

 

 

 

 

 

 

 

 

Figure 2C. Top view and cross section view of the boron doped (110) SOI wafer.  

 

 

 

 

 

 

 

 

Figure 3C. A 160 nm thick thermal oxide was grown on the device layer 
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sidewalls with optical lithography and subsequent reactive ion etching of the top oxide 

and Si device layer (Fig. 4C).  A 50 nm oxide was thermal grown or deposited (high 

temperature oxide) on the trench sidewalls (Fig. 5C).  A final lithography step was  

 

 

 

 

 

 

 

 

Figure 4C. The micropaddle was defined and etched into the device layer. 

 

 

 

 

 

 

 

 

 

Figure 5C. A 50 nm oxide was deposited or thermally grown on the microstructure 

sidewalls. 
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used to define the sidewall areas from which the nanowires were grown.  The oxide film 

on the lithographically exposed areas was etched with 10:1 buffered hydrofluoric acid 

(BHF).  The etch rate of thermal oxide in 10:1 BHF was relatively stable at 1 nm/sec.  

The photoresist patterned wafers were placed in a 10:1 BHF bath for 55 sec to remove the 

50 nm thick oxide film from the sidewalls.  Five extra seconds were added to the time to 

ensure that the oxide was completely removed from the sidewall surfaces while only a 

fraction of the oxide on top of the microstructures was consumed (Fig. 6C).   

 The silicon nanowires were selective grown from the sidewall surfaces where the 

oxide was removed.  This was accomplished by selectively depositing catalyst particles 

on the exposed silicon sidewalls with a galvanic displacement process (Fig. 7C).  Then, 

the nanowires were grown in an atmospheric chemical vapor furnace at 850 °C using a 

SiCl4 precursor [2].  The buried oxide was etched to release the microstructures (Fig. 8C).   

 

 

 

 

 

 

 

 

Figure 6C. The second mask of the process defines the target lateral nanowire growth 

surfaces. The oxide was removed from the microstructure sidewalls while the oxide on 

the top surface was partially etched. 
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Figure 7C. Galvanic displacement was used to deposit gold nanoparticles on the exposed 

silicon sidewall regions. 

 

 

 

 

 

 

 

 

 

Figure 8C. Nanowires were grown following catalyst deposition and the structures were 

released in 5:1 BHF followed by a critical point drying step. 
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 The defining characteristic of the process was the galvanic displacement method 

used for the deposition of the Au catalyst nanoparticles which was adapted from [3].  In 

this process, the Au nanoparticles were deposited by placing the substrates in a reversed 

micelle microemulsion that was prepared by mixing a water-based plating solution with 

n-heptane and a surfactant, sodium bis(2-ethylhexyl) sulfosuccinate (AOT, 

C20H37O7SNa).  The water based solution consisted of 0.2 M HF and 0.01 M KAuCl4.  

The AOT/heptane solution was made by dissolving 0.33 M AOT in n-heptane.  The two 

solutions were mixed to make microemulsions with different water-to-surfactant molar 

ratios R = [H2O]/[AOT]. The reversed micelles that were formed in the microemulsions 

contained the water-based solution and had a radius Rm that depended on R according to 

the empiric law Rm = 0.175R + 1.5 nm [4]. It has also been demonstrated that the 

diameter of the resulting Au nanoparticles was directly proportional to the diameter of the 

micelles, providing a means of controlling the diameter of the Au nanoparticles and 

consequently the diameter of the nanowires [3]. 

 An AFM was used to characterize the mechanical properties of the nanowire array 

based cantilevers shown in Fig. 9C.  Measurement details are given in [2].  The total 

spring constant, kTOTAL, of the devices was: 

(C.1) 
ARRAY

ARRAY
TOTAL n

kk = , where         

(C.2) 
NW

4
NW(111)NW

NWNWARRAY 4L
πRE12N

kNk ==       

nARRAY corresponds to the number of nanowire arrays in each cantilever device, kARRAY is 

the spring constant of one array of nanowires, NNW is the number of parallel nanowires in  
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Figure 9C. Structures fabricated for AFM mechanical characterization: A) 5 mm wide 

structures with one to five linked arrays (right to left) of 5 mm long nanowires; B) 10 mm 

wide structures with one to five linked arrays; C) 20 mm wide structures with one to five 

linked arrays; D) 20 mm wide structure composed of 5 arrays of 5 mm long nanowires. 
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each array, kNW is the spring constant of a single nanowire, LNW and RNW are the length 

and radius of an individual nanowire, and E(111) = 169 GPa.  The measurement results 

demonstrated the general trends predicted by Eqs. (C.1)-(C.2) (Fig. 10C).  The 20 mm 

wide cantilevers were stiffer than both the 10 and 5 mm wide cantilevers because there 

were more nanowires in the 20 mm wide nanowire arrays.  Cantilevers composed of more 

than one nanowire suspension array had lower spring constants (Fig. 10C).   

 

 

 

 

 

 

 

Figure 10C. Spring constant vs number of arrays obtained by linear fittings of force vs 

deflection data. Solid symbols correspond to experimental results while hollow symbols 

represent data obtained from finite element simulations. 

 

 Single nanowire devices could also be created by diluting the micelle based 

galvanic displacement process.  Low density nanowire arrays were grown, with Greg 

Döerk’s aid, between two patterned electrodes with a gate electrode in close proximity, 

Figs. 11 and 12C.  These devices were designed to be single nanowire resonators, 

however, the nanowires that were grown on these chips were not conductive enough to 
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generate a detectable RF current using the mixing detection method described in Chapter 

4. 

 

 

 

 

 

 

 

 

Figure 11C. 5 mm long, 79 nm wide silicon nanowire. The gate was 111 nm away from 

the wire 

 

 

 

 

 

 

 

 

 

Figure 12C. 2.5 mm long, 53 nm wide silicon nanowire. The gate was 90 nm away from 

the wire. 
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