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Summary

Statement of problem studied

This research effort was a multi-pronged effort to develop integrated nanomechanical
and nanoelectronic devices, to explore what new types of physics could be investigated
using the integrated devices. The main goal was to create a coupling between the
electronic and the mechanical degrees of freedom (phonons), that could be detected
either by its effect on the dc transport properties of the electronic device, or by direct
detection at the resonant frequency of the mechanical structure.

Our efforts were therefore directed at a number of different areas: fabrication of
mechanical devices using materials with strong piezoelectric effects (GaAs and AIN);
fabrication of electronic devices with potentially strong coupling to phonons, either
through the piezoelectric effect or through deformation potential coupling (quantum dots
and Josephson junctions), and fabrication of electronic devices with strong coupling to
the charge (single electron transistors, SETs). The various electronic devices were
integrated in a number of different ways with mechanically suspended structures. In
addition to the experimental effort, we also spent some effort developing theoretical
models and approaches for understanding and predicting some of the behavior in these
types of structures.

Summary of important results

Over the course of this project we have developed a large number of experimental and
theoretical concepts in a number of different areas. We have developed two major
materials systems for applications in nanomechanical/nanoelectronic systems (AIN and
GaAs). We have implemented a number of electronic devices integrated with
nanomechanical structures (quantum point contacts, quantum single and double dot
structures, Josephson tunnel junctions, single electron transistors). We have developed
and measured the phonon conductance and electron phonon coupling using a variety of
SIN tunnel junction structures, both at quasi-dc and at radio frequencies, the latter
allowing us to probe the time dynamics of the electron-phonon coupling. We have
theoretically developed concepts relating to phononic band gaps analogous to photonic
band gaps, an architecture for coupling Josephson phase qubits with nanomechanical
resonators for phase-coherent communication and phase state storage, and a
piezoelectric coupling scheme for SETs coupled to a piezoelectric beam of GaAs.

Significant accomplishments included the development of a quantum-point contact
displacement sensor, demonstrated at 4.2 K but in principle operable at room
temperature; quasi-dc and radiofrequency thermometry allowing us to measure the
static and dynamic temperature in a mechanically suspended structure, as well as the
phonon conductance through highly transmissive supporting beams.

One of the more notable successes was in strongly coupling a SET to a doubly clamped
mechanical resonator, with detection through the capacitive coupling of the resonator to
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the gate of the SET. With this approach, we were able to detect displacements of the
resonator with as small as 23 fm amplitude, and the displacement noise we achieved
was about 2x10™"° m/Hz""2, only a factor of 100 above the quantum noise limit for that
beam, with a resonance frequency of 116 MHz. A 1 GHz beam would have a bit more
than three times the displacement noise and therefore its quantum noise would be only
roughly one-twentieth that of our displacement detector. This result was published in the
journal Nature, and had significant impact in the media, with articles in the New York
Times and various on-line technical newsletters. The future direction for this work would
be to attempt the same measurement with a higher frequency resonator, improve the
coupling to reduce the effect of the noise, and to then attempt squeezing both in the
thermal and quantum regimes.

Overall under this program we published one Nature article, six Applied Physics Letters,
one Physical Review B brief communication, one Journal of Applied Physics article, and
have one manuscript submitted to Phys. Rev. Lett. In addition we have one manuscript
in preparation for Phys. Rev. Lett., and two in preparation for Phys. Rev. B.
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We now turn to a summary of the various areas we worked on over this program. | will
only describe the more interesting areas of development; | have attached copies of all
the publications and manuscripts, which can be referred to for more information about
areas not discussed, and of course for more detail on the areas that are described here.

Materials development

We focused here on two materials systems, aluminum nitride (AIN) and gallium
arsenide (GaAs).

Aluminum nitride resonators

AIN is an interesting material because it has a strong piezoelectric coefficient and is
also quite stiff and quite light, making it an ideal material for high frequency mechanical
resonators. The strong piezoelectric coefficient makes it potentially useful for coupling to
electronic devices through the induced polarization when a mechanical element is under
strain.

Experimentally, we investigated the use of single-crystal AIN as a resonator material,
this work was published as “Single-crystal aluminum nitride nanomechanical
resonators”, A.N. Cleland, M. Pophristic and |. Ferguson, Appl. Phys. Lett. 79, 2070
(2001). The AIN was grown by MOCVD on single crystal silicon, a simple materials
system that lends itself well to nanofabrication using fairly standard techniques. AIN can
be grown c-axis oriented on <111> oriented Si, without too many defects (most of the
defects are threading dislocations due
to the lattice mismatch). We grew 0.17
um thick films on bulk (350 um thick)
Si wafers. These were then patterned
using a single layer of electron beam
lithography: A pattern of wire bond
pads and single wire (Au) electrodes
were patterned in PMMA, and a metal
trilayer of Ti adhesion (3 nm thick), a
35 nm Au film, and a 60 nm Ni film;
the Ni served as an etch mask for the
anisotropic reactive ion etch of the

— AIN. Beam lengths ranged from 3.6 to
Figure 1. Series of four AIN beams, with the 5.9 um, with 0.2 um widths. The ends
undercut lengths ranging from 3.9 to 5.6 um. of the beams were defined by a step
The beams _are 0.17- pm thic_k, and the widths increase in the width to 2.4 pm. The
:irfhg'rze‘;rg’ increasing to widths of 2.4 um at electrode pattern was transferred to

' the AIN film using anisotropic Cl,
based reactive ion etching (RIE). The
AIN etch rate was approximately 150 nm/min, with very vertical sidewalls. The etch rate
for the Si substrate and the Ni mask was negligible in these conditions.
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The Ni was then removed using a
commercial Ni etchant, and the structures
released by etching the Si substrate with an
isotropic wet etchant. A 15 second etch was
sufficient to mechanically free the
resonators; the structures were rinsed in
methanol, and dried in air. An electron
micrograph of a set of completed beams is
shown in Figure 1.

Amplitude (V)

resonators were made with Au wire bonds, Figure 2. Measured resonance of a 3.9
and the structures were placed in a vacuum || kM long beam, measured at4.2Kina
transverse magnetic field of 8 T. Applied

rf power was -85 dBm. Inset: Measured

82.56 §280
Electrical contacts to the completed Frequency (MHz)
can, which was evacuated and then |

Submerged |n |IQUId he“um, |n the bore Of resonance for a constant rf power of -75
an 8 Tesla magnet. The resonators were dBm, while varying the magnetic field
oriented with the plane of the sample through integer values from 1 T (smallest
parallel to the magnetic field, allowing a peak) to 8 T (largest peak).

magnetomotive measurement of the beam |l
resonance frequency and quality factor. A typical measurement is shown in for a 3.3 um
long beam, displaying a clear resonance at 82 MHz with a quality factor Q = 2.1 x 10™.
Varying the magnetic field for a fixed rf drive power shows the expected quadratic
dependence on magnetic field, shown inset in the figure.

These resonators can be made with resonance frequencies in the range from a few
MHz up to well over 1 GHz. Displacement was measured using the magnetomotive
technique, as described above. However, the strong piezoelectric signal affords the
possibility of sensing motion using a polarization sensitive device, such as a field effect
transistor, a quantum point contact or a SET.

Gallium Arsenide resonators

We have fabricated a number of quite different structures from GaAs, ranging from
simple beams, to beams with integrated quantum point contacts and double quantum
dots. The latter structures included, in a heterostructure, a two-dimensional electron gas
that was etched and suspended along with the underlying and overlying GaAs, such as
shown in Figure 3. These structures were fabricated with a combination of optical and
electron beam lithography, metal deposition and Ohmic contact annealing, and
anisotropic etch mask definition followed by etch.

The structure was etched from a single-crystal GaAs heterostructure grown by
molecular beam epitaxy, comprising a bulk <100> GaAs wafer, 700 nm of Alp7Gap 3As
(the sacrificial layer), 600 nm of GaAs, 40 nm of Alp3Gap 7As, a Si delta-doped layer, 70
nm of Alp3Gap 7As, and a 10 nm GaAs capping layer. The suspended mechanical
structure includes all layers above the sacrificial layer (see below). The two-dimensional
electron gas (2DEG) in which the QPC or quantum dot is formed is at the lower GaAs-
Alo3Gag 7As interface, where similar samples had a carrier density of 1.4x10"*/m?, and a
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Figure 3. Double quantum dots patterned in a mechanically suspended GaAs beam
resonator. Left shows large-scale view with bond pads, right shows close up of
suspended section.

mobility of 40 m“/V-s at 4.2 K. In our device, the 2DEG mobility was significantly
degraded by processing.

We used photolithography to define a set of NiAuGe ohmic contacts to the 2DEG. Next
electron-beam lithography was used to define Ti/Au (5 nm/40 nm) electrodes for the top
gates, as well as for actuation of the mechanical structure. A second photolithography
step defined Ti/Au (5 nm/110 nm) wire-bond pads to make contact with the metal
electrodes and ohmic contacts. A second electron beam lithography step then defined
the structural masking layer. The unmasked area of the heterostructure was etched
using SiCls-based reactive ion etching, etching to a depth of about 800 nm, almost
through the sacrificial layer. The sacrificial layer
——wemepmey | Was then etched using a timed submersion in
Bt concentrated hydrochloric acid, followed by a

oy ‘ 10% solution of hydrofluoric acid. This resulted
in a structure with a suspended thickness of
0.72 um.

Resonator frequencies similar to those for the
AIN resonators are easily achieved. In addition
we hoped to observe thickness (dilatational)

- resonances in the quantum dot structures
Figure 4. SEM micrograph of the shown in Figure 3, but were not successful in
QPC electrodes defined on the that attempt (see below). We were successful in
surface of a suspended beam. The coupling a QPC to a resonator’s piezoelectric
magnetic field is used for . .
magnetomotive actuation is signal, where the flexural motion of the
indicated, as is the direction of resonator would modulate the QPC
flexure Az. Inset: Larger scale image conductance. This approach is nominally
of the structure, with the dotted line capable of achieving the quantum limit of
outlining the suspended area. detection. This work was published as

“‘Nanomechanical displacement sensing using a
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quantum point contact”, A.N. Cleland, J.S. Aldridge, D.C. Driscoll and A.C. Gossard,
Appl. Phys. Lett. 81, 1699 (2002).

In Figure 4 we show a successful QPC integrated with a 10 MHz mechanical resonator;
the entire structure in the dotted outline is suspended. QPC’s can be formed at either
end of the resonator by applying negative voltages to the appropriate top-surface
electrodes.

One difficulty is that a QPC cannot easily be used to read out at high frequencies, due
to its intrinsic high electrical resistance. We therefore employed the QPC as a mixer,
using the nonlinearity of the intrinsically fast device to mix the output signal down to
acoustic frequencies with a local oscillator signal. In Figure 5 we show the circuit
schematic used to accomplish this, along with a series of resonance curves for the
response of the QPC when the beam was driven using the magnetomotive effect.

We can estimate the displacement
sensitivity of the QPC from our
measurements; using the magnetomotive
reflectance measurements, we can
calculate the midpoint displacement Az of wﬁﬁﬁﬁ%
the structure, and from the corresponding
magnitude of the IF current, we find the S 0
.. 1.502 1.504 1.508
responsivity of about 28 Az nA/um. Our Frequency (MHz)
current detection is limited by the voltage ) )
noise in the IF preamplifier, and Figure 5. (a) Measurement schematic for |
. 212 12 electrostatic drive and detection using the |
corresponds to a noise of 310" m/Hz "™, QPC. The LO drive signal is capacitively |
better than what is achieved with optical coupled to electrode 1, and is amplitude I
|
|

uA)

0.15
0.10}

Current (
o
(=]
o

interferometry. The corresponding force modulated at the IF frequency of 13.7 Hz.
2 The sensitivity The QPC current is lock-in detected with

improves with r ion in siz | the IF signal as a reference. (b) IF current
proves with reduction in size scale, due through the QPC for a range of applied LO

to_ the increase in Strall’.l for a given powers. The remnant magnetic field is
displacement. Our device geometry allows estimated from magnetomotive

for significantly smaller structures, with measurements to be less than 0.01 T.
correspondingly higher frequencies,
potentially approaching 1 GHz. The delicate
sensitivity of the QPC can therefore potentially be employed as a quantum-limited
displacement sensor, and allow the entanglement of a phase-coherent electron
transmission sensor with a mechanical resonator.

noise is about 0.3 nN/Hz

Strongly coupled electronic devices

We worked on a number of different approaches to achieve strong coupling between
electrons and phonons in these systems. Our approaches included superconductor-
insulator-superconductor (SIS) Josephson junctions, superconductor-insulator-normal
metal (SIN) tunnel junctions, quantum point contacts, single- and double-quantum dots,
and single electron transistors (SETs). We used a number of different diagnostics to try
and observe electron-phonon coupling and thereby quantify the coupling. The main two
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approaches were to look for effects in dc transport, such as features due to opening a
new channel for energy loss, or understanding the detailed behavior in terms of thermal
transport between the electron and phonon systems, and measuring effects at radio
frequencies, using the electronic device as a direct detector of a signal from a high Q

mechanical resonator vibrating on resonance.

Quantum point contacts.

We described the quantum point contact experiment above, in the section on GaAs
materials-based resonators. This work was published as “Nanomechanical
displacement sensing using a quantum point contact”, A.N. Cleland, J.S. Aldridge, D.C.
Driscoll and A.C. Gossard, Appl. Phys. Lett. 81, 1699 (2002)

Single-electron transistor coupled to resonator
This experiment was developed in stages. We first had to determine how to extract

(b;%f_( | zl

@-ﬂ]ﬁ}

@2 EHZ]

Figure 6. (a) Schematic diagram for mixing.
The gate charge is set for maximum current
(dashed vertical line), and a signal and (for
heterodyne mixing) local oscillator voltage
are coupled to the gate. (b) Mixing circuit
schematic for both homodyne and
heterodyne mixing. The SET is in the
dashed box in the center. (c) Homodyne
detector signal at dc, measured as a
function of signal voltage. The signal at 20
MHz was applied to gate 2, while the SET
was in the superconducting state. Points are
experimental data, the dashed line is the
expected Bessel function response. (d)
Heterodyne mixing spectral density about
152.15 Hz, with the SET in the normal state.
Vertical axis is in units of input signal
charge spectral density.

Cleland

radio frequency signals from the SET,
with frequencies up to 1 GHz. This was
accomplished by developing a technique
for using the SET as a mixer, driven by a
local oscillator provided by an external
RF signal. Our first implementation of this
allowed us to demonstrate mixing to 300
MHz (R.G. Knobel, C.S. Yung and A.N.
Cleland, Appl. Phys. Lett. 81, 532
(2002)); later implementations worked to
well above 700 MHz.

For this experiment, we used a
lithographically patterned SET,
comprising two Al/AIOx/Al tunnel
junctions and two interdigitated coupling
capacitors, fabricated using electron
beam lithography and shadow
evaporation. The device was fabricated
on a GaAs heterostructure, to allow for
in-situ fabrication of nanomechanical
structures.

The device was mounted on a dilution
refrigerator and cooled to 30 mK. All
leads were filtered with metal powder
filters and source and drain leads with
RC filters at 1.5 K and at room
temperature. The SET was operated as a
mixer both in the superconducting state,
and in the normal state, in a magnetic
field of 1 Tesla. The relatively large value
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of the SET resistance limited the noise performance and output bandwidth.

The homodyne response is shown in Figure 6(c) for gate 2 at 20 MHz. A fit to the
expected dependence is also shown; the zeroes in the response allow us to calibrate
the signal voltage. The non-zero capacitance between the gate and source-drain leads
can rf-modulate the source-drain voltage as well.

For heterodyne mixing, the signal voltage is applied to one gate, and a local oscillator
voltage is applied to the other gate. The source-drain current is modulated by both
signals, and a current generated at the intermediate (difference) frequency. The IF
signal (magnitude and phase) was detected using a lock-in amplifier, whose reference
signal was generated by a separate mixer, shown in Figure 6(b). High-pass filters
ensured that this reference signal was not transmitted to the SET. The measured
spectral response is shown in Figure 6(d), showing the peak at the IF frequency as well
as the sideband noise.

We also measured the
heterodyne mixer

L ' ] . e ' amplitude as the dc
’ ' {ﬂ:!} S0F .
. ‘ source-drain voltage and
.' dc gate voltage are varied.

The e periodicity in C4Vg is
observed, and the
dependence on Vgp has
the expected maximum
near e/2C. The gain of the
device is tunable by
varying the dc gate bias,
source-drain voltage, and
oscillator power. The IF
response was calculated
using an analytic model for
the SET, and the
measured response
follows the predicted
behavior, but is approximately a factor of 2 smaller than calculated. At present we do
not understand this discrepancy.

0 . 1
0 200 400 0.1 l 10
mg/21 (MHz) ¢/ 21 (kHz)

| Figure 7. (a) Mixing signal amplitude as a function of LO

| frequency at constant IF frequency; the signal and LO

| powers were -68 dBm and -61 dBm respectively. The low

| frequency rolloff is due to high-pass filtering, and the high

| frequency rolloff due to the device limitation. The dashed

| line is a guide to the eye. (b) Mixing signal as a function of

| IF frequency for an LO frequency of 50 MHz. The dashed line
is a fit giving a -3 dB single-side bandwidth of 250 Hz.

&
.
£
'
-]
e
i
1

Figure 7 shows the frequency dependence of the mixer signal, for fixed IF and constant
LO and signal power. The figure shows a measurable signal up to 300 MHz, limited by
the cutoff frequency for this device. Figure 7(b) shows the 250 Hz output bandwidth for
the SET. This bandwidth can be increased by lowering the junction resistance,
operating in the superconducting state, or reducing the cable capacitance. Use of a
closely coupled preamplifier or tuned LC circuit could further increase the output
bandwidth. Noise measurements near the intermediate frequency at optimum gain yield
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a signal charge sensitivity of 4x107
e/Hz", limited by noise in the room-
temperature electronics.

Developing this mixer system then
allowed us to employ the SET as a
displacement sensor for a
radiofrequency mechanical resonator.
It has been a long-standing goal to
detect the effects of quantum
mechanics on a macroscopic
mechanical oscillator. Position
measurements of an oscillator are
ultimately limited by quantum
Figure 8. The device used in the experiment. (a) mechanics, where " zero-point

Scanning electron micrograph of the device, c : :
showing the doubly-clamped GaAs beam, and motion ﬂUCtuatlon.S n the quantum
ground state combine with the

the aluminum electrodes (colorized) forming the . . y
single electron transistor and beam electrode. uncertainty relation to yield a lower

The scale bar is 1 um long. The Al/AIOx/Al limit on the measured average
tunnel junctions have approximately 50x50 nm’ disp|acement_ Deve|0ping a position
overla;_). The inset (b_) shows a schematic of the transducer, integrated with a
operation of the device. . .
mechanical resonator, which can
approach this limit would have
important applications in the detection of very weak forces, for example in magnetic
resonance force microscopy as well as in a variety of other precision experiments. One
implementation that might allow near quantum-limited sensitivity is to use a single
electron transistor (SET) as a displacement sensor. In this technique, the exquisite
charge sensitivity of the SET at cryogenic temperatures is exploited to measure motion
by capacitively coupling it to the mechanical resonator. We achieved the first
experimental realization of such a device, yielding an unequalled displacement
sensitivity of 2x107™"° m/Hz"?for a 116 MHz mechanical oscillator at a temperature of 30
mK, a sensitivity roughly a factor of 100 larger than the quantum limit for this oscillator.

Our device consists of a 3 um long x 250 nm wide x 200 nm thick doubly-clamped beam
of single-crystal GaAs, capacitively coupled to an aluminum SET, located 250 nm from
the beam. The beam was patterned using electron beam lithography and etched from a
GaAs heterostructure using a sequence of reactive ion etching and dilute HF wet
etching. The SET was formed through double-angle shadow evaporation, using a
pattern defined in a second step of electron-beam lithography. The device was mounted
on a dilution refrigerator and cooled to 30 mK. All electrical leads were filtered. An out-
of-plane 8 T magnetic field was applied to drive the aluminum out of the
superconducting state, and to provide a field for actuation and sensing of the beam
motion.

The beam was driven using the magnetomotive technique, in which an alternating
current through the beam electrode, along its length in the presence of the magnetic
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field, generates a Lorentz force. We
measured the induced electromotive
|
|
|
|
|

force (EMF) developed along the beam
due to its resulting motion through the
magnetic field by measuring the

Voltage (uV)

reflected and transmitted power. The
beam vibrates in its fundamental in-

plane mode with a resonant frequency

116.4 1166 1168 1170

Frequency (MHz) of 116.7 MHz. The measured EMF fits

well to a Lorentzian function with a
quality factor of 1700. The beam
displacement is related to the EMF. We
thus determine the displacement as a
function of power, yielding the
resonator mass m = 2.84 x 10™° kg and
effective spring constant k = 1530 N/m.
The device is shown in Figure 8.

Y, um © Figure 9 (a) shows the mixer signal for
' a drive power of -125 dBm. Using the
Figure 9. Single electron transistor
measurement of the beam motion. (a)
Intermediate frequency voltage (SET mixer
output) as a function of beam drive frequency, )
forrI; —)-125 dBm drive power. The sollt(:l1 line |); The charge detected by the SET is due

I magnetomotive calibration, this
|
|
a fit to a Lorentzian plus linear background to the change in coupling capacitance
|
|
|
|
|

corresponds to an extrapolated
amplitude of 2.3x10™* m on resonance.

with arbitrary phase. The beam electrode had times the beam voltage, as well as
a dc voltage of 5V, the LO power was -70 secondary signals due to the induced

dBm, and the IF was 151 Hz. The SET gate
voltage was tuned to give maximum signal.
(b) IF voltage for P = -115 dBm drive power, as
a function of dc gate voltage and drive
frequency. The slowly varying background
interferes with the resonance signal, whose
phase varies with the gate voltage.

EMF, and capacitively coupled charge
due to cable resonances and ohmic
losses. The former is very small
compared to the direct signal (less than
1%), and the second varies slowly with
frequency. Thus the total signal
————|.  J€teCted by the SET has the form of a
Lorentzian, plus a background with an arbitrary phase.

The quality factor Q and resonant frequency obtained using the SET were the same as
those from the magnetomotive technique, and the amplitude varied as P2, The SET
response is found to be 9.9 V/um, proportional to the displacement, when the SET is
biased optimally, with a LO frequency offset from the beam drive signal by 151 Hz. As
the SET gate voltage is varied from the optimum value, the sensitivity decreases and
interference with the background becomes more pronounced. The resonant signal
decreases linearly with magnetic field, and increases linearly with beam voltage.

The detector noise is about 100 times larger than the thermal noise of the measured
beam, and about a factor of 20 larger than the quantum noise in a 1 GHz resonator with
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Q=10 By using improved electronics and impedance matching, the second-stage
noise could be reduced by roughly a factor of ten, and better lithography could reduce
the SET-beam separation, increasing the SET response. A higher quality factor would
yield larger signals in both the thermal and quantum limits; experimentally the Q is
observed to reduce as the resonators are made smaller, at least partly due to surface
damage and contamination. Flash heating of resonators in vacuum has been
demonstrated to yield significantly higher quality factors, a technique that could be
applied here. The expected increase in displacement sensitivity using a combination of
these techniques could, in a second-generation device, allow measurement in the
quantum-limited regime.

Hence we have demonstrated an ultrasensitive, potentially quantum-limited
displacement sensor based on a single-electron transistor, enabling us to read out the
motion of a nanomechanical resonant beam at its resonant frequency. The device has a
displacement sensitivity of 2.0x107"° m/Hz"? at the 116.7 MHz resonant frequency of the
mechanical beam, limited by the noise in the conventional electronics.

SIN thermometric tunnel junctions

One important question relates to the coupling
strength between electrons and phonons in a
mechanically suspended structure. We
therefore pursued a number of measurements
to try and quantify this coupling, using
primarily normal metal-insulator-
superconductor (NIS) tunnel junctions, with
which the temperature of the electrons can be
determined from the zero-bias conductance.
We therefore have built a number of structures
that allow us to heat the electrons and the
phonons, and from thermal measurements
extract the coupling.

contacts

junctions
The primary experiment was published as
. “Thermal conductance and electron-phonon
structure, with 1 um scale bar. Top o .
left: Log spiral antenna for coupling coupling in mechanically suspended )
radiation to the device. Bottom: nanostructures”, C.S. Yung, D.R. Schmidt and
| Schematic of device, indicating the A.N. Cleland, Appl. Phys. Lett. 81, 31 (2002).
| GaAs suspended island, the six A more recent experiment showed how to

Figure 10. Micrograph of suspended

| supporting legs, the SIN tunnel
junctions and the ohmic SN contacts.

implement the thermometer at radio
frequencies, published as “Nanoscale radio-
frequency thermometry”, D.R. Schmidt, C.S.
Yung and A.N. Cleland, Appl. Phys. Lett. 83, 1002 (2003). We have since completed an
experiment where the electron-phonon coupling could be measured in a dynamic
fashion, allowing us to watch in time domain as a pulse energy dissipated from the
electrons into the phonons with few-nanosecond time scale. This work is submitted to
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Phys. Rev. Lett., “Direct temporal
measurement of hot-electron
relaxation in a phonon-cooled metal
island”, D.R. Schmidt and A.N.
Cleland.

We demonstrated the integration of
SIN tunnel junctions with a nanoscale
11| suspended single-crystal GaAs

Vel .1 structure, allowing us to measure the

10 10" 10 10" electron-phonon coupling in a normal
P (W) metal film on the suspended
Figure 11. Electron temperature measured as structure, as well as measure the
a function of power dissipated in the normal phonon thermal conductance through
metal, measured at 0.025 K, 0.24 K, 0.3 K, 0.4 the supporting legs. Our device can

K, and 0.5 K (indicated by the intercept). The
0.025 K data intercepts T, at 0.15 K; solid

lines are fits to the data. Inset is a diagram of
the measurement setup. The device was fabricated from a

GaAs/AlGaAs heterostructure
consisting of a 200 nm GaAs top
layer and a 400 nm Aly 7Gag 3As sacrificial layer, on a bulk GaAs substrate. The lateral
dimensions of the mechanical structure were defined using electron-beam lithography to
pattern an etch mask, used for a timed anisotropic reactive ion etch of the GaAs
heterostructure. We used SiCl,4 to etch to a depth of 400 nm. The structure is shown in
Figure 10; the six supporting legs are
0.2x0.2x0.3 um?®, and the central GaAs
island is 0.2x5x6 um?®. The AIGaAs
layer was removed with a timed wet,
undercutting the island and six legs.
The tunnel junction circuit was defined
on the surface of the suspended
structure, using a second step of
electron-beam lithography to create a

I be applied to e.g. infrared bolometry.
|

stencil mask for angled shadow 0.1pa2es

evaporation. These included a pair of -

SIN tunnel junctions connected back- 10 P(W

to-back in a SINIS pair configuration, (W)

and a separate SINIS pair with two Figure 12. Island temperature as a function of |
ohmic superconductor-normal metal power dissipated in the island phonon gas,

(SN) Contacts to the Center normal measured at 25 mK (CIrc|eS) and 50 mK

. triangles). Solid line is a fit to the data, yieldin
metal element. Only (superconducting) g pho?\on)mean free path of 7.7 pm. Theylong ?

AI. was er03|ted on the support legs, dash line is for a 1 ym mean free path for
minimizing the thermal conductance. comparison. The quantum of thermal

The tunnel junctions can be used as conductance is indicated by the short dashed
SINIS junction pairs, or, using the SN line.
contacts, as single SNIS junctions.
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We measured the electron-phonon coupling by passing a dc current through the two SN
contacts, heating the normal metal, and monitoring the electron temperature T using
one of the SNIS junctions. The SIN junction, located 5 um from the dc injection point, is
ac biased to allow a lock-in measurement of the zero-bias conductance, extracting the
electron temperature. Negligible measurement power was dissipated. Figure 12 shows
Te as a function of power, for different mixing chamber temperatures. The solid lines are
fits to the standard bulk hot electron form, in agreement with previous measurements.
Measurements at other temperatures yield similar fits and fit parameters. Calculations of
the acoustic mismatch between the Cu and the GaAs phonon gases predict a reduced
fit value for the power law. However, the applicability of acoustic mismatch theory is
debatable, as the phonon modes in the Cu film are effectively two dimensional below 1
K. Note that we identify the island phonon temperature with the mixing chamber
temperature.

The thermal conductance of the support legs was measured by dc biasing one of the
SINIS pairs, and measuring the corresponding rise in phonon temperature using an
electrically isolated SNIS junction. The heating power deposited in the normal Cu
section (C4) of the first SINIS pair heats the island phonon gas, and is then transmitted
through the legs to the bulk substrate. The phonon temperature is inferred from the
electron temperature of the normal Cu
section (C,) of the SNIS thermometer,
using the previously determined
: electron-phonon coupling. The
G s : measured thermal conductance is
shown in , for mixing chamber

; temperatures of 25 mK and 50 mK. The
T, solid line is a fit to the data of the form

ool expected for bulk thermal conductance.
This corresponds to a mean free path of
7.7 um, indicating that the phonons
undergo primarily specular (rather than
diffuse) reflections within the legs. Also
plotted (short dashes) is the quantum of
thermal conductance for six legs. The
data agrees well with the bulk theory,

Loss

‘ Figure 13. rf-SIN thermometer. Background:

| SEM image of SIN tunnel junction. Left inset:

| Electrical circuit used to readout thermometer,

| with a tuned LC circuit impedance matching the

| junction to the 50 Q readout cabling. Right crossing over to the quantum limit at
| inset: Reflected power loss, with a peak as a

| function of temperature when perfect approxmately 170 mK. NOte the Ia_rge
impedance matching occurs. phonon mean free path in our device

masks the transition to the quantum
limit; we have also plotted the bulk
thermal conductance for a 1 um mean free path (long dashes), which would make the
transition to the quantum limit at 550 mK. In addition, the thermal conductance of the
legs is significantly larger than the electron-phonon effective conductance, so the
assumption that the phonon temperature is equal to the dilution refrigerator temperature
in the electron-phonon heating measurements is a good one.
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We have also succeeded in demonstrating how to read out these thermometers at high
frequencies: The SIN thermometer is ultimately limited by its intrinsic RC time constant
to about 10 GHz, and we have successfully developed circuitry allowing the readout of
these intrinsically high resistance devices at frequencies up to about 300 MHz, with 1
GHz a trivial extension of this demonstration. The image shown in Figure 13 captures
the essence of the concept, an image that was published on the cover of the
corresponding issue of APL, “Nanoscale radio-frequency thermometry”, D.R. Schmidt,
C.S. Yung and A.N. Cleland, Appl. Phys. Lett. 83, 1002 (2003).

The basic concept is to embed the SIN junction in a tuned LC circuit, the junction
serving to determine the reflected power from the circuit driven on resonance. The
reflected power loss is plotted in the upper right, showing increasing loss as the SIN
resistance approaches the optimal (impedance-matched) resistance as a function of
temperature.

The LC circuit is designed to resonate
at between 0.1-1 GHz, and the
effective Q (determined be the ratio of
the characteristic (L/C)"? impedance to
the cable 50 Q impedance) determined
the bandwidth of the reflected power
measurement, and is typically of order
1/10™ the resonance frequency, or
between 10-100 MHz. The measured _
loss allows determination of the |\ =

P=XIV(T"-T})

cool down quickly, T =—

Au,Cu,NiCr

fast heat up

junction resistance, and from a
measurement (or calculation based on
BCS theory) of the temperature

dependence of the zero-bias Fi .

! igure 14. Dynamic measurement of electron-
resistance, the temperature can be phonon coupling, showing heating and cooling
extracted. cycle of electron gas in a small metal island at

300 mK. Red line is fit of dynamic theory to

We have since used this new technique data, allowing us to fit the electron-phonon rate
to make the first measurement of the of 6 pusec, corresponding to a time constant of
dynamic electron-phonon coupling in a 1.2 psec. ‘
metal island, extracting temperature as
a function of time as the electrons emit phonons. Data are shown in Figure 16.This
allowed us to measure the heat capacity of the metal island, with a result that agreed
with the small volume of metal of about 1 fJ/K. Extending the lithographic techniques to
smaller structures should allow us to demonstrate a heat capacity of only 10 kg,
equivalent to only 10 degrees of freedom in a classical system, which should allow us to
measure the heat capacity of just a small number of e.g. spins in a metal. This work has
been submitted for review (D.R. Schmidt, C.S. Yung, A.N. Cleland, submitted to Phys.
Rev. Lett. (2003)).

T TP Ty T

C=yVT ]
|
|
|
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Theoretical treatments

Phonon bandstructure calculation

One interesting area is whether the phonon dispersion curves in a mechanically
suspended structure can be controlled in order to enhance or reduce the transport of
phonons. This is of interest if one wishes to “trap” phonons in a small volume. We
therefore completed a model calculation where we replaced a simple insulating beam,
the basis for calculating the quantum of thermal conductance, by a beam made from an
artificial one-dimensional phononic crystal. We found that at the lowest temperatures,
and longest thermal phonon wavelengths, the quantum limit of thermal conductance is
recovered, while for intermediate temperatures, where the dominant phonon wavelength
is of the order of the phononic crystal repeat distance, a significant suppression of the
conductance is predicted. At higher temperatures the conductance returns to that of a
simple beam. This work was published as “Thermal conductance of nanostructured
phononic crystals”, A.N. Cleland, D.R. Schmidt and C.S. Yung, Phys. Rev. B 64,
172301 (2001).

Periodically modulated mechanical structures, which generate classical band structures,
have been used for some time for applications in ultrasound and ultrasonic transducers;
a description of the current theoretical and experimental work appears in a review by
Kushwaha. The dispersion relation for acoustic phonons traveling in a periodically
modulated material is found to develop gaps in the transmission spectrum at
wavevectors associated with the modulation
wavevector; these gaps should have an effect
_ , , : on the thermal conductance of a beam

TN i fabricated from such a material.

N We have calculated the dispersion relations
for a periodically modulated, quasi one-
dimensional beam, using two different
acoustic models. We find that the resulting
W e band structure, with gaps at frequencies that
iﬁ T--'rl 10 A_“-_}__T ! correspond to the phonons dominant at quite

B0 B/ low temperatures, yields significant reductions
in the thermal conductance from the quantum
limit Gq at moderate temperatures. However,
the presence of delocalized Bloch states at
the lowest phonon frequencies, below the gap,
gives a thermal conductance that approaches
Gq at the lowest temperatures.

(a) (b)

Figure 15. a) Calculated thermal
conductance in units of the quantum
of thermal conductance, for one mode
of a phononic crystal beam, as a
function of temperature normalized to
the bandgap center. The solid line is
for a simple beam, showing the
quantum value Gq = 1, and the dotted
lines are for phononic crystal beams
with bandgap widths of 0.2, 0.4, 0.6
and 1. (b) Thermal conductance
including the higher order modes, for
the simple beam (solid line) and for

the same series of modulation.

One model we used was for the longitudinal
acoustic mode in a beam of variable cross-
section. This structure is shown in Figure 16.
Another model we used involved varying the
density and elastic constants of a material in a
similar fashion. The outcome of these types of
structures, in terms of the effect on phonon
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transport and phonon conductance, can be
represented by the resulting thermal
conductance as a function of temperature. We
assume the beam is adiabatically coupled to
thermal reservoirs at either end, using smooth,
graduated increases in the cross-sectional area
to the bulk solid; we therefore avoid end-to-end
phonon resonances, and the acoustic mismatch
from abrupt area transitions. We calculate the
temperature dependence of the thermal
conductance for a single low frequency Bloch
mode, with transmissivity equal to one for
frequencies in the allowed bands, and zero in
the forbidden gap region. The result of the
calculation is shown in Figure 15(a), calculated
for temperatures well below the cut-off
temperature for the second mode. In part (b) of
that figure we display the temperature
dependence including the higher order modes.

G

Figure 16. Calculated dispersion
relation for modulation strengths 0,
0.1, 0.25 and 0.5 in the longitudinal
acoustic model. The gap foris
indicated, as is the bandgap center
frequency. Eleven bands were
included in the calculation, the
lowest two are shown here.

Applications to quantum computation

Building on the work of coupling the SET to a high-frequency flexural resonator, we
have also developed a quantum computation scheme in which phase qubits are
coupled to mechanical resonators, the former used for actual computation, and the
latter as memory and quantum state transfer elements.

We have prepared a manuscript that is being submitted to Phys. Rev. Lett. as
“‘Quantum information processing with nanomechanical resonators”, A.N. Cleland and
M.R. Geller. The quantum-information-processing architecture is based on the
integration of ultrahigh-frequency nanomechanical resonators with Josephson-junction-
based qubit circuits, which can be used to implement the single- and multi-qubit
operations critical to quantum computation. The qubits are eigenstates of large-area,
current-biased Josephson junctions, manipulated and measured using strobed external
circuitry. Two or
Nanomechanical more of these
resonator ““phase qubits" are
coupled to a high-
quality-factor
piezoelectric
mechanical
resonator, which
forms the
backbone of our
architecture,
enabling coherent
manipulation of the

| Figure 17. Proposed architecture for achieving two-qubit
| entanglement with the use of a nanomechanical resonator. The
|_qubits.are.the.two.Josephson.junctions,.coupled.to.a.resonator,
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qubits. The integrated system is analogous to one or more few-level atoms (the
Josephson junction qubits) in a tunable electromagnetic cavity (the nanomechanical
resonator).

Our implementation uses large-area current-
biased Josephson junctions, with

capacitance C and critical current /p; a circuit
model is shown in Figure 17. The
nanomechanical resonator is designed with a
fundamental thickness resonance frequency
between 1 - 10 GHz, with a quality factor Q of
10° — 10°. Piezoelectric dilatational
resonators with thickness resonance
frequencies in this range, and quality factors
of order of 10° at room temperature, have
been fabricated from sputtered AIN. Single-
crystal AIN can also be grown by chemical | Solid curve is [cqo(t)[, dashed curve is
vapor deposition. Our simulations are based || analytic RWA calculation, dash-dotted
on such a resonator, with a diameter and I curve is bias current s(t). (b) Qubit
|
|

-
=)

o
3

Amplitude Amplitude
o oo

=

Figure 18. (a) Phase qubit storage.

thickness of 1x0.5 um?. Such resonators can St°ﬁge X‘I’Iith ﬁr"ta"ge"t bias'cu"ﬁ"t
be used to coherently store a qubit state D e a in‘(’;)_e;gl?gagf\t::rfsaret ©
prepared in a current-biased Josephson numerical result.

junction, return it to that junction, or transfer it
to another junction, as well as entangle two
or more junctions. These operations are performed by tuning the energy level spacing
of the qubit state into resonance with the resonator quantum levels, generating
electromechanical Rabi oscillations. The full Hamiltonian for the system is equivalent to
that of a few-level atom in an electromagnetic cavity. The cavity “"photons" here are
phonons, which interact with the ““atoms" (here the Josephson junctions) via the
piezoelectric effect. This analogy will allow us to adapt quantum-information processing

protocols developed for cavity-QED to our solid-state architecture.

We first show that we can coherently transfer a qubit state from a junction to a
resonator, simulating this process by numerically integrating the exact amplitude
equations. The Josephson junction had a Josephson coupling energy E; = 43.05 meV
and charging energy E; = 53.33 neV. Our main result is shown in Figure 18. The qubit
transfer depends sensitively on the shape of the bias current profile s(t) = /(t)/lp, which
starts at s=0.50, and is then adiabatically changed to the resonant value s=0.928. We
find that the time during which s changes should be at least exponentially localized.
Therefore one must bring the system into resonance as quickly as possible without
violating adiabaticity. The power-law tails associated with an arctangent function, for
example, lead to deviations from the desired behavior, shown in Figure 18(b). The
result in Figure 18(a) was obtained using Gaussian profiles with a cross-over time of 1
ns. All quasibound states were included in the calculation, and convergence with the
resonator's Hilbert space dimension was obtained. The junction is held in resonance for
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half a Rabi period, during which energy is exchanged at the Rabi frequency. The
systems are then brought out of resonance.

To pass a qubit state a|0>+b|1> from
junction 1 to junction 2, the state is
loaded into the first junction and the bias
current changed to bring the junction
into resonance with the resonator for
half a Rabi period. This writes the state
a|0> +b|1>into the resonator. After the
Time (ns) first junction is taken out of resonance,
the second junction is brought into
resonance for half a Rabi period,
passing the state to the second junction.

—

Amplitude

o

Figure 19. Qubit transfer between two
junctions. Solid curve is |cqg(t)| %, dashed-
dotted curve is |c001(t)|2, dashed curve is

Ico10(t)] % Thin solid and dotted curves show We have simulated this operation
| s4(t) and s,(t), the bias currents through I numerically, assuming two identical
junctions 1 and 2. junctions coupled to the resonator

described above. The results are shown

in Figure 19, where cm1m2n is the
probability amplitude (in the interaction representation) to find the system in the state
Im1 m1 n >, with m1 and m2 labeling the states of the two junctions. We can prepare an
entangled state of two junctions by bringing the first junction into resonance with the
resonator for 1/4 of a Rabi period, which, according to our RWA analysis, produces the
state (|100> - |001>)/2"2. After bringing the second junction into resonance for a half of
a Rabi period, the state of the resonator and second junction are swapped, leaving the
system in the state (|100> - |010>)/2"2 with a probability of 0.987, where the resonator
is in the ground state and the junctions are entangled. Using the cavity-QED analogy, it
will be possible to transfer the methodology developed for the standard two-qubit
operations, in particular controlled-NOT logic, to the electromechanical system, using
mostly existing technology and demonstrated techniques.
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Nanometre-scale displacement
sensing using a single electron
transistor

Robert G. Knobel* & Andrew N. Cleland*

* Department of Physics and iQUEST, University of California, Santa Barbara,
California 93106, USA

It has been a long-standing goal to detect the effects of quantum
mechanics on a macroscopic mechanical oscillator'~. Position
measurements of an oscillator are ultimately limited by quantum
mechanics, where ‘zero-point motion’ fluctuations in the quan-
tum ground state combine with the uncertainty relation to yield a
lower limit on the measured average displacement. Development
of a position transducer, integrated with a mechanical resonator,
that can approach this limit could have important applications in
the detection of very weak forces, for example in magnetic
resonance force microsopy* and a variety of other precision
experiments®”’. One implementation that might allow near
quantum-limited sensitivity is to use a single electron transistor
(SET) as a displacement sensor®'": the exquisite charge sensi-
tivity of the SET at cryogenic temperatures is exploited to
measure motion by capacitively coupling it to the mechanical
resonator. Here we present the experimental realization of such a
device, yielding an unequalled displacement sensitivity of
2 X 10" mHz""? for a 116-MHz mechanical oscillator at a
temperature of 30 mK—a sensitivity roughly a factor of 100 larger
than the quantum limit for this oscillator.

A classical simple harmonic oscillator, in equilibrium with its
environment at temperature T, will have an average total energy kT.
The position of the oscillator fluctuates continuously, with a root
mean square displacement amplitude dx = (kgT/ mwé)l/ 2 for an
oscillator of mass m and resonant frequency f, = w¢/2w. This
classical displacement amplitude can be made arbitrarily small by
reducing the temperature. One implication of quantum mechanics,
however, is that the quantized nature of the oscillator energy yields an
intrinsic fluctuation amplitude, the ‘zero-point motion’
dxzp = () 2mwo)'/2. This is achieved for temperatures T well below
the energy quantum, T << T =hwo/kp. A second implication

T Present address: Department of Physics, Queen’s University, Kingston, Ontario K7L 3N6, Canada.
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of quantum mechanics is that the instrument used to measure
the position of the oscillator will necessarily perturb it, further
limiting the possible measurement resolution, as quantified by the
Heisenberg uncertainty principle. A continuous measurement of
the average position of an oscillator, using a quantum-limited
amplifier, is thus limited to /2 times the zero-point motion, or
8%meas = (/mas)'/?. We note that ‘back-action evading’ techniques
have in principle unlimited measurement precision, although
these yield less information and are still subject to zero-point
fluctuations if the measurement is slower than the oscillator
relaxation time"'*.

A 1-GHz nanomechanical flexural resonator was recently
demonstrated". This resonator would have T = 50 mK, so when
operated on a dilution refrigerator at 10 mK, the inequality T << T,
could be reached. A resonator with similar dimensions would be a
candidate for detecting the transition from classical to quantum
noise, because the small mass gives a relatively large zero-point
displacement noise, dx,p = 2 X 107 m. In terms of the spectral
displacement noise density, this corresponds to S}c/z =
5X 10" ¥ mHz /2 on resonance, fairly small due to the relatively
low quality factor Q = 500. Techniques to measure the displace-
ment of large-scale resonators, such as optical interferometry or
electrical parametric transducers™'*'®, can achieve better displace-
ment noise limits than this, but the larger mass of the resonator
makes reaching the quantum limit more difficult. Such techniques
do not scale well to nanomechanical resonators, and other tech-
niques more applicable to these size scales'®'” are unlikely to
approach quantum-limited sensitivity. The single electron transis-
tor provides a possible system in which sufficient sensitivity can be
achieved.

The single-electron transistor (SET) consists of a conducting
island separated from leads by low-capacitance, high-resistance
tunnel junctions. The current through the SET is modulated by
the charge induced on its gate electrode, with a period e, the charge
of one electron. The SET is the most sensitive electrometer'®'?, with
a demonstrated sensitivity below 10> eHz % The motion of a
nanomechanical resonator may be detected by capacitively coupling
the gate of the SET to a metal electrode placed on the resonator, and
biasing the electrode at a constant voltage Vyeam (see Fig. 1). The
capacitance C between the SET and the beam then has a coupled
charge ¢ = VpeamC. As the beam vibrates in the x direction, in the

Figure 1 The device used in the experiment. @, Scanning electron micrograph of the
device, showing the doubly clamped GaAs beam, and the aluminum electrodes (coloured)
forming the single electron transistor and beam electrode. Scale bar, 1 wm. The
AI/AI0, /Al tunnel junctions have approximately 50 x 50 nm? overlap. b, A schematic of
the mechanical and electrical operation of the device.
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plane of the device, the resulting variation in capacitance AC will
modulate the charge induced on the SET, Ag = V4,.,,,AC, changing
the SET source—drain current. As the voltage Viyeanm is increased, the
charge modulation Aq and the sensitivity to the resonator motion
will increase. However, the source-drain current is due to the
stochastic flow of electrons through the SET, so the centre island’s
voltage fluctuates randomly. This causes a fluctuating ‘back-action’
force on the beam. This force increases as Vi,eam increases, resulting
in a voltage for which the total noise is minimized. The displace-
ment sensitivity at this optimal voltage is calculated”'° to be of order
10 "*mHz "%, approaching the sensitivity needed to measure
quantum effects.

Our device (Fig. 1) consists of a 3pm longX250nm wide X
200nm thick doubly-clamped beam of single-crystal GaAs, capaci-
tively coupled to an aluminum SET, located 250 nm from the beam.
The beam was patterned using electron beam lithography and
etched from a GaAs heterostructure using a sequence of reactive
ion etching and dilute HF wet etching®. The SET was formed
through double-angle shadow evaporation, using a pattern defined
in a second step of electron-beam lithography**>. The device was
mounted on a dilution refrigerator and cooled to 30 mK. All
electrical leads were filtered”. An out-of-plane 8 T magnetic field
was applied to drive the aluminum out of the superconducting
state, and to provide a field for actuation and sensing of the beam
motion.

The beam was driven using the magnetomotive technique, in
which an alternating current I through the beam electrode, along its
length L in the presence of the magnetic field B, generates a Lorentz
force F = ILB. We measured the induced electromotive force (EMF)
& developed along the beam owing to its resulting motion through
the magnetic field'***** by measuring the reflected and transmitted
power. The beam vibrates in its fundamental in-plane mode with a
resonant frequency fo = 116.7 MHz (see Fig. 2). The measured EMF
fits well to a lorentzian function with a quality factor Q = 1700. The
beam displacement Ax is related to the EMF & by**:

&
" £LBw

where £ = 0.523 is an integration constant. We thus determine the
displacement Ax as a function of power B, as shown in Fig. 2,

ey
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Figure 2 Magnetomotive measurements of the beam resonance. Upper inset, Raw
magnetomotive transmission data (20 averages, 10 Hz bandwidth) as a function of drive
frequency f, for a drive power P = —85 dBm, with a fit of a lorentzian line shape with a
linear background. The fit yields the resonance frequency fo = 116.7 MHz and

quality factor @ = 1700. The main plot shows the measured midpoint displacement Ax
of the beam driven at its frequency resonance f = f¢, as a function of magnetomotive
drive power P at 30 mK and in an 8 T magnetic field. The fit response Ax =

839+/P nm/W'/2 (solid line), with the beam’s known physical geometry (lower inset),
corresponds to an effective spring constant k= 1,530Nm ™' and resonator mass
m=2.84x10""kg.
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yielding the resonator mass m = 2.84 X 10~ "’ kg and effective
spring constant k = 1,530 Nm™".

The SET was characterized using low-frequency electrical
measurements, giving a series junction resistance
Ry; + Ry, =200k{, a gate capacitance C, = 0.59fF, a coupling
capacitance between the beam electrode and the SET of
C=0.131F, and a total SET island capacitance Cy= 1.3fF. In
order to detect motion at the resonant frequency of the beam, the
SET was operated as a mixer'', with a local oscillator (LO) voltage
V.o applied to the gate at a frequency offset from the drive
frequency by an intermediate frequency (IF) of less than 1kHz
(fir = | fuo — f1)- The SET was biased so as to give optimum mixing
signal, with V4 = ¢/Cy and the dc gate voltage adjusted to give
peak dc current. The V', amplitude was set to give maximum signal
gain, with coupled charge at the LO frequency q,, = 0.4e. The
voltage across the SET was measured at the intermediate frequency.

Figure 3a shows the mixer signal for a drive power
P = —125dBm. Using the magnetomotive calibration, this corre-
sponds to an extrapolated amplitude of Ax=2.3 X 10""*m on
resonance. The charge Aq detected by the SET is due to the change
in coupling capacitance times the beam voltage, Ag = Vi, AC, as
well as secondary signals due to the induced EMF, and capacitively
coupled charge due to cable resonances and ohmic losses. The
former is very small compared to the direct signal (less than 1%),
and the second varies slowly with frequency. Thus the total signal
detected by the SET has the form of a lorentzian, plus a background
with an arbitrary phase, as shown in Fig. 3a.

The quality factor Q and resonant frequency f, obtained using the
SET were the same as those from the magnetomotive technique, and
the amplitude varied as P"%. The SET response is found to be 9.9

a 06

05

Voltage (uV)

04

03¢

Mixer
voltage

(0%}

Figure 3 Single electron transistor measurement of the beam motion. a, Intermediate
frequency voltage (SET mixer output) as a function of beam drive frequency, for

P = —125dBm drive power. The solid line is a fit to a lorentzian plus linear background
with arbitrary phase. The beam electrode had a d.c. voltage Vpeam = 5V, the LO power
was —70dBm, and the IF was 151 Hz. The SET gate voltage was tuned to give maximum
signal. b, IF voltage for P = —115 dBm drive power, as a function of d.c. gate voltage and
drive frequency. The slowly varying background interferes with the resonance signal,
whose phase varies with the gate voltage.
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Figure 4 Noise and quantum limits for the device. a, Output voltage noise S:/2 asa
function of mixer intermediate frequency in the same configuration as used for the driven
beam measurements (LO = —70dBm, fi.o = 100MHz, V¢4 = €/Cx, Vieam =5V,
B= 8T, T= 30mK). For the displacement measurements, an intermediate frequency of
151 Hz was used, corresponding to a noise level of about 20 nV Hz~ 2. b, Calculated
displacement noise for two resonators, the resonator measured in this experiment (solid
lines) and for a hypothetical 1—GHz resonator (dashed lines), fabricated from GaAs with
dimensions 450 x 50 x 40 nm and Q = 10*. The black lines correspond to the thermal
noise and the grey lines include the back-action noise and zero-point motion in an ideal
quantum-limited position measurement. The measured noise of our device is indicated by
the black circle.

AxVpm™ !, proportional to the displacement Ax, when the SET is
biased optimally, with a LO frequency offset from the beam drive
signal by 151 Hz. As the SET gate voltage is varied from the
optimum value, Fig. 3b, the sensitivity decreases and interference
with the background becomes more pronounced. The resonant
signal decreases linearly with magnetic field B, and increases linearly
with Vieam-

Figure 4a shows the output voltage noise of the SET mixer. For the
intermediate frequency used (151 Hz), the noise (~20nV Hz~ 12y s
dominated by the second-stage amplifier. The displacement sensi-
tivity can be calculated from the SET response: We find a peak
sensitivity of S1/2 =~ 2.0x 107" mHz "2,

We can now evaluate the potential for quantum-limited detec-
tion: In Fig. 4b we show the calculated thermal and quantum noise
for this beam, and for a 1-GHz resonator, which would be in its
quantum ground state at the base temperature of our dilution
refrigerator. We see that the detector noise is ~100 times larger than
the thermal noise of the measured beam, and about a factor of ~20
larger than the quantum noise of a 1-GHz resonator with Q = 10™.
By using improved electronics and impedance matching, the
second-stage noise could be reduced by roughly a factor of ten,
and better lithography could reduce the SET-beam separation,
increasing the SET response. A higher—quality factor would yield
larger signals in both the thermal and quantum limits; experimen-
tally the Q is observed to reduce as the resonators are made smaller,
at least partly due to surface damage and contamination. Flash
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heating of resonators in vacuum has been demonstrated to yield
significantly higher quality factors®**, a technique which could be
applied here. The expected increase in displacement sensitivity
using a combination of these techniques could, in a second-
generation device, allow measurement in the quantum-limited
regime.

In conclusion, we have demonstrated an ultrasensitive, poten-
tially quantum-limited displacement sensor based on a single-
electron transistor, enabling us to read out the motion of a
nanomechanical resonant beam at its resonant frequency. The
device has a displacement sensitivity of 2.0 X 10~ mHz " at
the 116.7-MHz resonant frequency of the mechanical beam, limited
by the noise in the conventional electronics. O
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Nanoscale radio-frequency thermometry
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Department of Physics, University of California, Santa Barbara, California 93106

(Received 21 March 2003; accepted 22 May 2003

We experimentally demonstrate the high bandwidth readout of a thermometer based on a
superconductor—insulator—normal met8IN) tunnel junction, embedded in a rf resonant circuit.

Our implementation enables basic studies of the thermodynamics of mesoscopic nanostructures. It
can also be applied to the development of fast calorimeters, as well as ultrasensitive bolometers for
the detection of far-infrared radiation. We discuss the operational details of this device, and estimate
the ultimate temperature sensitivity and measurement bandwidtB0@ American Institute of
Physics. [DOI: 10.1063/1.1597983

Thermodynamic studies of mesoscopic devices havevell impedance-matched to room-temperature amplifiers, al-
lagged far behind the corresponding electrical and magnetilows its use in a variety of situations. For example, full
investigations. This dearth can be attributed to a lack of fastdensity-of-states measurements have been made on mesos-
robust thermometers that can be easily integrated witltopic devices with SIN junctions.
nanoscale structures. Electronic thermometers that function Previous applications of submicron SIN tunnel-junction
at very low temperatures and have fast response times withermometers have been conducted under dc or audio-
enable future probes of thermal physics at smaller size scalgequency heating conditions. However, these tunnel junc-
and shorter time spans than have previously been exploreflons should be able to operate at much higher frequencies.
and are also a key technology for far-infrared bolometry. InThe intrinsic electrical bandwidth is set by the product of the
this letter, we describe our development of a nanoscale thefynne| resistanc®, and the junction capacitane®;, fs g
mometer, based on a superconductor—insulator—normal 1/>7R C;. For a fixed tunnel barrier thickness, this prod-

metal (SIN) tunnel junction, that should allow thermody- yct is independent of the junction ardaWith typical values
namic measurements in the 1-100-MHz frequency range. ¢ RoA~10® Q um? and C,/A~10"13 F/um?, this corre-
The measurement of temperature in nanoscale systemsgﬁonds t0f 5 g~ 2 GHz.

a difficult problem for which a number of different ap- The time scale for the thermal relaxation of the normal

proaches have been used. One very sensitive technique is {04 electrons depends on the cooling mechanism. Diffu-
use a dc superconducting quantum interference device Qe cooling of the electrons into a larger normal metal vol-

measure the Johnson—Nyquist noise in a normal metal fi Ime occurs at time scales dictated by the diffusion constant,

This approach has been used to measure eIectron—phonng can be made less than 1 ns. The time scale for cooling

c_oupllng effe_cts in normal metal films, as well as in the via phonon emission is set at low temperatures by the
first observation of the quantum of thermal conductance for

phonond by Schwab and coworkefsBy contrast, the earlier electron—phonon relaxation time, and possibly by the quasi-

doarticle relaxation time in the superconductor. The small-
measurement of the quantum of thermal conductance for.
signal electron—phonon thermal conductance to the substrate

electrond® used the thermoelectric effect in a quantum point G. —5SVT® wheres. terial-dependent
contact. Another semiconductor-based method uses the terﬁE e*P;V h W lere t 'IS alma%elrzlélr;] eplenten . pr;:rar:]-
perature dependence of weak localization in heavily dope& er andyv: the normal metal voiume: € electronic hea
GaAs’ Thermopower in mesoscopic AuFe wires has beerf2Paclty Is also proportional to volumEe= VT, resulting

extensively studied using noise thermometry with conveni? @ Vvolume-independent thermal ~time —constant

tional amplifiers? Tih=ClGe_p=y/55T3~10T 3 ns K3.1* The relaxation
Here, we describe the use of submicron SIN tunnel junc/@te of & phonon-cooled metal is thus aboutt/ 10° Hz at
tions as high-speed thermometers. Large-area SIN tunndl K and 10 Hz at100 mK.
junctions have been used as the thermistor element in bolo- Stray cabling capacitance limits the measurement band-
metric applicationd, and we have previously used Width of many mesoscopic devices to the audio range. A
mechanically-suspended SIN junctions as low-frequencyumber of researchers have recognized the merits of using rf
thermometers to confirm the measurement of the quantum ggsonant circuits to eliminate the bandwidth-reducing effect
thermal conductanc¥. At temperatures sufficiently below Of this capacitance. The device is placed in a resonant circuit
the superconducting transition temperatiig, the tunnel With a discrete inductot and capacitanc€, such that the
junction’s small-signal resistance at zero biaR, device resistance acts to damp the circuit reson&ee Fig.
=dV/dI(0), is exponentially dependent on the ratio of tem- 1). Thus, the resistance measurement can be performed by
perature T to the superconducting energy gad, R, measuring the power reflected from th€ circuit near its
«e*keT  This resistance can be measured using very smaliesonance frequencle= 1/27+JLC, which can easily be
bias currents, with negligible self-heating. The resulting higharranged to fall in the 50-2000-MHz range. dabet all*
responsivity of the SIN junction, and the fact that it can beemployed this technique to measure a quantum point contact.

0003-6951/2003/83(5)/1002/3/$20.00 1002 © 2003 American Institute of Physics
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FIG. 2. Dc current—voltage characteristics, measured at a number of differ-
RC filter ent temperatures. The superconducting gap of Al is easily visible at the
lowest temperaturésolid line: 315 mK which was thermally smeared as the

FIG. 1. Top: Schematic of the tunnel-junction layout, on the right showingtémperature was raisedash-dot, 510 mK; dotted, 780 mK; dashed, 950

the metal electrode geometry with the tunnel junction in the dotted circleMK). Inset (a): Bias-dependent differential resistanBg¢l)=dV/dI(l) at
and on the left the larger-scale bond pads withlti&circuit, theC due to 315 mK. Inset(b): Zero-bias resistanc®, as a function of temperature.

the capacitance of the bond pads. Bottom: Readout circuit, configured for
simultaneous dc and rf measurements. All electrical leads are thermally
clamped at each stage of the cryostat, and the dc and rf portions are con- We then measured the reflected rf power from th@

nected together thro_ugh a rf bias tee‘. The reson‘ant circuit compris_,es theesonator with the embedded tunnel junction. For swept fre-
gld’\lljlctorL and capacitanc€, the latter in parallel with the tunnel junction quency measurements, an rf signal was generated at the
source(reflection port of a two-port network analyzer, and
used to measure the reflection coefficient of the resonator as
Record charge sensitivity was achieved by Schoelkoph function of both dc current bias and temperature. The
et al!® by reading out a single-electron transistSET) in a  source power at the top of the cryostat was typically
LC resonant circuit. Fujisawat al!® used a qualitatively — 100 dBm(100 fW), with a one-way cable loss of about 2.5
similar transmission-based measurement to study the higliB. We display our measurements in terms of the total
frequency noise in a GaAs quantum dot. The maximum readround-trip return los®,,ss, including the cable loss.
out bandwidthAf is set by the width of th&.C resonance, Figure 3a) shows the measured return loss at the
which for a large resistance device is set by =50  resonance frequency, as a function of dc current bias. The
cable, and is of order Af=f,J/Q=2Z,27L~10 return loss is given bR, |(Zo+ 2)/(Zy—2)|?, whereZ
—100 MHz. While a frequency of 100 MHz is still below is theLC resonator impedancé&~R/Q? for an SIN differ-
the intrinsic electrical bandwidth of the SIN junction, it is ential resistanc&=dV/dl measured on resonance. The re-
sufficient to allow the measurement of the electron—phonoium loss clearly corresponds to the dc differential resistance
relaxation time for a submicron SIN thermometer as well asshown in Fig. 2a). Below 510 mK, additional structure ap-
other phonon-mediated relaxation processes. pears, as shown in Fig(13. This double-lobed behavio_r is
We fabricated the SIN tunnel junctions using a standar@@sily understood: For one value Rf the LC resonant cir-
multiple-angle evaporation technique, using Cu as the norSUit IS most closely maiched to the cable impedadge
mal metal and Al as the superconducibThe tunnel junc- Maximizing the return loss at that point. This occurs for
tion had a 90 nm thick Al layer and a 90 nm thick Cu layer, R(1)=22 K in our measurements. This is also exh|b|te_d n
with an overlap area of 0,81.0 um?, and a normal state the temperaturg dependence of the return Iqss, shown in Fig.
: . 4(@). The maximum in the return loss is observed at
resistance of 2.5®. The Cu normal metal element is elec-

trically and thermally connected to the Au ground lead. ;];189 nr::n(ér]:tlrj:(\alhrlgzgg?odr\#(:rlwgr;g%;?r?/ Ig;n -tl;zecggilr-oll ed
We glued the GaAs chip to a printed circuit board

qi I b d made electrical by the choice of circuit parameters.
mounted in a small metal box, and made electrical connec- Finally, we measured the noise properties of the rf ther-

tions using Au wire bonds. A surface-mounted coll prOVidedmometer, using a mixer to detect the reflected power. The
L =390 nH of inductance. The stray resonant capacitdhice iyar |ocal oscillatofLO) was provided by a separate signal
=0.6 pF resulted in & C resonance frequency of abolits  source phase-locked to the rf drive. The phase of the LO was
=340 MHz. o o ~adjusted to achieve monotonic response as a function of bias.
The box containing the SIN junction was mounted in aThe mixer output was low-pass filtereet 0 MHz), ampli-
He cryostat wired with the measurement circuit shown infied and Fourier transformed using a dynamic signal ana-
Fig. 1. The current—voltage characteristics for temperaturegzer, allowing measurement of the noise from dc to 100
from 310 to 950 mK are shown in Fig. 2, with the differential kHz.
resistance at 315 mK shown in ins@d. The measured su- The dominant source of noise was from the first-stage
perconducting voltage gap isA2e=386uV, typical for  amplifier, and as expected was flat, with no measuratfle 1/
thin film Al. The differential resistance at zero biRg(T) is  component. For an input power ef110 dBm(10 fW) to the

plotted in inset(b). L C resonator, we measured a resistance noise 61/4Qz*2.
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FIG. 3. Return loss as a function of drive frequency. Ti@ resonance is  FIG. 4. (8) Temperature dependence of the return loss at zero bias and
strongly modulated by biasing the SIN junction, shown by the three curve$38.92 MHz is nonmonotonic and peaked-e10 mK. (b) The data shown

at 0.0, 6.0, and 13.0 nA. The return IdRg, includes the contribution due i (8) and from Fig. 2b) were used extract the dependence of return loss on
to the cable. HigheR, indicates lower reflected power. Ins@ Bias-  the differential resistance of the tunnel junction. When the/d1(0)
dependent return loss at 338.92 MHz for 510, 630, and 950 mK. The peak in22 K2, the resonator is closely matched to the cable impedance and the
Rioss IS suppressed at 950 mK. The analogous dc measurement is shown fgtUrn loss is maximized. Ite) and(b), the solid line is a calculated result,
Fig. 2(@). Inset(b) At 315 mK the return loss at 338.92 MHz is doubly- assuming optimal matching to the cable impedance\étl|~22 k().
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Nanomechanical displacement sensing using a quantum point contact
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(Received 10 May 2002; accepted for publication 10 June 2002

We describe a radio frequency mechanical resonator that includes a quantum point contact, defined
using electrostatic top gates. We can mechanically actuate the resonator using either electrostatic or
magnetomotive forces. We demonstrate the use of the quantum point contact as a displacement
sensor, operating as a radio frequency mixer at the mechanical resonance frequency of 1.5 MHz. We
calculate a displacement sensitivity of abowt B0~ 12 m/HZY2. This device will potentially permit
quantum-limited displacement sensing of nanometer-scale resonators, allowing the quantum
entanglement of the electronic and mechanical degrees of freedom of a nanoscale sys2802 ©
American Institute of Physics[DOI: 10.1063/1.1497436

The observation of quantized plateaus in the conducdisplacement sensitivity of 16 m/Hz'2 A significant limi-
tance of high-mobility quantum point contatfshas gener- tation in this device was the low output bandwidth, of order
ated significant interest in both the physics and application of ® Hz.
these devices. The highly sensitive dependence of the OQur device is shown in Fig. 1. The structure was etched
source-drain conductance of a quantum point cor@&C  from a single-crystal GaAs heterostructure grown by mo-
on electrostatic fields provides a straightforward means ofecular beam epitaxy, comprising a bulk00) GaAs wafer,
detecting very small electronic signals. The QPC has beenoo nm of A}, /Ga As (the sacrificial layey, 600 nm of
used, for example, to detect charge motion and controllablysaAs, 40 nm of A} Ga, -As, a Si delta-doped layer, 70 nm
introduce quantum decoherence in the electron transpodf Al, Ga,-As, and a 10 nm GaAs capping layer. The sus-
through an_electron interferomefet. A QPC has been pended mechanical structure includes all layers above the
demonstratetias a scanned charge-imaging sensor, with &acrificial layer(see below The two-dimensional electron
measured charge noise of about OsD#z? at 1 kHz. gas (2DEG) in which the QPC is formed is at the lower

Of further interest is the potentially extremely large GaAs—A} (Ga, -As interface, where similar sampfésiad a
bandwidth attainable using a QPC, due to the very smaltarrier density of ~1.4x10'¥m?, and a mobility of
intrinsic capacitance {100 aF) and short electron transit ~40 n?/V's at 4.2 K. In our device the 2DEG mobility was
times (~1 ps); the QPC should in principle respond at fre-significantly degraded by processing.
quencies up to of order 10 THzHowever, the relatively We used photolithography to define a set of NiAuGe
large resistance of the QPC, coupled with unavoidable straghmic contacts to the 2DEG. Next electron-beam lithogra-
cabling capacitance, typically limits its practical bandwidth phy was used to define Ti/A(6 nm/40 nm electrodes for
to the order of 16-10° Hz. The QPC has however recently the top gates, as well as for actuation of the mechanical
been demonstratédo work well as a radio frequenciff)  structure. A second photolithography step defined Ti(Bu
mixer, by employing the nonlinearity in the QPC current—nm/110 nm wire-bond pads to make contact with the metal
voltage characteristic to generate harmonic multiples of thelectrodes and ohmic contacts. A second electron beam li-
applied rf signals. A local oscillatofLO) at a frequency
w0, combined with a signal abg, will, through the QPC
nonlinearity, generate signals at the sum and difference fre-
guencies|w o+ wg|. For a sufficiently small intermediate
frequency (IF) we=|w o— g, the difference frequency
will lie within the output bandwidth of the QPC, and the
signal can thereby be detected. Mixing has been
demonstratétiat frequencies up to 2.9 GHz, with an optimal
conversion loss of-13 dB.

In this work we demonstrate the use of a QPC mixer as
a displacement detector, where we take advantage of the pi-
ezoelectric effect in GaAs to modulate the current through an

FIG. 1. SEM micrograph of the QPC electrodes defined on the surface of a

integrated QPC. Previously, a micromachined GaAs meéuspended beam. The magnetic fiBldised for magnetomotive actuation is

chanical resonator that included an integrated field-effeciygicated, as is the direction of flexusz. The numbers identify the elec-
transistor(FET) has been demonstrated? with a measured trodes:(1) is the drive electrode that also serves as a QPC ¢@tand (5)

define the source and drain ohmic contat@sand(4) the other sides of the

two QPC gates. Only one QPC was used at a time. Inset: Larger scale image
3Electronic mail: cleland@iquest.ucsb.edu of the structure, with the dotted line outlining the suspended area.

0003-6951/2002/81(9)/1699/3/$19.00 1699 © 2002 American Institute of Physics
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FIG. 2. (a) Current—voltage characteristic for the QPC, measured for differ-
ent gate voltage¥,=0, —0.64,-0.73,—-0.76,—-0.77,—0.78,—-0.79, and ) . .
—0.81 V. (b) Conductance at zero bias as a function of gate voltage. Inset™!G. 3. (@ Amplitude and phase of signal reflected from magnetomotive
Schematic of measurement setup. drive electrode. Measurements made with applied power @0 dB in a

magnetic field of 5 Ty(b) intermediate frequency current through QPC for
same applied power to magnetomotive drive electrode, in magnetic fields of

thography step then defined the structural masking layer. Th%mi'”ti' dg’rﬁggu?ag(')r:Foffrtfféufgcgi&?f“"F/ 2m=13.7 Hz, with 100%
unmasked area of the heterostructure was etched using '

SiCl,-based reactive ion etching, etching to a depth of about

800 nm, almost through the sacrificial layer. The sacrificialQPC conductance in a manner analogous to the top gate. In
layer was then etched using a timed submersion in conceriig- 3(b) we display the measured QPC curréptwhen the
trated hydrochloric acid, followed by a 10% solution of hy- drive electrode 1 was driven with an amplitude-modulated
drofluoric acid. This step was timed to suspend the laterafignal, which served to both generate magnetomotive actua-
area shown by the dotted outline in Fig. 1, creating a struclion of the structure, and as a local oscillator for the QPC
ture with a suspended length of roughly 4 and a thick- ~ Mixer. The change in the QPQ mixer response as a function
ness of 0.72um. of w o is due to the generation of a frequency-dependent

The sample was placed in a vacuum can that was suiezoelectric voltage abLo_ between the _2DEG layer and th_e
merged in liquid He at 4.2 K. A magnetic fieB could be 0P gates, and the amplitude modulation of the gate drive
applied in the plane of the sampllsee Fig. 1 then mixes this \_/oltage to the .|ntermed|ate frequengy,

We recorded the current—voltage characteristics of th@®rmitting detection of the motion. Data are for a range of
QPC as a function of the voltage applied to the top gatdna@gnetic fields, with the expectedf dependence for the
electrodes, numbered 1 and 4 in Fig. 1, as shown in k. 2 Peak amplitude. _

In Fig. 2(b) we show the zero-bias conductance as a function Ve could also actuate and sense the structure in the ab-

of gate voltage. Quantized steps are not visible in this meas€nce of a magnetic field; in Fig. 4 we display the QPC

surement at 4.2 K. We then characterized the response of tfiIrent as the LO frequency is swept through the mechanical
QPC as a rf mixer, by applying a combination of a local resonance, for different LO powers. Mechanical actuation

oscillator and a signal to the gate electrode 1, and measurin(qccurs due to the electrostatic interaction between the drive
the current through contacts 2 and 5 at the intermediate fre: ectrode 1 and the substrate, and the QPC detects both this

quencyw=. We found that the mixer operates well up to afrequency-mdependent voltage, and the resonant piezoelec-

LO frequency of about 20 MHz, and for intermediate fre- tric voltage due_ to thehstré’;l_ln ;n the structure.  th c
guencies up to about 2 kHz; these frequencies are limited b We can estimate the displacement sensitivity of the QP

the particular measurement configuration rather than by thB0M Our measurements; using the magnetomotive reflec-
QPC itself!? For a typical configuration with a gate voltage

of —0.8V, dc hias voltage across the QPC of 60 mV, and 4
LO power of —11 dBm, the IF curreni,: through the QPC o5l
was linear in the signal voltages, with i z=0.% g nA/V. = '
We characterized the mechanical properties of the sus =
pended structure by applying an in-plane magnetic field J = o.10r
and measuring the resulting electrical impedance of the drivg SSended -~ g
electrode 1. This impedance acquires additional real and 8 8 0.05
imaginary frequency-dependent terms due to the combina] m
tion of Lorentz-force actuation and the resulting electromo- < 3 0f L
tive voltage developed as the structure moves in the mag v 1.502 1.504 1.506
netic field’®'* The fundamental resonance frequency is 9 Frequency (MHz)

wo/2m=1.503 MHz, with a quality factoQ~3000. In Fig. FIG. 4. (a) Measurement schematic for electrostatic drive and detection

3(a) we dlsplay the response f@=5T. Shifts m. the reso- using the QPC. The LO drive signal is capacitively coupled to electrode 1,
nance frequency are apparent, due to the nonlinear respongei is amplitude modulated at the IF frequengy/2=13.7 Hz. The QPC
for large motional amplitude®:*® current is lock-in detected with the IF signal as a reference. Care was taken

inme I to ensure that no spurious mixing signals were detectdbjelF current
We employed the QPC to detect the motion: In I:)Ianethrough the QPC for a range of applied LO powers, vitilp=—61, —56,

strain in GaAs, generated by OUt'Of'plane flexure, will gen-_ 53.5,—51, and—48.5 dB. The remnant magnetic field is estimated from

erate out-of-plane piezoelectric fielfsThese modulate the magnetomotive measurements to be less than 0.01 T.
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Single-electron transistor as a radio-frequency mixer
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We demonstrate the use of the single-electron transistor as a radio-frequency mixer, based on the
nonlinear dependence of current on gate charge. This mixer can be used for high-frequency,
ultrasensitive charge measurements over a broad and tunable range of frequencies. We demonstrate
operation of the mixer, using a lithographically defined thin-film aluminum transistor, in both the
superconducting and normal states of aluminum, over frequencies from 10 to 300 MHz. We have
operated the device both as a homodyne detector and as a phase-sensitive heterodyne mixer. We
demonstrate a charge sensitivity<o#x 10”3 e/\/Hz, limited by room-temperature electronics. An
optimized mixer has a theoretical charge sensitivity=of.5x 10 ° e/\JHz. © 2002 American

Institute of Physics.[DOI: 10.1063/1.1493221

Coulomb blockade can occur when current through dinear dependence of the currdnbn the coupled charge is
device passes through high-resistance contacts to a sma#limployed to mix a rf signal to dc, while in the latter, the
capacitance island. The condition for Coulomb blockade isignal is mixed with a local oscillator to generate a signal at
that the resistance of each contact must exdegerh/e?  the difference frequency, close to dc, whose amplitude and
~25.8 K2, and the electrostatic charging enefigy of the  phase may be measured. These techniques may be employed
island must satisffE=e?/2Cy>kgT, whereCs is the ca-  with any gated Coulomb blockade device, allowing measure-
pacitance of the island. The charging energy can be tunechents at frequencies up to,~~I/e, above which nonadia-
electrostatically using a gate capacitively coupled to the isbatic current transport and photon-assisted tunneling become
land; the current is periodic in the gate charge, with a periodignificant.

e, the charge of one electron. In this mode of operation, For this experiment, we used a lithographically patterned
these devices are known as single-electron transistoiSET, comprising two AI/AIQ/AI tunnel junctions and two
(SET9.12 An important application of the SET is as an ul- interdigitated coupling capacitors, fabricated using electron
trasensitive electrometer, with a theoretical chargebeam lithography and shadow evaporatifsee Fig. 1a)].
sensitivity’ of order 10 %e/\Hz. The device was fabricated on a GaAs heterostructure to al-

The high electrical resistance associated with Coulombiow in situ fabrication of nanomechanical structuresve
blockade, coupled with the unavoidable stray cable capacplan to implement the mixer as a motion sensor for a nano-
tance, has traditionally limited measurements with the SETmechanical resonator, capacitively coupled to the SET.
to frequenciess10* Hz. This can be increased to about 1 The device was mounted on a dilution refrigerator and
MHz by placing a first-stage amplifier in close proximity to cooled to=30 mK. All leads were filtered with metal pow-
the SET*® A significant innovation has recently been der filterS and source and drain leads WiRC filters at 1.5
demonstratei,where the SET is coupled through a tunedK and at room temperature. The SET was operated as a
LC tank circuit, so that at the resonance frequengy  mixer both in the superconducting state and in the normal
=1/\LC the output impedance of the SET is matched to astate, in a magnetic field of 1 T. Figurebl shows the
50 () cable. This technique, termed a radio-frequency SET
(rf-SET), allows operation at resonance frequencies up to
~10°—10'"° Hz, with a demonstrated charge sensitivity near
the theoretical limit. However, the measurement bandwidth
about the resonant frequency is limited to a few percent of
wg, as the tank circuit quality factor must satisf®
= {2R/50 (1~30 to achieve impedance matching. This
limits applications of this device to measurements where the
frequency of the signal to be measured is externally con-
trolled, or is known beforehand to fairly high precision. In
addition, the tuning circuit requires a well-characterized elec-
trical environment, which is not always easily achieyéat _ _ _
example, with carbon nanotube-based transi)stors FIG. 1. (a) Electron m_crograph of a typical sample, ;howmg &0

% 50 nnt overlap of the junctions and the two gate capacitors. The scale bar

Here we demonstrate the use of the SET as a homodyng1 um. (b) dc normal-state current—voltage characteristic of the SET at 30

detector and as a heterodyne mixer. In the former, the normK, where the modulation due to gate 1 is shown; the same behavior was
seen when modulating gate 2. The device parameters extracted from this
measurement are€Cg;=4.2Xx10"1°F, Cg,=2.8x10"*F, R=R;+R,
3Electronic mail: cleland@iquest.ucsb.edu =850 k), andCs~2x10 °F.
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0 05 1.0 148 /2152 156 FIG. 3. () Amplitude of the mixing signal as a function of the dc gate
CGVS/e o/2r (Hz) charge for a range of 5 (offset for clarity, withVsp=4, 50, 100, and 150
©V bottom to top, with w o/27=20 MHz and w;;/27m=152.15 Hz. (b)
FIG. 2. (@) Schematic diagram of mixing. The gate charge is set for maxi-Modeled mixing current as a function of the dc gate chafgg,Cg
mum curreni{dashed vertical ling and a signal antfor heterodyne mixing =0.2, V¢Cs=0.2% at 30 mK varyingVgp as in (a). (c) Measuredif
local oscillator voltage are coupled to the gdt®.Mixing circuit schematic  current as a function of the rf charge on the gatedipg/27=20 MHz and
of both homodyne and heterodyne mixing. The SET is in the dashed box im;/277=152.15 Hz, with fixed source—drain bi&&p,=90 uV. The three
the center(c) Homodyne detector signal at dc, measured as a function of theraces are for varyiny, oCg /€. (d) Modeledif current forVgp=100uV at
signal voltage. The signal at 20 MHz was applied to gate 2, while the SET30 mK varyingV, ,Cg as in(c).
was in the superconducting state. Points are experimental data, and the
dashed line is the expected Bessel function respddseleterodyne mixing
spectral density aboub;=152.15 Hz, withCeVs=0.1e, CeVio=0.3,  capacitance between the gate and source—drain leads can rf
w of2m=20 MHz, andws= w o+ wi;, with the SET in the normal state. . L
The vertical axis is in units of input signal charge spectral dengity mOdUIateVSD_aS well, causing deviations from qu) at
=CgVs. larger rf amplitudes.
For heterodyne mixing, the signal voltage is applied to
gne gate, and a local oscillator voltaygg cosw ot to the

normal-state current—voltage characteristic, as the dc blasoth e Th d ; dulated by both
one gate was varied. The relatively large value of the sePiher gate. The source— rain current is modulated by bo

resistance limits the noise performance and output banaSlgnals and a current is generated at the intermediate fre-
width, as discussed below. quency wj;=|ws— w o|. The if signal (magnitude and

For near-optimalVsp, as shown in Fig. @) phas¢ was detected using a lock-in amplifier, whose refer-
source—drain currenitgp is approximately sinusoidal in the ence s!gnal was generated by a separate mixer, shqwn In Fig.
gate voltageVg, with peak-to-peak amplituded, about 2(b). High-pass filters ensured that this reference signal was
an average Va(?L’IQ, and perioce in the gate chargoé Ve not transmitted to the SET. The measured spectral response

’ G ] . . . .
at optimal source—drain biasl y~1,. For homodyne detec- ' shown in Fig. 2d), showing the peak ab;; as well as the

tion, we bias the gate with a dc voltadk; such that the S|deb_and NOISE. . .
current is at a maximum, and apply a rf voltadgcosog. Figure 3a) shows the heterodyne mixer amplitude as the

For frequencies smaller than the tunneling rate, the dc cwdc source—drain voltag¥'sp and dc gate voltagd/s are
rent is then the time average of the instantaneous curre|¥1a”ed Thee periodicity in CeV is observed, and the de-
(Isof Va+Vscosd)]). At frequencies of ordei/e and pendence o/gp has the expected maximum nesPCs .
higher, electrons can be transferred through the SET nonA:Igure 3c) shows theif current as a function of signal am-
diabatically, reducing the Coulomb g&pAt still higher fre- pI|tudeVS, the same dependence Is found whég, is var-
guencies, where the photon energy is comparable to the dif- d. The gain of the device is tunable by varying the dc gate

ference in final energy statebw~AE, photon-assisted ias, source—drain voltage, and oscillator power. Thes-
tunneling can occur. This effect is negligible in our sponse was calculated using an analytic model for the'8ET,

measurements. For heterodyne mixing, we couple a local and is shown in Figs.(®) and 3d). The measured response

oscillator (LO) voltage V, , cosw,ot to the other gate, as follows the predicted behavior, but is approximately a factor
shown in Fig. 2b) ' of 2 smaller than calculated. At present we do not understand

; — this discrepancy.
The homodyne response is shown in Fi¢c)Zor gate 2 )
at 20 MHz. For a model current dependentgy~I, Figure 4a) shows the frequency dependence of the

_ mixer signal, for fixedw;; and constant LO and signal
Al cos(2rCaVe/e), we expect power. Figure %) shows a measurable signal up to
w o/2m~300 MHz, limited by thew p,5,/27~ 300 MHz cut-

, (1) off frequency for this device. Figure () shows the
~250 Hz output bandwidth for the SET. This can be in-
creased by lowering the junction resistance, operating in the

where J, is the zeroth-order Bessel function. A fit to this superconducting state, and reducing the cable capacitance.

dependence is shown in Fig(c2, the zeroes in the response Use of a closely coupled preamplifier or tune@ circuit

allow us to calibrate the signal voltagés. The nonzero could further increase the output bandwidth. Noise measure-
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timized SET withR=2Ry, C=1fF, we find 5q¢(f )~1.5
X 10 %e/\/Hz. This optimized SET would have a current
gain of g;~30 at 100 MHz and 3 at 1 GHz. An important
question remains regarding the impact df éharge noise: If
this noise modulates the mixer gain, it will contribute«at
while if not the mixer can operate outside the Hoise-
dominated band even for low;; .

In conclusion, we have demonstrated the use of a litho-
graphically defined single-electron transistor as a radio-
frequency mixer that allows the detection of signals over a

tively. The low-frequency rolloff is due to high-pass filtering, and the high- fully tunable 300 MHz band. The use of this technique is

frequency rolloff is due to thégp/e limitation. The dashed line is a guide to
the eye.(b) Mixing signal as a function ofw;; for w o=50 MHz. The
dashed line is a fit that gives-a3 dB single-side bandwidth of 250 Hz.

ments near the intermediate frequengy at optimum gain
yield a signal charge sensitivit§qs<4x 10 3e/\Hz, lim-
ited by noise in the room-temperature electrornkeig. 2(d)].

complementary with SET bandwidth-enhancing techniques
such as the rf-SET. The generic nature of the mixer response,
and the ease with which the mixer operation can be config-
ured, should allow its application in devices using carbon

nanotubes, single molecules, and quantum dots in addition to
metal tunnel junction circuits.

The heterodyne response can be understood by using the The authors acknowledge the financial support provided
sinusoidal approximation for the current—charge responseyy the National Science Foundation XYZ-On-A-Chip Pro-

The heterodyne currenkl;; at w;; is then related to the
signal and LO voltage¥s andV o by

( 27TCGVS 3 ( 2’7TCGV|_0>
1 ’
e

AlifIZAloJl (2)

in terms of the first-order Bessel functidp. The small sig-
nal if current gaing,=Al;¢/Algis optimized forV g at the
first maximum ofJ;, CgV, o~0.292. For a current source
Als= wsCcVs<wge, the current at optimal bias ialj;
=0,1g~3.68A1,CsVs/e=1.83(wmax/wg)Als. Current gain
is therefore expected at frequencies beloy.,~300 MHz
for this device.
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Thermal conductance and electron-phonon coupling in mechanically
suspended nanostructures
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We have fabricated and characterized the principal thermal properties of a mechanically suspended
nanostructure, consisting of a micron-scale suspended GaAs island, upon which we have defined
superconductor-insulator-normal metal tunnel junctions. The tunnel junctions allow for sensitive
thermometry and heating of the electrons in a thermally isolated normal metal element, permitting
the determination of the low-temperature thermal conductance of the legs that support the GaAs
island, as well as the low-temperature electron-phonon coupling. This device forms the basis of a
nanoscale bolometric detector, whose optical performance can be estimated from these
measurements. @002 American Institute of Physic§DOI: 10.1063/1.1491300

It has recently become possible to fabricate fully sus-with a timed wet etch in 7% hydrofluoric acid, undercutting
pended, three-dimensional integrated devices that can kbe island and six legs. The tunnel junction circuit was de-
used for sensitive measurements of energy and thermal tranfired on the surface of the suspended structure, using a sec-
port in nanostructures. Recent experiments have measuremd step of electron-beam lithography to create a stencil
the low temperature thermal conductance of submicromask for angled shadow evaporation. These included a pair
single crystal GaAs wirejn the range of 1-10 K, as well of SIN tunnel junctions connected back-to-back in a SINIS
as the quantum of thermal conductance of a suspended polpair configuration, and a separate SINIS pair with two ohmic
crystalline silicon nitride membrarfein the range of 0.1-10 superconductor-normal met@N) contacts to the center nor-

K. A challenging problem is temperature measurement of thenal metal element. The tunnel junctions were made by first
suspended device. Tigte al® relied on the temperature de- evaporating 100 A of Al, perpendicular to the sample sur-
pendence of the zero-bias resistance ofndndoped GaAs face, and oxidizing in 200 mTorr of Ofor 3 min, forming
resistor, while Schwalet al? used a dc superconducting the superconducting-insulating connections for the SIN junc-
guantum interference device to monitor the Johnson-tions;the oxidation time determines the normal state junction
Nyquist noise in a normal metal film. An alternate approachresistanceRy). A second evaporation of 100 A of Al, at 45°

is to employ a superconductor-insulator-normal mé&N)  to the sample surface, formed the superconducting connec-
tunnel junction as an electron thermometer. These have begions for the SN contacts. A final evaporation-a45° of 600
used for measuring the thermal conductivity of large-scaléd of Cu completed the tunnel junctions. Or{superconduct-
suspended silicon nitride membrarfeas well as for elec- ing) Al was deposited on the support legs, minimizing the
tronic refrigeratiorf.~® SIN tunnel junctions have also been thermal conductancésee Fig. 1 The tunnel junctions can
used as sensitive probes of the electron energy distribution in
mesoscopic metallic systerhddere we demonstrate the in-
tegration of SIN tunnel junctions with a nanoscale suspended
single-crystal GaAs structure, allowing us to measure the
electron-phonon coupling in a normal metal film on the sus-
pended structure, as well as measure the phonon thermal
conductance through the supporting legs. Our device can be
applied to infrared bolometry.

The device was fabricated from a GaAs/AlGaAs hetero-
structure consisting of a 200 nm GaAs top layer and a 400
nm Al /Ga, ;As sacrificial layer, on a bulk GaAs substrate.
The lateral dimensions of the mechanical structure were de-
fined using electron-beam lithography to pattern an etch

SN

mask, used for a timed anisotropic reactive ion etch of the Cu(N) [
GaAs heterostructure. We used SiCllowing at 10 sccm at Al () [
a pressure of 3 mTorr, with a rf power of 100 W, to etch to a SIN Alox () H

GaAs O

depth of 400 nm. The structure is shown in Fig. 1; the six
supporting legs are 0:20.2x3 um?® and the central GaAs
island is 0.X5%x6 um®. The AlGaAs layer was removed FIG. 1. Micrograph of suspended structure, wituh scale bar. Top left:

Log spiral antenna for coupling radiation to the device. Bottom: Schematic
of device, indicating the GaAs suspended island, the six supporting legs, the
3Electronic mail: cleland@iquest.ucsb.edu SIN tunnel junctions and the ohmic SN contacts.

junctions

0003-6951/2002/81(1)/31/3/$19.00 31 © 2002 American Institute of Physics
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FIG. 2. Normalized zero-bias conductar@eof one SNIS tunnel junction, ( )
as a function ofT ;. Conductance is in units of the normal state resstanceFIG. 3. Electron temperatufB, measured as a function of powerdissi-

FB{%'S?;:(:J% "(V‘Zfameas“md by a calibrated thermometer. Solid line is & . 1" the normal metal, measuredraf, = 0.025, 0.24, 0.3, 0.4, and 0.5

K (indicated by the interceptThe 0.025 K data intercepf,, at 0.15 K;
solid lines are fits to the data. Inset is a diagram of the measurement setup.

be used as SINIS junction pairs, or, using the SN contacts, as
single SNIS junctions. similar values forn and 3. Calculations of the acoustic
Electrical contacts to the device were made with Au wiremismatch® between the Cu T, and the GaAs Tigand
bonds. The device was mounted in a stainless steel can thgshonon gases predic > Tisang» Which results in a re-
mally anchored to the mixing chamber of a dilution refrig- duced fit valuen. However, the applicability of acoustic mis-
erator, with a base temperature of 25 mK. All electrical con-match theory is debatable, as the phonon modes in the Cu
nections to the sample were extensively filtered at roonfiim are effectively two-dimensional below 1 ¥.Note that
temperature, at thl K pot, and at the mixing chamber with we will identify the island phonon temperatuiigy,,q With
 filters, three pole RC filters and stainless steel powder . .
filters. The thermal conductance of the support legs was mea-
We calibrated the SINIS junction pairs as electron thersured by dc biasing one of the SINIS pairs, and measuring
mometers by measuring the zero-bias conducta®e the corresponding rise iMiganq USing an electrically isolated
=d1/dV(V4=0) as a function of the mixing chamber tem- SNIS junction. The heating power deposited in the normal
peratureT ;. Figure 2 shows the measured normalized con-Cu section C;) of the first SINIS pair(see inset of Fig.
ductanceR\G of one of the SNIS pairs, witlRy=20 k).  heats the island phonon gas, and is then transmitted through
The other SINIS pair was very similar, witRy=130K2.  the legs to the bulk substrate. The power dissipate® is
Also shown is a one-parameter fit to Bardeen—Cooper—|(V—2A/e), using the measured currentind voltageV
Schrieffer(BCS) theory? giving a transition temperature of across the heater SINIS pair, assuming quasiparticle relax-
T.=1.3K, that of bulk aluminum. Measurements below 0.2ation to the gap £ =180 xeV) as the dominant heating pro-
K deviate from the BCS theory, possibly due to multiple cess, with negligible subsequent recombinatfgang iS
Andreev reflections in the normal section of the SINIS Pair, inferred from the electron temperature of the normal Cu sec-
or an indication of sufficient spurious radiation that the election (C,) of the SNIS thermometer, using the previously
trons do not cool to below 150 mK, due to the small volumedetermined electron-phonon coupling. The measured thermal
of Cu (2=6x0.3x0.06um® of Cu). Bulk electron-phonon  conductance is shown in Fig. 4, fdi,=25 and 50 mK.

coupling theory indicates that for this volume, an ambientThe solid line is a fit to the data of the forf= a(Tflsland
power of 10 W is sufficient to heat the electrons T,

=150 mK, for an island phonon temperaturgn+= T mix
=25 mK.1° We note that the measurement-induced heating 05
of the electron gas is negligible, as measurements were done :
with an applied power of only=10"1" W. ~ 04
We measured the electron-phonon coupling by passing a % 0.3
dc current through the two SN contacts, heating the normal
metal, and monitoring the electron temperatligeusing one
of the SNIS junctions, as shown in the inset of Fig. 3. The
SIN junction, located 5wm from the dc injection point, is ac
biased to allow a lock-in measurement of the zero-bias con- 0.1
ductance extractind, from the fit in Fig. 2. Negligible
measurement power was dissipated. Figure 3 shiyas a
function of powerP, for different mixing chamber tempera-
turesTix. The solid lines are fits of the forrR =3 Q(Tg,

—Thiand, With n=4.84 and3=2X 10° W/mB K48 for FIG. 4. Island temperaturBga..qas a function of poweP dissipated in the

o : : : island phonon gas, measured Bt;,=25 mK (circles and 50 mK (tri-
Tinix=25 mK’tgl_lzm agreement . Wlth_ previous angles. Solid line is a fit to the data, yielding a phonon mean free path
measurements, bulk theory predictsn=5 and X =7.7um. The long dash line is fo\ =1 um, for comparison. The quan-

~0.2-2x10° W/m3K®. Measurements at othdr,,, yield  tum of thermal conductance for six legs is indicated by the short dash line.
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_Tﬁﬂx) with «=3.3x10"1° W/K*. This corresponds to a Proaches to reading out the device, using a single-electron
mean free path\ =7.7 um,® indicating that the phonons transistor as a first-stage amplifier.

undergo primarily speculafrather than diffusereflections
within the legst Also plotted (short dashesis the quantum
of thermal conductanéé’ for six legs, 6x4XG,

The authors acknowledge the financial support provided
by NASA Office of Space Science under Grant No. NAG5-
8669 and the Army Research Office under Award No.

=8n?k3T/h. The data agree well with the bulk theory, DAAD-19-99-1-0226. We thank Bob Hill for processing
crossing over to the quantum limit at170 mK. Note the support '

large phonon mean free path in our device masks the transi-
tion to the quantum limit; we have also plotted the bulk
thermal conductance foA=1um (long dashes which 7. S. Tighe, J. M. Worlock, and M. L. Roukes, Appl. Phys. L&Q, 2687
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Piezoelectric displacement sensing with a single-electron transistor
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We propose a displacement sensing scheme for rf mechanical resonators made from GaAs, based on
detecting the piezoelectrically induced charge. By using a single-electron transistor to detect the
charge, we calculate that a significantly higher displacement sensitivity can be achieved than by
using capacitive displacement sensing, primarily due to the strong piezoelectric coupling strength.
We estimate a displacement sensitivity of ordeF ¥0m/HZY? for a 1 GHz GaAs resonator. Our

model solves the coupled electromechanical response self-consistently, including the effects of both
dissipative and reactive electronic circuit elements on the resonator behavid@0® American

Institute of Physics.[DOI: 10.1063/1.1507616

There is significant interest in developing detection{100) crystal axis aligned along, will generate a piezoelec-
schemes that might achieve quantum-limited displacemeritic polarization density’ alongz, with the polarization am-
sensing of nanometer-scale resonatorst present, one of plitude proportional to the distance from the midpoimt (
the most promising approaches is to use a single-electror0) of the beanf. The polarization induces a screening
transistor (SET) capacitively coupled to a flexural beam charge on the detection electrode, which can be detected by
resonatol* In this scheme, the flexural beam is biased withthe SET. Conversely, when an electric field is applied be-
a constant voltage, so that its motion changes the charg#een the actuation electrode and the 2DEG, alanghe
coupled to a nearby SET, hence changing the current througbeam will respond with an in-plane strain, which couples to
the SET. Increasing the voltage applied to the beam leads tfie fundamental flexural mode. For a neutral axis displace-
larger coupled charge signals, but also increases the backentU(x), the polarization densit?(x,z) a heightz above
action coupling between the SET and the beam. For a modéhe neutral axis isP(x,z)=0.315;,EzU"(x).° Here, dy,
cantilever and SET, applying the optimal bias voltage yfelds =3.03 pC/N is the relevant piezoelectric constant for
a displacement sensitivity of>410™ 16 m/HZz/2, Al Ga, ;As.>® For the fundamental flexural mode, the po-

Here, we demonstrate that if instead the resonator is faparization density is largest at the beam surfaed/2, and is
ricated from a piezoelectric material, such as GAaAs, maximum at the beam ends==*L/2, crossing zero ak
AlGaAs® or AIN,® and the SET is configured to sense the==0.276., and reaching a secondafyegativg¢ maximum
piezoelectric voltage developed when the beam flexes, thenat the beam center=0. This polarization induces a charge
significantly higher displacement sensitivity can be achieved®n the detection electrode, which extends from the beam end
we calculate a noise figure o610 1" m/HZ'?, dominated to the zero-crossing point, over the full widthof the beam.
equally at peak sensitivity by the current and back actionfhe induced charge is the integral of the polarization at the
noise of the SET. This technique is similar to that of Becksurface,P(x,t/2), over the area of the detection electrode.
et al,” where an integrated field-effect transistor was used to ~ The circuit connected to the detection electrode will af-
sense strain. Here, the superior noise performance of the SHect the electromechanical response of the resortateome-
permits several orders of magnitude improvement in the diswhat related effect was described by SchydbThe re-
placement sensitivity. sponse can be determined by solving the coupled electrical

In Fig. 1(a), we show the heterostructure design from
which the device could be fabricated, and in Figb)l a (a) (b)
schematic view of the doubly clamped resonator that in- Gafsi(z hm)
cludes the SET. The heterostructure includes a two- [AlysGagzAs (45 nm)

dimensional electron ga@DEG) 50 nm below its surface, GEAS(50 Do)
which acts as a ground plane for the actuation and detection A|0_7c?:§;2§'?1| um) | 2DEG

signals. The device is fabricated using a sequence of GaAs (bulk)
electron-beam lithography, etching, and metal deposition to
define the SET and the mechanical resonafbhe model
resonator, with dimensionsXwxt=0.64x 0.2x 0.1 um®,

is designed to operate at the fundamental flexural frequenc@l?-dl; @ Ga'&s/AlGa:SZgtétgrqstfructurg dtetsri]gn;G gﬁeé tlhitc;knedssesnindi-
— 1/2 2y _ . '« Cated in parentheses. is formed at the ulation-dope)

wy/2m=1.027€/p)"(t/L")=1.0 GHz, ~using Young’s Al Gay -As interface. Vertical axis is not to scalgs) Sketch of device; the

modulusE =85 GPa an¢»=5.32 g/cni for GaAs. resonator has dimensiohs< wxt, with the SET situated at one end of the
Flexure of the resonator in the direction, with the beam, coupled to a detection electrode, with an actuation electrode that is

driven by a rf source at the other end, is the voltage applied to the gate

of the SET, andVy the drain—source bias voltage. The GaAs crystal axes,

3Electronic mail: cleland@iquest.ucsb.edu and the geometric axes, are indicated.
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FIG. 2. (a) Nyquist equivalent circuit connected to the piezoelectric detec-
tion electrode, with impedanc& w) and voltage sourc¥(w). (b) Circuit Temperature (K) (C)
model for detection electrode as the island of the SET. T A0 T )
g é‘ ...............................
and mechanical equations of motion self-consistently. In a@‘o'w' =t .
piezoelectric material, the stress, strain, electric field, and'g i ? ol i
polarization density provide a complete description of the = = i \ E
. o ! \
state of the system, and any pair of these can be chosen £ 1077} £ T
the independent variables, the other two determined througl< o lN
. . . . . . 4 AY
the linear piezoelastic relationsIn our case, we consider ¢ 7 K \
only the fundamental flexural mode for the resonator, elec- 107%™ i 07 N
trically coupled through the detection electrode shown in ngvgz/e 104 Aw/oq

Fig. 1(b), and we simplify the full tensor relations to those
involving the force F coupled to the fundamental mode FIG. 3. (@) Displacement noise as a function of temperature, at the beam

; ; i resonance frequency for the model beam. The dashed line is the classical
shape, the displacemeit=U(0) of the beam midpoint, and thermal noise, while the solid line is the Callen—Welton nofbgDisplace-

the chargeq and voltageV induced on the detection elec- ment noise as a function of gate voltage, at the beam resonance frequency
trode. These are then related to one another through ther the model SET withv4=0.3e/C at 10 and 100 mK(c) Displacement

relationg noise atVy,=0.4e/Cy, as a function of frequency detuning from the beam
resonance, showing the resonance response effect on the back-action noise.
= k a U In plots (b) and(c), dashed lines are back-action no@, dashed—dotted
q = a cC V)' 1) lines readout nois&y, and solid lines total noise for 10 mK while dotted
lines indicate the total noise for 100 mK.

Here, kzMwi is the effective spring constant for a beam
massM, C is the geometric capacitance associated with theoltage noise at temperatuiie Sy(w)=2kg TR/, the ef-
detection electrode, analis a scaled piezoelectric constant fective force noise from Eq2) is that corresponding to ther-
that relates the force to an applied voltage, for fixed displacemomechanical force noise for a quality fac®y. Theclas-
ment, and the induc_ed charge toa displacement, for a fixegjcal spectral density of the displacement noSH w) at
voltage. The material symmetries make the constants fofemperatureT, including both the thermomechanical and
these two relations equal. For the fundamental mode of oug|ectrical noise, is given by
model GaAs/AlGaAs flexural resonator, we have
=2700 N/m, C=0.44&¢y(wL/t)=65 aF, and a - 1 2kgTw,
— _ —9 — .
—077]d14E(Wt/L)—62X 10 C/m. . . . Sx(w) (w%_wZ)Z_’_(wwl/Qt)Z M Qt
The mechanical resonator response includes inertial and
dissipative terms in the displacemédt and we model the On resonances=w;, the displacement noise 'S;(w)l’z
electrical circuit as a Nyquist equivalent circuit with imped- = 2k, TQ,/7M w’o’l_ For mechanical resonators at low tem-
anceZ(w) and voltageVe(w), as shown in Fig. @). The  peratures, withziw,=ksT, we should use the Callen—
coupled equations of motion, using Hd), are then given by welton quantum formula for the noidd, Sg(w)
, oo iwZ L)) =(w, /7™M Q)i w coth(rw/2kgT), replacing thg Ia;t ratio in
kK—=Mw*+iM =+ ———=a“|U Eqg. (3). The temperature dependence of this displacement
Qn 1+ieCZ . .
noise on resonance for the model beam with an assumed
n av ! @) quality factorQ, of 10* is plotted in Fig. 8a). The quantum
D' 1+iwCz®"® ' limited displacement noise of this beam is 1.1
all+CV, X101 m/(rad/s}®. o
q= 15z At high frequenciessRC> 1, the electrical circuit stiff-
@ / ens the mechanical response, shifting the resonance fre-
For a real impedanc&(w)=R, at low frequencies quency without adding dissipation. In this limit, the voltage
wRC<1, the circuit damps the resonator, giving a net qual-oise is reduced by thRC rolloff of the circuit.
ity factor 1Q,= 1/Q,+ 1/Q with the electrical contribution For capacitive loading of the resonator, witd
Qo=Muw;/a%R. This type of damping has been observed=1/iwC,, the external circuit will only act to stiffen the
with an atomic force microscope cantilever in carboneffective mechanical response, so that the resonance fre-
nanotube-based SE¥5.If the force Fp, is the thermome- quency shifts taw};?= w?+a?/MCs,.
chanical noise at temperatufe with classicalspectral den- We now analyze the displacement sensitivity of the pi-

sity Sp(w)=2kgTMw,/7Q,,, and the resistor has Nyquist ezoelectric resonator coupled to a SET, whose circuit is
Downloaded 17 Sep 2002 to 128.111.14.151. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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shown in Fig. 2b). In order to measure the motion of the noise S,(w), we then have the spectral density of voltage

beam at the resonant frequency, the SET can either be usedise Sy(w)=(e/Cs)?S,(w), and from Eq.(2), we can

with a resonant tank circdft (termed rf-SE7, or can be used evaluate the corresponding back-action displacement noise

as a rf mixer® in the latter implementation, operation at fre- SE, with

guencies up to and above 1 GHz is achievable. These S\ 2
e . I 1 aCy

frequency-shifting techniques should not significantly S;B((w)= s 5 Sy(w), (6)

modify the noise analysis presented here. ;"= 0%+ (0w/Q)* | MCy

The displacement sensitivity is limited by two effects: yjth the resonance frequency shifted by the circuit capaci-
The current noise of the SE$(w) adds to the detected i5nce.

displacement signal, generating a spectral noise density |, Fig. 3, we display the two contributions as well as the

R - -
Sx(w) referenced to the beam displacement, which we termiota) noise, calculated for an optimized SET with junction
the readout noise. In addition, the fluctuation in the numbeFesistancesRJf R,,=100 K2, junction capacitance€,

of electrons on the SET center island causes the island volt= C,,=0.15 fF, and gate capacitand@g, = C,=65 aF, at

age to fluctuate. This voltage noise actuates the beam réSsmperatures of 10 and 100 mK.

nator, providing a source of back-action noise, with displace-  The detection of the piezoelectrically induced charge in
ment spectral densitysy(w) (again referred to the beam 4 mechanical resonator with a SET has been shown to be a
displacement Semiclassical expressions for the noise of 3yrime candidate for nearly quantum-limited displacement
SET have been developed by KorotkGvhere, we use the sensing. Piezoelectric detection is additionally attractive be-
approximate model developed by Zhang and Blenctiwe, cause the piezoelectric signals scale favorably to the small,
which applies in the low-temperature limksT<€Vys, SO iff resonators needed to approach the regime whiese

that only terms involvingh andn+1 electrons on the SET = T |n both the capacitive and piezoelectric schemes, the
island are kept. detection of deviations from the classical motion will be dif-

With the resonator coupled to one input g&lg of the  ficyit for nanomechanical resonators with/27< 1 GHz.
SET, the input impedance is that of the other island capaci-

tances in parallelZ(w)=1/iwCs with total island capaci- The authors acknowledge the financial support provided
tanceCy=Cy;+Cj+ Cy+ Cyo=Cy +Cy;. The total dis- by the National Science Foundation XYZ-On-A-Chip Pro-
placement noise spectral dens8y( ), referred to the beam gram, Contract No. ECS-9980734, by the Army Research
displacement, is the sum of the contributions from the readOffice, and by the Research Corporation through a Research
out and back-action noise, Innovation Award.
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Nanomechanical resonators can be fabricated to achieve high natural resonance frequencies,
approaching 1 GHz, with quality factors in excess of.1Dhese resonators are candidates for use

as highly selective rf filters and as precision on-chip clocks. Some fundamental and some
nonfundamental noise processes will present limits to the performance of such resonators. These
include thermomechanical noise, Nyquist—Johnson noise, and adsorption—desorption noise; other
important noise sources include those due to thermal fluctuations and defect motion-induced noise.
In this article, we develop a self-contained formalism for treating these noise sources, and use it to
estimate the impact that these noise processes will have on the noise of a model nanoscale resonator,
consisting of a doubly clamped beam of single-crystal Si with a natural resonance frequency of 1
GHz. © 2002 American Institute of Physic§DOI: 10.1063/1.1499745

I. INTRODUCTION thermal drifts that can be controlled using oven-heated pack-
aging, similar to that used for high-precision quartz clocks.
Nanomechanical resonators are rapidly being pushed tResonators fabricated from polycrystalline materials, such as
smaller size scales and higher operational frequencies, parttiose including poly-Si and silicon nitride, are also expected
due to potential applications as on-chip highfilters and 5 gemonstrate noise from anelastic noise processes caused
clocks. Such resonators would have the potential for replao(-)y grain-boundary and point defect motibh.
ing bulk quartz crystals and surface-acoustic wave resonators p; present, there does not exist a single self-contained
in technological and precision measurement applicationgy, majism for describing the resonance and noise properties
which require extensive separate circuitry and space reQUINSt hanomechanical resonators. In the first part of this work
ments. High-frequency resonators have been fabricated frome therefore develop such a formalism, based on the weII,-

.1 g _ _. o . e
2:::|i(de?,alndSI:‘lr(é)Orrr1] ogllr:u;?;cl)”?hesg(coor} _;":;rggdf;’ r?':'ggg_ known Euler—Bernoulli theory of beams. We hope that this
' polyery POIY=S. g will provide a clear and useful framework for future devel-

nance frequencies can be achieved using submicron Iitho% s in the field. In the lat ¢ of th K
raphy to define doubly clamped beams with relatively large pments in the Tield. In the fatler part ot the work, we use

length-to-thickness ratios df/t~10—20. Smaller aspect ra- this formalism to calculate the effects of the most significant
tios, with L/t~2—5, allow high frequencies to be achieved and fundamental, classical sources of noise on resonator per-

with less stringent demands on lithographic capability. Foformance. The importance of thermomechanical noise, aris-
these smaller aspect ratios, however, thermoelastic dampirgd from the nonzero dissipation and temperature of a reso-
begins to become an important source of energy loss an@@tor, has been recognized for some time, and its effects have
noise, ultimately limiting the quality factor and noise been included in previous noise analyses of mechanical
performancé:’ resonators:* Other noise sources have also been included in
The resonance frequency of a mechanical structure ifnore recent analyses, as mentioned herein. However, our
general scales asl1/wherelL is the scale of the resonator. results are not in agreement with the results of these more
As the size scales are reduced and frequencies increasgggent works, in particular, in terms of the magnitude of the
however, the short-term stability of the resonator will be lim-impact of the noise, as well as the method of analysis of
ited by certain fundamental noise process@hese noise some of the noise sources, in particular, that of the effect of
processes include the thermomechanical noise generated tsmperature fluctuations. We have also included a discussion
the internal loss mechanisms in the resondtblyquist—  of defect noise, that to our knowledge has not previously
Johnson noise from the readout circuitfyand adsorption— been considered.
desorption noise from residual gas molecules in the resonator We do not consider noise or physical limitations pro-
packaging-' Another noise source is due to temperature fluc-quced by particular transducer implementations. Electrostati-
tuations caused by the finite thermal conductance of theally driven and detected resonators suffer from surface
resonator? these fluctuations are fundamental to any objecttharge motion; magnetomotive approaches require large
with finite heat capacity, and are distinct from environmentalsiaple ambient magnetic fields; optical approaches require
stable sources of monochromatic light. We are more con-
dElectronic mail: cleland@iquest.ucsb.edu cerned with the limitations set by the physics of resonator

0021-8979/2002/92(5)/2758/12/$19.00 2758 © 2002 American Institute of Physics
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y TABLE II. Parameters for the beam in this calculation.
L t w M 2 ky
() (pem) () (fg) (GH2) (um™)
0.66 0.05 0.05 3.84 1.00 7.17
E t

FIG. 1. Doubly clamped beam with length width w and thickness. The
end supports are assumed infinitely rigid. and the higher modes arg/v,=2.756, 5.404, and 8.933 for

n=2, 3, and 4.

The eigenfunction, in Eq. (2) are mutually orthogo-

behavior, and transducer approaches should be evaluat8g!. and we normalize them to the beam length, so that
separately from these. L
f Y (X)Yr(X)dx=L36,,. (5
0
II. DOUBLY CLAMPED BEAM RESONATORS The corresponding coefficient§;, and C,, are listed in
Table I. An arbitrary solutiorY(x,t) to undriven or driven

A. Euler—Bernoulli theory motion can be written

In Fig. 1, we show the structure forming the basis of our w0
calculations: A doubly clamped beam of lendthwidth w, Y(x,H)= D a,(t)Y,(x) (6)
and thickness, oriented along tha& axis, driven into flexural I = e

resonance with_displacgment along thaxis. . . where the amplitudea, are dimensionless.

The dynam|c behavior of a fle-_xural beam 1S most gas”y The fundamental frequency; is a function of the ma-
treated using the Eult_ar—Bern?Sulll theo_ry, Wh'?h appllgs tOterial parameter& andp as well as the beam dimensiohs
beams with aspe_ct ratiagt>1." For an isotropic materl_al, and L. High frequencies can be achieved by reducing the
the transver;e d|§placemem(x,t) .Of the .beam cgnterlme overall resonator scale, by choosing stiffer and lighter mate-
(along they direction), obeys the differential equation rials, and by reducing the aspect ratift; all three of these

22Y 2 22y approaches are being used, and at present the highest re-

pPA— (X, )=— —El—(x1), (1) ported frequency is 0.63 GHz, for a SiC bedfrFor the

at X X purposes of this article, we will focus on a single-crystal Si
wherep is the material densityA=wt is the cross-sectional beam with dimensions as given in Table II; the relevant
area,E is Young’s modulus, and=wt3/12 is the bending physical properties for Si are given in Table IlI, all at room
moment of inertia. The clamped ends,xat0 andx=L, temperature. Our calculations are for the fundamental reso-
impose the boundary condition&(0)=Y(L)=0 and nancen=1.
Y’(0)=Y’(L)=0. The solutions have the form In the next section, we discuss the anelastic processes
that result in a finite quality factd® for the beam resonance,
described within the context of Zener’s model for anelastic
+ Cyp(sink,—sinhk,x))exp —iQ,t), 2) solids. In that section, we will describe how the Zener model
is included in the formalism described so far. In later sec-
tions, we discuss other types of noise that are not described
within the context of the Zener model; these have to do with
parametric changes in the physical properties of the resona-
tor, such as its mass and length, which cause the natural

El resonance frequency of the resonator to change, but do not
Q= /Jkﬁ.

Y (X,t) =(Cy,(cosk,x— coshk,X)

with eigenvectorsk,, satisfying cok,L coshk,L=1. The first
four eigenvectors are given bi,L= 4.73004, 7.8532,
10.9956, and 14.1372. The angular frequen€lgsare given

by

3 necessarily involve energy dissipation. Any single parametric

change can be associated with a change in the resonator
The fundamental eigenfrequency is given by

TABLE IlIl. Properties for Si at room temperature.

TABLE |. Numerical solutions for a doubly clamped beam.

Density p 2330 kg/ni
n—1 5 3 4 Young’s modulus E 1.69x 10 N/m?
Thermal conductivity K 1.48 W/icm K
k,L 4.730 04 7.8532 10.9956 14.1372 Specific heat Cy 1.64 J/cri K
vy lvq 1 2.756 5.404 8.933 Sound speed Cs 5860 m/s
Cin/L —1.0000 —1.0000 —0.9988 —1.0000 Phonon mean-free path / 50 nm
C,, /L 0.9825 1.0008 0.9988 1.0000 Thermal expansion at 2.8x10°5/K

Downloaded 12 Nov 2002 to 128.111.14.151. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



2760 J. Appl. Phys., Vol. 92, No. 5, 1 September 2002 A. N. Cleland and M. L. Roukes

energy, depending on where in the oscillation cycle the Equation(8) implies that the stress will include a com-
change occurs, but given events that occur randomly over thgonent that is 90° out of phase with the strain which
oscillation period, on average, the energy change is zero. Theauses energy loss at a rate proportionahtd~or smallA,
noise sources we discuss include adsorption—desorptione define the quality factd® as the ratio of the imaginary to
noise due to molecules around the resonator, temperatutke real part of:

fluctuations that change the length and longitudinal stress in

the resonator, and defect motion within the resonator. The 1 @7 A (10)
latter can to some extent be included in the Zener model, but 1+w?r?

some modes of defect motion will not generate intrinsic dis- We then use the effective Young's moduliy in the

sipation but instead give rise to parametric changes. .
; . . Euler—Bernoulli formula, Eq(l) at frequencyw,
For these sources of parametric noise, an instantaneous

measurement of the response of a resonator, as a function of
frequency, would indicate the actual dissipation associated ®@”pAY(X)=Egx(w)I| 1+ a — (X). (12)
with material losses, while a measurement that takes a non- X

zero time to complete allows the resonator frequency to flucThe spatial solution¥(x) are the same as for E(L), but the
tuate over the period of the measurement, and would give dispersion relation giving the damped eigenfrequen€lés
response curve that appears to be associated with a highierterms of the undamped frequenci@sg is

rate of dissipation than is actually present, due to the spread |
of resonance frequencies that appear over the course of the Q)= —
measurement. Separating these two effects experimentally is 2Q
a very challenging but intriguing problem. for small dissipationQ~1. The imaginary part of(/

implies that thenth eigenmode will decay in amplitude
as expQ,t/2Q).

oY

1+ Q. (12

B. Dissipation in mechanical resonators

The most significant mechanism for energy loss in a naC. Driven damped beams
nomechanical resonator is through intrinsic losses in the \yo now add a harmonic driving forceF (x.t)

beam material, which can be treated using Zener’s model fo&f(x)exp@wct), wheref(x) is the position-dependent force

anelastic solid$” Other important loss terms include ther- per unit length. The force is uniform across the beam cross
moelastic processésyhich are negligible for the resonator section and directed along and the carrier frequenay, is
geometry and dimensions given here, and through the trangjose toQ),. The equation of motion 18

duction mechanisth, which can usually be minimized

through design considerations. Y * ot
In Zener’s model, the Hooke’s stress—strain relation PAF“LEAy:f(X)e c (13
=Ege, relating the stress to the straine, is generalized to
allow for mechanical relaxation in the solid: We solve this equation for long times);t/Q>1, so any
transients damp out. The solution then has the (R, t)
o+ TE—0=ER E+T’E , @ =Y(x)e.“"ct._ The amplitudej((g) may be f:omplex, so that
dt 7 dt the motion is not necessarily in phase with the foFceEx-

where Ey is the relaxed value of Young's modulus. Loads panding the displacement in terms of the eigenfunctions

applied slowly generate responses with the relaxed modulus, ) * * a*Y,
while rapidly varying loads involve a different value for the - wcPAnZl anYn(X)+ EAnZl an? =f(x). (14
modulus. N N

We consider harmonic stress and strain variatior(s) Using the defining relation for the eigenfunctions, Eg),
=cge'“' ande(t) = ee'“". At low frequenciesn <1, this be-  the dispersion relation, Eq12), and the orthogonality rela-
comes the standard Hooke's law relation wih=Eg. At tions, Eq.(5), this can be written
high frequenciesw™™>1, the modulus becomeg&=E
=(7,/7.)ER, theunrelaxedYoung’s modulus. For interme- Q12— wd)a, = 1 jLY (x) f(x)dx (15)
diate frequencies, Young’'s modulus is complex, of the form m ermm 3 m '

0T for each termm in the expansion. Fo#, close to(),, only
E=Eer(w)| 1+ ———5 A, (8)  them=1 term in Eq.(15) has a significant amplitude, given
with mean relaxation time-= (7,7.)%2 fractional modulus 1 1 .
differenceA=(Ey—ER)/Er, and effective Young’'s modu- a;= I R f Y, (x) f(x)dx, (16)
lus pAL® Q71— wi+iQ7/QJo
14 022 for small dissipatiorQ 1.
Eet=———3Er- 9 We now take a uniform forcef,(x)=f. The integral in
1+ wor Eq. (16) is then
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sponse of the resonator, the noise spectral density takes on a

1 (L
nlz—zf Y1(x)dx=0.8309. a7 somewhat different form. We will only treat the high-
L=Jo temperature limitkgT>#A w, for the resonator noise.
The amplitude is then A. Dissipation-induced amplitude noise
3 7 f 18 The displacement of a forced, damped beam driven near
= (18) its fundamental frequency is given by E4.8). In the ab-

02— w2+iQ21Q M’ : _ : _ _
sence of noise, this solution represents pure harmonic motion
whereM = pAL is the mass of the beam, and the correspondat the carrier frequency.. . As discussed, the nonzero value
ing displacement of the beam ¥{(x,t)=a;Y (x)explot).  of Q! and temperatur& necessitates the presence of noise,
If the force distributionf(x) is instead chosen to be pro- from the fluctuation—dissipation theorem. Regardless of the
portional to the eigenfunctioM,(x), the integral Eq(16) is  origin of the dissipation mechanism, it acts to thermalize the
unity, so thaty, in Eq. (18) is replaced by the number 1. motion of the resonator, so that in the presence of dissipation
We point out that the response function, E48), while  only (no driving force, the mean energ$E,,) for each mode
similar to that of a damped, one-dimensional harmonic oscilp of the resonator will be given b{E,)=ksT, whereT is
lator, differs slightly in theQ-dependent denominator, but the the physical temperature of the resonator. This noise term has
difference is only apparent for small values@f For values  peen considered by a number of authbts.
of Q greater than 15, the fractional difference at any fre-  The thermalization occurs due to the presence of a noise
quency is less than 1%. force f(x,t) per unit length of the beam. Each point on the
beam experiences a noise force with the same spectral den-
sity, but fluctuating independently from other points; the
noise at any two points on the beam is uncorrelated. The

Systems that dissipate energy are necessar”y sources Q@ise be written as an eXpanSion in terms of the eigenfUnC-
noise; the converse is also often true. This is the basic statélons Yn(x),
ment of the fluctuation—dissipation theorem, and is best 1.
knowp in relation to electrical circuits_, whe.re it. is termed the fu(x,t)= T 2 an(t)Yn(x), (20)
Nyquist—Johnson theorem. An electrical circuit element with n=1

an electrical impedancg(w) that has a nonzero real part, \yhere the forcef, associated with the modeis uncorre-
n

R(w) =ReZ(w), will be a source of noise, that is, of fluc- |4 with that for other modes’; the factor 1L appears
tuations in the voltagev(t) across the impedancg, or because of the normalization of the

equivalently in the currerit(t) throughZ. A voltmeter placed The noise forcef (t) has a white spectral density

across the circuit element will measure an instantaneoug dacG ian distribut ith Th
voltage that fluctuates with a Gaussian distribution in ampli- r,(@), and a Gaussian distribution with a zero mean. The

tude, with zero average value, and a width that is determinef?@gnitude of the spectral densi§y may be evaluated by
only by R(w) and the temperatur€ A useful way to quan- requiring that it achieve thermal equilibrium for each mode
tify the noise is to use the average spectral density of th@. The spectral density of the noise-driven amplitugeof
noise in angular frequency space, defined for a noise voltag&e nth mode is given by

V(t) by
) S B 1 St (@)
Sv(w):< f_mvz(t)cos(wt)dt>. (19 @)= (Q2-0?)?+(QYQ)? M2

; — L2
Here the angle brackets. . .) indicate that a statistical en- The SIunits forSy, are (N/mY/(rad/$ =kg*/(s’ rad). Those

semble average, over many equivalent systems, is to Q' Sa, are Lrad/s, because, is dimensionless.

taken. The spectral density is proportional to the electrical ~ The kinetic energKE, of the nth mode associated with
noise power in a unit bandwidth. The Nyquist—Johnson theothe spectral densit$, is given by

rem states that this quantity is given b, (w) 1 (= (L

=(2/7)R(w)h w cothGrw/kgT). At high temperatures or low (KE,)= _f j pAw3S, (w)Yﬁ(x)dxdw

frequencies, such th&;T>7% w, this approaches the classi- 2Jo Jo "

cal limit Sy(w)— 2kgTR(w)/#. The spectral noise density

I1l. NOISE IN DRIVEN DAMPED BEAMS

(21)

o0 2
Sy(f), as a function of frequenc= w/2m, is given in the _ EJ PAL202S, () dw~ ™ QL Si, (@)
high-temperature limit byS,(f)=27S,(w)=4kgTR(f). 2J)o on 4 Q, M’
The metric units ofS,(f) are \?/Hz. The corresponding 22)

current spectral noise density IS (f)=Sy(f)/R?(f) _ _ o
—4kgT/R(f), in the high temperature limit, with units of Where the last equality becomes exact in the li@it"— 0.

A2/Hz. The error in Eq.(22) for finite Q is less than 1% foiQ
The fluctuation—dissipation theorem applies to mechani=10. o o o
cal resonators with nonzero dissipation, i.e., with firQe In order that this yield thermal equilibrium, the kinetic

and ensures that the mechanical resonator will also be @nergy is(KE,)=3kgT, so the spectral densi;_ must be
source of noise, but due to the resonant nature of the regiven by
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T i The phase variation ab generates sidebands spaced
Carrier at w, from the carrier, with amplitude-ag¢o/2. The lower side-
band is phase coherent with the upper sideband, with the
opposite sign; this is characteristic of phase noise. Indepen-
dent sideband signals can be generated by adding an ampli-
Noise sidebands tude noise sourchl(t) to the phase noisé(t), so that the

/ amplitude is written as
a(t) =ag( 1+ M(1))sin .t + B(t) + 6). 27)

log Sa (@)

We consider a single componentatfor both the phase and
0 1 2 amplitude modulation, so that

®/Q .
M(t)=Mg sin(wt)
FIG. 2. Frequency spectrum of a driven beam in the presence of noise, (28)
showing both the central driven peak as well as the noise sidebands. H(t)= do sin(wt).

Again assuming small variations, this can be written as
_ 2keTM2, 23 a(t)=ao Sin(wet + 6) + 3ag( Mo+ do)sin (we + )t)

n ’7TQ LZ s ]
+380(Mo— ¢o)sin((we— w)t). (29
The termL? appears in Eq(23) becausd n, is the force per
unit length of beam. An equivalent derivation for a one-
dimensional simple harmonic oscillator yields the force den
Sity Sp(w) =2kgTMQ/7Q. We can write the spectral den- term,

sity of the thermally driven amplitude as a(t)=agsin(wct+ 0) +agpg sin((ws+ w)t). (30

Qy 2kgT _ (24) Choosing the opposite sign relatioiy= — ¢, allows the
(Q2— 0?)?+(Q2%/Q)? 7ML?Q lower sideband to be chosen.
When superposed with a driving force with a carrier fre- Anoise fS|gnthat a frequen_qy off?et frgm the carrier canr
uency w.=,, the amplitude noise power consists of abe created rom the supgrpo&ﬂon Ofa phase aqd an ampil-
q oo L : . . tude modulation of the original carrier. In applications where
S-function peak at the carrier superposed with the Lorent2|anh . f lock
iven by Eq.(24), as sketched in Fig. 2 the resonator is to be u_sed_as a frequency source or a clock,
9 e T the amplitude modulation is unimportant: Use of a zero-
crossing detector, or a perfect limiter, eliminates the effects
B. Dissipation-induced phase noise of the amp_litgde mpdulation. We therefore ignore this noise
, o source. This is equivalent, from the arguments leading to Eq.
The form in Eq.(24) represents frequency-distributed (¢ tq jimiting the noise to that which is phase coherent
amplitude noise. Equivalent expressions can be written fopatveen the upper and lower sidebands, with amplitudes
the phase noise, the fractional frequency noise, and the Allag(w +w)=—a(w,—w). Noise which has the opposite
variancet® which are useful for time-keeping and filter ap- ha;e relation wictra(wc+w)= +a(w.— ), is due to am-
plications. We note that the different expressions are a'EIitude modulation. Noise associated with only one sideband

equivalent ways of expressing the same noise, and do N@hnsists of the sum or difference of these two “modes”.
represent additional sources of noise. The resonator is driven Dissipation-induced noise, of the form given by Eq.

by the carrier signal near its resonance frequedey and in (o4 is intrinsically phase incoherent on opposite sides of the
addlt!on by dissipation-induced noise. The time-dependent rier signal atw.. Half of the noise power is therefore
amplitude is then associated with amplitude modulation, and half with phase
a(t)=ag Sin(wet+ ¢(t)+ ), (25) modulation; the phase noise power is theretoa the origi-
i _ nal total noise power.
where (1) represents a phfase variation from the carrier at - \ye can evaluate the dissipation-induced phase noise for
frﬁquenc%w‘?%%ll’l th? amlé) Ilégggeao IS co rllstant, fand? 'Sa 3 resonator driven at its fundamental resonance frequency.
phase offset. Following Robins,we pick one frequency  yye grive the resonator with a fordeper unit length, at the

compopent alw for the phase .va}riation¢(t)=¢p sinfet). frequencyw.=(),. The amplitude for the response is given
Assuming small maximum deviatiofi,, the amplitude may by Eq. (18)

be written

Setting the amplitudeM = ¢, the lower sideband disap-
pears and we are left with the independent upper sideband

San(w):

1y Qf
a(t)=ag sin(wct+ a)+ao%sin((wc+w)t) S AVE (32)
1
bo . The amplitude lags the force by 90°, and includes the mul-
a07sm((wc )b). (26) tiplicative factorQ. Dissipation generates incoherent noise,

Downloaded 12 Nov 2002 to 128.111.14.151. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 92, No. 5, 1 September 2002 A. N. Cleland and M. L. Roukes 2763

distributed about the carrier with noise power given by Eq.  a(t)=a, sin(wt+ (Swy/w)sin( wt) + 6)
(24). The phase noise power densy(w) at frequencyw

from the carrier frequency is then given b . 1 dowg
! quency | gv y zaosm(wct)Jr§a075|n((wc+w)t)

S 1 Sal(Ql+w) 1 5
- w
o(©)= 5 a? _EaOTOsin((wc—w)t), (40)

. 0, KgT 32 a result very similar to that for phase variations, EZf).
B (2010+ 02)2+(02/Q)? |ay|2AL2MQ (32) The arguments leading to the spectral density, (B84),
may be reworked to yield the equivalent expression for the
For frequencies that are well off the peak resonanse, frequency variation noise densig, . A more useful quan-
>(,/Q, but small compared to the resonance frequencyity is the fractional frequency variation, defined ag
w<();, we may approximate the denominator as = Swlw,. The noise density foy is related to that for the
phase noise density by

S,(0) kgT
P W)= 2|4 |2] 2 ay \? w\?
Sy(w) 96 Sy(w) o Sy(w), (41)
kgTQ) . .
~ 5—12 (Q,/Q<w<Q;). (33)  where we use the fact that modulationeatgenerates side-
87E.Qw bands at+ w from the carrier ato,. From Eq.(34), we then
Here, we define the enerdg, at the carrier frequencg, ~ Nave
=MQ3L?|a,|?/2. This can also be written in terms of the KT
power P.=Q,E./Q needed to maintain the carrier ampli- Sy(w)%L2 (0 /Q<w<wg). (42
tude, i.e., that needed to counter the loss due to the nonzero 87PQ
value of 1Q: In the frequency domain, this is
kBT (Ql>2 k T
Sy(w)~——| = (0, /Q=w<Q,). (34 _ ks I
o(©) 87P.Q?| @ (Q1/Q 1) (34) Sy(f)~4ch2 (veIQ<f<yy). (43
We can also write this expression in terms of frequeficy
=27w,
keT [y 2 D. Allan variance
Sy(f)~ 4P Q2 f (1 /Q=f<wy). (35 A third useful quantity, commonly used to compare fre-

quency standards, is the Allan varianog(7,).2%%* The
phase and frequency noise are defined in the frequency do-
main; the Allan variance is defined in the time domain, as the
The phase fluctuations can also be viewedreguency variance over time in the measured frequency of a source,
fluctuations, where the amplitude(t) has a time depen- each measurement averaged over a time interyal with

C. Frequency noise

dence zero-dead time between measurement intervals. The defining
¢ expression for the square of the Allan variance is
a(t)=agsin J w(t)dt' +6]. (36) . 1 N
_ _ _ oa(Ta)= SEN—1 > (fn—fmo1)? (44)
The time-dependent frequeney(t) is related to the carrier 2f¢ m=2

f d the ph t)b —
requencyw. and the phase(t) by where f,, is the average frequency measured over riitie

d(wct+¢(t)) do¢ time interval, of lengt\t= 7, , andf. is the nominal carrier
dt AT (37) frequency. The squared Allan variance is related to the phase
noise density b

w(t)=

We define time-dependent frequency variat&m(t) as

de(t) A( )—2( 2
T. (38) TALTA T WcTpa

We consider a single-phase modulation component, so thf\:{¥h
¢(t) = ¢pg Sin(wt). The frequency variation

2 ro
S0 ()= w(t) - 0= ) fo Sy(w)sinf(wal2)dw, (45)
erew.=27f; andw is the modulation frequency.
The Allan variance can be calculated for various func-
tional forms for the phase noise density. For a fractional
Sw(t)=dwy coq wt) = w ¢y cog wt) (390  frequency noise that has aflé¢omponent, so tha§ (w)
=A(w./w), whereA is a scale factor, the phase noise den-

represents a sinusoidal variation of the frequency, with am'sity is Sy(w) =A(w /w)3, and the Allan variance is
c 3

plitude dwy=we¢y, modulated atw. The time-dependent
amplitude in Eq(36) is oa(7a)= V2 100 2Aw,. (46)
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FIG. 3. Dependence of the Allan varianeg on the dimensionless time F|G. 4. Allan variancer, as a function of measurement interval, cal-

interval w7, the Allan variance has been scaled to remove the overallyated for the model 1 GHz resonator for a range of value® 6bm 1

dependence o@ and on drive energy.. The full dependencffrom Eq. 5 1¢f. The drive power levelP, was chosen so that the amplitude of motion

(32)] is plotted as a solid line, while the approximate fofg. (50)] is a,;=t, the beam thickness, For comparison, we also display the variance for

plotted as a dotted line. a 10 MHz quartz crystal frequency standard, the HP10811D; figures taken
from manufacturer’s specifications.

Hence a 1f fractional frequency noise yields an Allan vari- frequency-lock applications, one is typically interested in

ance that is independent of the measurement time interval.times much |Onger than thisi so the approximate form is quite
For a source that displays frequency drift, the fractionalagdequate.

frequency noise will have the forr§,(w) = B4(wc/w)2§ the We now turn to examining what the implications are for
phase noise density is th&(w) =B(w/w)”", and the Al-  the fundamental sources of noise in our model resonator. We
lan variance is will focus on calculating the predicted dependence of the

- Allan variance.
aalTa)=1\/ §Bw§TA- (47)

E. Model resonator Q-dependent noise
Finally, for a white fractional frequency noise density
S/(w)=C, the phase noise density has the foBp(w)
=C(w./w)?, and the Allan variance is

We calculate the dependence of the Allan variamgen
the time interval and for our model 1 GHz resonator, de-
scribed in Table Il. The results of the calculation are shown
wC in Fig. 4. The drive power leveP; is chosen so that the
oAlTA) =\ (48 amplitude of motiona, in Eq. (18) is equal to the beam
. A ] _ thicknesst, approximately the amplitude for the onset of
In particular, for the approximate form for the phase noiseénon|inearity. The calculated temperature rise due to dissipa-
density Eq.(34), the Allan variance is tion in the resonator from this level of drive power is very
KT small, of order 0.1 K. We also display for comparison the
B .
A (49)  Allan variance for an oven-controlled 10 MHz quartz crystal
8PQ%7A oscillator, the HP10811E% For quality factors higher than
Defining the dimensionless drive energy as the ratio of 10°, the calculated thermally induced fluctuations are com-
drive energy per cycle to the thermal energy, parable to or better than those of the bulk quartz resonator.

=2m7P./wkgT, we have

oa(Ta)=

IV. TEMPERATURE FLUCTUATIONS

1 T
oa(Ta)= 6\/4—. (50 We now turn to a discussion of the effects of finite ther-
EcWcTA mal conductance and heat capacitance on the Allan variance.

We see that the Allan variance falls inversely with the squaréhe small dimensions associated with our model resonator,
root of the productw.7,, and it is also proportional to the and of nanoscale resonators in general, imply that the heat
dissipationQ 1. Other things being equal, increasing the capacity of the resonator is very small. The corresponding
resonator frequency, lowers the Allan variance. thermal fluctuations are proportionally larger, and these may
In Fig. 3, we display the approximate result E50) as a  in turn produce significant frequency fluctuations, due to the
function of w75, scaled to remove the dependence@n temperature dependence of the resonator material parameters
and one.; we also show the full result obtained from inte- and geometric dimensions. Here, we present a simple model
grating Eq.(32), for values ofQ>100; for values ofQ less  through which the magnitude of these effects can be esti-
than this, the calculated value for the scaled variance fallsnated.
below that plotted. A heat capacitance, connected by a thermal conduc-
We see that the approximate expression given by Egtanceg to an infinite thermal reservoir at temperatdrewill
(50) works quite well for averaging times, more than afew have an average thermal enefdy,.)=cT in the absence of
tens of the oscillation period 2/ w.; in time-keeping or any power loads. Changes in the temperature relax with the
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so PN T
C ) PnN+1
FIG. 6. Thermal model for doubly clamped beam, consisting of a series

p connection of heat capacitancesand thermal conductancesg, each as-

sociated with a cross-sectional slice of the beam of ledgthEach thermal
conductance is associated with a power noise sopfceThe ends are
assumed clamped at the reservoir temperalur&@here are a total oN
=L/Ax elements.

T

FIG. 5. Thermal circuit with a finite thermal conductargcand a finite heat
capacitance, including a power noise sourge

thermal time constant;=c/g. The energyE. will however

fluctuate, as the fluctuation—dissipation theorem applies to One might expect that the most accurate model would
finite thermal conductances in a manner similar to theuse slices with differential lengthAx=dx—0. However,
dissipation-induced mechanical nofSeThe thermal circuit once the slices become shorter than the phonon mean-free
therefore includes a power noise soupcwith spectral den- path/, the temperature in a slice is no longer well defined.
sity Sp(w)=2kBng/7r (see Fig. 5 The instantaneous en- We therefore choose slices with a length= /=50 nm, so
ergy of the heat capacitance can then be wrifigft)=cT  that each element has a volurie=50x 50X 50 nn¥. The

+ S5E(t), where the spectral density of the energy fluctua-corresponding heat capacity ¢s=C,V=2x10"1® J/K, and

tions SE(t) can be derived from the thermal circuit, the thermal links have=k/'=7.4x10"°% W/K. The ther-
2 k.T2C2 mal time constant isrt=30 ps, corresponding to thermal
Se(w)=— Bl'C g. (51) frequencies~35 GHz, well outside the range of frequencies

™ 1+ w%-% of interest for resonator phase fluctuation9,;/Q<w

. . <(),. For the purposes of this calculation, therefore, we can
We can interpret the energy fluctuations as temperature ﬂu(ffeat the thermal fluctuations in the low-frequency limit.
tuationsT(t), if we define the temperature 8s=E./c.

Th di tral densitv of the t ture Consider only thenth power source of the conductance
€ corresponding spectral densily of the temperature ucﬁn_ If we take the frequency componentat the (n—1)th
tuations is given by

and nth slices have temperature variatioilg_;(w) and

2 kgT?/g Tn(w) given by
Sr(w)=———=. (52
T 1+ w7y . Pn
i (2+|w’7’)Tn_1:_—+Tn_2+Tn
At low frequenciesw, below that of the thermal frequency g
1/71, the temperature fluctuatiodd follow those driven by (53
the noise source, while at higher frequencies the nonzero (2+in)Tn:&+Tn—1+Tn+l-

heat capacitance acts as a filter.

, For a resonator ,W'th the geometry ShPW” n F_|g.. 1 thereThe corresponding equation for the- m)th slice is given
is no clear separation of the structure into a distinct heab

capacitance and thermal conductance. Instead, we divide thg

resonator into slices of lengthx and cross-sectional area CHiom)Toim=Tnim-1T Thims1- (54)

A=wxXt, so that thenth slice has heat capacitg, ) o )
—C,AAX, whereC, is the specific heat per unit volume. Taking the limit w7r<<1, we find that the power source

The (n—1)th andnth slices are connected to one another bypn(w) driving thenth slice generates a temperature variation
the thermal conductanag, = <A/Ax, with thermal conduc- 1 (@) =Pn(@)/2g uniformly across the beam. The corre-
tivity « given by the classical formula= (1/3)Cycy/ (/ is ~ SPOnding anticorrelated soureep,(w) driving the (i~ 1)th
the phonon mean-free path and the sound spegdThe slice generates an equal but opposite temperature variation.
thermal conductances, are associated with noise power Hence, in the limitw7r<1, the fluctuations driven by con-
sourcesp,,, with spectral densit)Spn(w)ZZkBngn/w. Fi- ductances within the beam have no net eﬂ‘ept.

nally, the temperatures at the ends of the beam, where ”lﬁe The other source of temperature fluctuations comes from

beam is mechanically clamped, are assumed to be given ba/. conductances at the beam ergisandgy ;1. These also .
. . rive the beam uniformly, but as the energy that appears in
the reservoir temperatufg see Fig. 6.

In this model, energy fluctuations in the slices 1 and the first and last elements does not have an adjacent anticor-

n are anticorrelated through the shared conductagcein related source, there is now a net effect. The final result from

. . . this model is that the temperature of all the elements in the
energySE driven into thenth slice byp,, corresponds to the beam fluctuate uniformly \[/)vith spectral densy(w) given
same energy taken from the&{ 1)th slice. These energy !

fluctuations then relax through conductance into adjacenlfy the incoherent sum of the two end sources,

slices, and so on through the beam length, so that there is 2

. . . ) 4 kgT/g
some correlation between the fluctuations in all slices, al- St(w)=——>7 (o7r<l). (55
though the correlations get weak for distant slices. T 1t oy
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We have kept the frequency dependence of the thermal cithe same magnitude and dependence on averagingriiras

cuit in order to retain the high-frequency cutoff in the fluc-

tuations.

that due to mechanical dissipation for a resonator \@thf
about 10, and is a significant source of fluctuation. Ways to

The effect these temperature fluctuations have on thesduce the size of this source of variance include the use of
resonator behavior involves changes in the density and elasaterials with larger thermal conductance, such as @20

tic modulus, which affect the frequency directly, and throughW/cm K)?® and sapphire (4.50 W/cmK),

or better

changes in the overall resonator length. The density and elagemperature-compensated materials, such as quartz.
tic modulus determine the resonator frequency through the

combinationyE/p, which is the sound speed; this quan-
tity has the fractional temperature
(1/cg)dcs/ IT=—5%x10"5/K for pure Si?* The correspond-

dependence, orieR SOURCES OF NOISE

ing temperature dependence of the resonator frequency is There are a number of other sources of noise that can

given by
1900, 1 dc

Q, T ¢ dT

(sound speed dependence (56)

The changes in resonator length generate longitudin
stress in the resonator, as the ends are assumed rigi

clamped. The resonator lengthchanges with temperature
due to the thermal expansion of Si, with (JAL/0T=at
=2.8x10 %K. A temperature chang&T therefore induces
a longitudinal extensional stress= —Ea;AT. This in turn
causes a change in theh resonator frequend (), which
for small extensional stressis given by®

Qﬁ(r)=nﬁ<0>+kﬁg, (57)

in terms of the beam eigenvectdts and eigenfrequencies

Q.= \/EI/pAkﬁ. The fractional frequency dependence due

to length change is therefore

190, 1EK;
Q, T EEQ_gaT

(length dependenge (58)

affect resonator performance. We discuss here two such
sources, one due to adsorption—desorption noise of residual
gas molecules, and the other due to defect motion within the
resonator structure.

?%/. Adsorption—desorption noise

Adsorption—desorption noise has been discussed in some
detail by Vig and Kint? and Yong and Vid! The resonator
environment will always include a nonzero pressure of
surface-contaminating molecules. These molecules, when
they adsorb on a site on the resonator surface, mass load the
resonator, and thereby change its resonance frequency. As
the molecules adsorb and desorb due to their finite binding
energy and nonzero temperature, the resulting changes in
frequency translate to a source of phase or fractional fre-
quency noise. As discussed herein, this type of noise does
not fit into the Zener formalism, as the adsorption—
desorption cycle is not intrinsically a dissipative one: As the
arrival and departure times of the atoms are random, they do
not on average change the energy of the resonator, but cause
its frequency to change in a discontinuous fashion, leaving
the quality factor unchanged. This type of parametric noise

Hence, the spectral density of fractional frequency fluc-(where the overall resonator mass is fluctuatisgtherefore
tuationsS(w) caused by the combined temperature depennot described by the lossy stress—strain relation developed

dence on sound speed and beam length is given by

Sy(w)=

:

For the fundamental mode, we hakg=4.73L, and insert-
ing the model resonator parameters, we find

1 90\2
q ot Srl@)
cak?

T2 ®9

a-,—+

2 dc,\ “keT? g
Cs dT | 1+ w27-2|— ‘

keT?/g 2.7x10°% 1

1+w27-?-_ 1+ w272 radls
(60)

From the fractional frequency noise, E§0), we calcu-
late the Allan variance:

oa(Ta)=(2.25< 10 4/K?) \/kBTz/g TA

S,(0)=(1.6x10"8/K?)

1
=9.3x10 11—,
TA

(61)

in the limit 74> 7. The contribution of thermal fluctuations

by Zener.

The frequency change due to a single adsorbed mol-
ecule,AQ), is proportional to the ratio of the molecule to
resonator total mass)/M; smaller mass resonators are more
sensitive than larger ones. Furthermore, as the resonator size
scale is reduced, the number of adsorption shNgson the
resonator surface grows in proportion to the number of total
number of resonator atoms: The surface-to-volume ratio
grows inversely to the size scale. Hence, nanoscale resona-
tors are more susceptible to adsorption—desorption noise
than larger, bulk mechanical resonators.

We use a simple model to estimate the noise from this
source. We assume a single molecular species with mass
surface binding energlf,,, and pressur. Expressions may
be derived for the adsorption and desorption rateandr 4
at any given surface site;with sticking coefficients, the
adsorption rate at any site is given by

P

m

2

la

7

The sticking coefficient is typically temperature depend@nt.

to the Allan variance for our model resonator is therefore ofOnce bound to the surface, a molecule desorbs at a rate
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Eb 10-8 "y or oy y r "_‘,-—-:'\ v
rd_VdeXF{ kB_T) (63 , RN
: . . 300K, AN
where vy is the desorption attempt frequency, typically of >
order 13° Hz, andE, is the desorption energy barrier. The < 10710¢
average occupatioh of a site is thenf=r_/(r,+rq); the o) r HP 10811D 500K 4
variance in the occupation probability isgcczrard/(r‘,j1 """"""""""""""""""""""""""""""""

+rg)%. 10-12f
An expression may then be derived for the phase noise ]
Ss(w) resulting from the statistics of the adsorption— it v st s
desorption process: 10 1076 103 1
Pressure (bar)

3

"

2Ny Tl m AQ2

2 2 2 (64) FIG. 7. Allan variance foa 1 saveraging interval as a function of package
1+ow Ty w pressure for two resonator temperatures, 300 and 500 K. The contaminant

. . . . . molecule has a binding enerds, =10 kcal/mol, with one adsorption site
Here, 7, is the correlation time for an adsorption—desorptioneyery 0.25 nr, and a sticking coefficient of 0.1. Also shown is the frac-

cycle, 1F,=r,+r4. A simple mass-loading formula may be tional noise for the HP10811D 10 MHz quartz resonatarafd s averaging
assumedA Q= (m/2M)Q;, whereM is the resonator mass interval.

and Q, is the fundamental frequency of the resonator. A

corresponding expression for the fractional frequency noise

is then given by

Sy(w)

) B. Defect motion
a0 occTr2

N
Sy(w)=

2
E) . (65) The last source of noise we would like to consider is that
M caused by defect motion within the resonator volume. For
the single-crystal resonators we have been considering, de-
fect levels are very low in the base material. Statistically,

1+ w27r2

We calculate the Allan variance,

N, 7} 0 oed there are of order O to 1 defects within the volume of the
A=\ S (66)  resonator. We therefore do not expect this to provide a seri-
A ous source of noise in these resonators.
in the limit 75> 7, . However, there has been extensive work on developing

The occupation varianae?.., and therefore the noise, is polycrystalline materials for resonators, especially using sili-
maximum when the site occupation probability fis 0.5,  con nitride and poly-St? These materials include a large
i.e., when the adsorption and desorption rates are equal. Thieensity of grain boundaries, point defects, and some voids,
noise is minimized when the occupation probability is eitherand the motion of these defects can cause phase and fre-
near zero or near unity. For typical packaged pressures, m@uency noise in higl resonators. Amorphous Si created by
lecular sticking coefficients, and binding energies, occupaimplantation has defect densities of order 1oimilar lev-
tion probabilities are quite small; we therefore try to mini- els are expected for chemical vapor deposition-grown poly-
mize the occupation to reduce the fluctuation variance. Theilicon. The quality factors of resonators fabricated from this
exponential dependence of the desorption rgten tempera- material are comparable, at room temperature, to those made
ture provides a useful approach; heating the resonator, usirfgpm single-crystal materials such Si and GaAs, but defect
an on-chip heating element, causes significant increases processes may still play a very important role.
the desorption rate and therefore in the occupation variance Point defects in a solid can be treated as elastic dipoles,
crﬁcc. with symmetry different from that of the underlying crystal

In Fig. 7, we plot the Allan variance fa 1 saveraging (see e.g., Nowick and BerfS). In the relaxed state, the de-
interval, as a function of package pressure, for two resonatdects are randomly oriented; reorientations occur due to ther-
temperatures, 300 and 500 K. We have chosen a contaminamially induced motion, at a raféy= vy exp(—Ag*/kgT), with
molecule with an binding energy &,=10 kcal/mol, with  an attempt frequency,~ 10 Hz and free energy barrier
one adsorption site every 0.25 Anand a sticking coefficient Ag*, typically of order 0.1-1 eV. If we consider a defect
of 0.1, typical values for gas molecules adsorbing on metaWwith two possible orientations, with equal energies, the oc-
surfaces?® Note that the sticking coefficient is typically cupation probabilities are given by the Gibbs distribution and
temperature dependefitbut here we have taken it as con- are each equal to 1/2; the variance in the mean occupation is
stant. We show for comparison the overall Allan variance forequal to 1/4, with mean reorientation timg=1/T"4. De-
the HP 10811D 10 MHz quartz oscillator, agaimr @ 1 s fects in which the possible orientations have different ener-
averaging interval. gies will have smaller variances in the occupation, and there

It is clear from Fig. 7 that this source of noise is ex- will be a range of reorientation times as well.
tremely important. Great care must be taken to passivate the A single defect moving or reorienting itself can cause a
resonator surface, thus reducing the sticking coefficient, rechange in the local Young's modulis if the defect has two
duce the pressure, for instance by including getters in thpossible configurations;- and +, the corresponding local
package, and possibly raising the ambient temperature.  modulus changes frofa;+ E_ to Eq+E . , whereE; is the
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TABLE IV. Expressions for the various spectral noise densities worked out for different representations of the
same noise, as well as for noise associated with different fundamental processes.

Type of noise Symbol Expression Equation
Force noise, moda S (w) 2eTM, (23
n ﬂQLZ
. . Q, 2kgT
Amplitude noise, mode S, (@) (24)

(Q3— )+ (QYQ)* TMLQ

2ksTQ

On-resonance amplitude noise, matde S, (Q) (24)
n ML,
) keT (0,2
Off-resonance phase noise, mate 1 Sy(w) (_ (34
87P.Q* | @
. . keT
Off-resonance fractional frequency noises 1 Sy(w) - (42
8mP.Q?
) ()
Allan variance,n=1 aa(Ta) — (49
8P.Q°1p
4 kgT?
Temperature fluctuations Si(w) 4 kTlo (59
T 1+ w?7
Allan variance, temperature fluctuations oa(7a) (2.25x 10" 4/K2) kg T2 g7a (61)
Allan variance, adsorption desorption oa(T) R /%% (66)
T,

A
i ; 202 Tq
Allan variance, defect motion oa(7a) © 9 (68
()2 ¥ 7a

defect-free modulus. Typical values far. are in the range For this distribution, the corresponding Allan variance has a

0.01-0.E;. A mole fractionC4<1 of such defects, all si- similar functional form to that shown in Fig. 3. The defect

multaneously reorienting from to +, will cause the effec- reconfiguration timery can range fromus to minutes or

tive modulus to chand@ from Eq+ C4E_ to Eq+C4E. . If hours at room temperature, with an exponential temperature

we consider a total mole fraction of identical defe€g  dependence. For averaging times much larger thanry,

<1, that reorient independently between configurationghe approximate form for the Allan variance is

— and + with equal free energies, so that the two configu-

rations are equally likely, the average elastic modulus for the 20‘3) \/T\d

solid will be (E)~E.+ Co(E_+E,)/2. The variance inthe AT =\ @2 Vox (68)

elastic modulus is given by the Poisson formul@é

~Co(E,.—E_)?/4. Additional noise sources can appear If we assume a defect mole fracti@=0.001, and modulus

from the defect motion itself; the defect may resonate at #hangeskE.==*0.1Es, the frequency variance isqo~1

frequency near the resonator natural frequency, causing ack 10 °Q. For a defect reconfiguration timgy=1 ms, we

ditional dissipation and additional noise terms. We ignorefind an Allan variance at,=1 s of 5x10°°, a quite large

such effects here. contribution compared to those we have been considering.
Applying this discussion to resonator frequency fluctua-Clearly, active defect concentratio@g of less than 1 part in

tions, if we assume the defects all have equal impact on tha0® are needed to achieve Allan variances competitive with

resonator frequenc§), the mean resonator frequen¢§2)  those of single-crystal resonators.

will be that calculated from Eq3) using the average modu- We note that a typical solid will include a range of re-

lus (E). The frequency will have a mean variance given byorientation timesry, which when superposed generically

02 =(Co/8) (. — )2, whereQ).. are calculated from Eq. Produce 1f noise through the Dutta—Dimon—Horn mod®l.

(3) using the modulEg+ CoE . . In that case, we can write
These fluctuations, occurring with a single reorientation o -
time 74, will generate fractional frequency noise with the Sy(w)wA;ckBTD(E), (69
spectral density
2 o2 - where D(E) is the density of defect states at enerﬁy
Sy(w)=— 92 % (67 = —kgT logs(w/vg) and A is a scale factor. In this case the
()" 1+ w Ty Allan variance works out to besee Eq.(46)]
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~ /2 100 2A 0. /k TD(E). 70 mine whether the suggested applications are indeed viable. A
Ta(7A) G 2Awc ke TD(E) 70 petter understanding of the role of defects and molecular

Here, we see the Allan variance independent of averagingdsorption and desorption is also needed to evaluate the ef-
time 74, but with a magnitude comparable to that of Eq.fect these have on frequency stability.
(68).
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Thermal conductance of nanostructured phononic crystals
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The thermal conductance of mechanically suspended nanostructures has recently received much attention, in
part due to the recent prediction and observation of the quantum limit for thermal conductance, which is
observed in long, thin insulating beams at very low temperatibes. Angelescu, M. C. Cross, and M. L.
Roukes, Superlattices Microstru@3, 673 (1998; K. Schwab, E. A. Henriksen, J. M. Norlock, and M. L.
Roukes, Naturet04, 974 (2000; I. G. C. Rego and G. Kirczenow, Phys. Rev. Léi, 232 (1998; M. P.
Blencowe, Phys. Rev. B9, 4992 (1999]. In this brief report, we describe a model calculation where the
simple beam used to calculate quantum conduct@inc€&. C. Rego and G. Kirczenow, Phys. Rev. Lét,
232(1998] is replaced by a beam made from an artificial one-dimensional phononic crystal. We find that at the
lowest temperatures and longest thermal-phonon wavelengths, the quantum limit is recovered, while for inter-
mediate temperatures, where the dominant phonon wavelength is of the order of the phononic-crystal repeat
distance, a significant suppression of the conductance is predicted. At higher temperatures the conductance
returns to that of a simple beam.

DOI: 10.1103/PhysRevB.64.172301 PACS nuntber65.40—b, 65.80+n, 62.25+g

The ability to fabricate suspended nanoscale structureguencyw; each mode has a continuum of transmitting fre-
that include temperature-sensitive and electronically activgjuencies. Most of the modes in a beam have low-frequency
devices has allowed the development of highly sensitive meeutoffs similar to those for electromagnetic waves in a wave-
chanical electrometers and calorimeters, and the recent olguide; a simple beam has only four modes that do not have
servation of the quantum of thermal conductafee. In  such cutoffs, one longitudinal, one torsional, and two flexural
bolometric- and calorimetric-detector applications, the enimodes. At the lowest temperatures, therefore, only these four
ergy sensitivity of the detector is ultimately limited by the modes can conduct energy, and if each of these modes has
nanostructure heat capacifyand the thermal conductange transmissivityZ — 1, the thermal conductance approaches a
linking the capacitance to a temperature reservoir. In generaliniversal quantum Iimith:N(wzkél?,h)T, with N=4 be-
smaller size structures yield smaller heat capacities. The theing the number of low-frequency modes. In this low-
mal links, which also act as mechanical supports for the susemperature limit, the thermal conductance is independent of
pended structure, give increased thermal isolation withthe beam length and cross section, and is proportiondl to
smaller cross sections and larger length-to-diameter aspeThis prediction for the thermal conductance has recently
ratios. An example of a nanoscale bolometer is shown in Fig.

1. The device consists of a small block of single-crystal Al
GaAs, suspended by four thin beams from the bulk substrate.
A pair of superconductor—insulator—normal-me(ial-1-Cu)
double-tunnel junctions have been patterned on the surface
of the suspended block, and act as heaters and thermometers
allowing the measurement of the thermal conductance of the
supports; a more complete description of this device will
appear in Ref. 8.

The thermal conductance in this structure is determined
by the conductance of the four thin beams supporting the
central block; these comprise a Qu2r-thick GaAs beam
with an overlying 0.05zm-thick superconducting Al elec-

Cu
LX

trode. Operated well below the superconducting transition Al I,zgr“w(l "}l | M
temperature, the thermal conductance is that of an electrical ' I” l y T Ly cl T,
insulator, dominated by the thermal conductance through the r : . |—"M'— AW
delocalized phonon modes connecting thermal reservoirs at — G
Eght?lreig(rjmoljléhf“'geam. The thermal conductagice given _ FIG. 1 Electron micrograph_of a_nanosca_le bolometer, compris-
ing a pair of Al-I-Cu-I-Al tunnel junctions fabricated on the surface
52 w2eholkgT of a (2x3x0.2)-um*GaAs block, which is suspended by four

(1) (0.2x0.2x4)-um?® beams from the bulk substrate. Below is a
sketch of the geometry including the tunnel junctions, and a highly
simplified thermal model, indicating the heat capacitaicsf the

Heren runs over the delocalized phonon modes in the beangentral block(dominated by that of the normal Cu métaind ther-

and7,(w) is the phonon transmissivity for that mode at fre- mal conductancg for each of the four beams.

ke 27 Jo T gyt
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been experimentally demonstrated by Schwahl?

The prediction for the low-temperature quantum liig
appears to be quite robust. A recent calculatiocludes the
effect of surface roughness on the thermal conductance of a
simple beam; the roughness causes elastic scattering between
the allowed phonon modes, including scattering between
forward-traveling and reverse-traveling phonons. The au-
thors found that if the roughness has a correlation lergth
then phonons with wavelengths much larger than or much
smaller thanA have a transmissivity approaching unity. The
thermal conductance of a roughened beam is then given by
the quantum limit for temperatures low enough that the char-
acteristic phonon wavelength is larger thapand returns to
the dependence given by E@l) for temperatures high
enough that the dominant phonon wavelengths are much

PHYSICAL REVIEW B 64 172301

A(x)
1.0 K
21/G >
Q)
\Q_) 0.5
38
0.0
-0.5 0.0 0.5
kG

smaller tham\. At temperatures between these limits, a mod-

erate suppression of the conductance bel@gywis found,

FIG. 2. Calculated dispersion relation for modulation strengths
€=0, 0.1, 0.25, and 0.5 in the longitudinal acoustic model. The gap

where the scattering is the strongest; this explains the corrétw for £e=0.5 is indicated, as is the band-gap center frequency

sponding suppression seen in the experifmanintermediate
temperatures.

wo=C,;G/2. Eleven bands were included in the calculation, the low-
est two are shown here.

In this paper, we investigate the thermal conductance for
beams fabricated from beams made from artificial phononic
crystals in the absence of scattering. Periodically modulated

[’

()

ux,t)= >, U,exdi(k+nG)x+iwt].
mechanical structures, which generate classical band struc- =

tures, have been used for some time for applications in ultn the limit ¢—0, the terms in Eq(2) with differentn are
trasound and ultrasonic transducttss description of the decoupled and yield the dispersion relationg=c?(k
current theoretical and experimental work appears in a '3 nG)2 these are drawn in Fig. 2 in a repeated-zone
view by Kushwahd" The dispersion relationw(k) for  scheme. With nonzere, these terms become coupled, we
acoustic phonons traveling in a periodically modulated Manymerically solve the eigenvalue equations E2).

terial is found to develgp gaps in the transmission spectrum \ye find that gap\e open in the dispersion spectrum at
at wave vectork associated with the modulation wave vec- ihe Brillouin-zone edge=+G/2 corresponding to a fre-
tor; these gaps should have an effect on the thermal Cond“EﬂJencywozc,G/Z in the center of the gap. In Fig. 2 we

tance of a beam fabricated from such a material. We havgnqy the dispersion relations for the two lowest bands, for
calculated the dispersion relations for a periodically moduype unmodulatede(=0) beam, and for a range of variational
lated, quasi-one-dimensional beam using two different, ot des . This structure therefore forms a one-
acoustic models. We find that the resulting band structuryimensional phononic crystal, with a forbidden frequency
with gaps at frequencies that correspond to the phonong,ng centered aby, of magnitudeA o/ wo=e¢.

dominant at quite low temperatures, yields significant reduc- A g5 example ’a beam fabricated from Si with a thick-
tions in the thermal conductance from the quantum IGjt  ness of 0.2um, can easily be patterned with a modulated
at moderate temperatures. However, the presence of delocgliqin w varying from 0.1 to 0.5zm with a periodicity of

ized Bloch states at the lowest phonon frequencies, be'°“§7rlG=0.5,um. The variational amplitude in E(2) is then
the gap, gives a thermal conductance that approaghest 2 and the corresponding bandgap is centeredvat

=3,
the lowest temperatures. =¢,G/2=33 GHz. The calculation predicts a gap with band-

Our first model is for the longitudinal acoustic mode in a, i4th A w =22 GHz taking the sound speeg= 4300 m/s
beam of variable cross sectianbeing the coordinate along In our second m,odel we use a scalar phonon model.of the

the beam length, ané(x) being the(position-dependent type used by Santamore and Cr8skhe scalar phonon dis-

cross-sectional area, the longitudinal displacemeftt)  piacement field®(r,t) satisfies the homogeneous wave
satisfies the approximate one-dimensional equétion equation with elastic modulu& and densityp

2P

d
10°u d°u 1A du pw=v-(EVCI)). (4)

cf at* 9x? TA X ax’ @
The beam is now fabricated as a composite structure with a
periodic variation in the density and elastic modulus, so that

wherec, is the longitudinal sound speed. We assume a periE=E(x) andp=p(x), as sketched in Fig. 3. The beam has

odic variation in the cross sectiol, of the form  width w along they axis and thicknessalongz. We assume

d In A(X)/9x=¢eG sinGx, with amplitudes and wave vectoG
(see inset to Fig.)2 The solutions to Eq2) can be expanded
in the Bloch form with wave vectok and frequencyw,

that the surfaces of the beam are stress-free, sojthaih
=0 for a local surface normdl atz=0,t andy=0,w.
The solutions to Eq4) are separable and have the form
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FIG. 4. (a) Calculated thermal conductance in units of the quan-
Gtaum of thermal conductangg, for one mode of a phononic crystal
eam as a function of temperature normalized to the band-gap cen-

FIG. 3. (a) Dispersion relation for empty lattice, showing the
three lowest modes for the scalar model, plotted in an extende

zone scheme. Dashed box shows the region plotted in detd).in ter wy. The solid line is for a simple beam showing the quantum

(b) Dispersion relation including the structural modulation, plotted _ - .
in the reduced-zone scheme. The calculation is for perturbatioﬁlalueg/gQ 1, and the dotted lines are for phononic crystal beams

strengthsé=¢e=0.1, 0.25, 0.5, and 0.75. Black solid and dashedwr[h band-gap widths v/ wo 0'23 0.4, 06 and 1 The dotted line
. . shows(b) Thermal conductance including the higher-order modes,
lines are for the K, ,l,m)=(k,,0,0) mode, and solid and dashed : S :

. . for the simple beangsolid line) and for the same series of modula-
gray lines are for thel(,1,0) mode. The geometric parameters

werew=2t and modulation wave vectds=0.67/t. Inset shows tion widths A/ wo.

the geometry for the structure. consists of a 0.2em-thick beam of Si(E=47 GPa, p

=2330 kg/n?) combined with Pb (E=16 GPa, p

®(r,t) = ¢p(x)cosk, coskpze " (9 =11340 kg/M), we haves=0.5 and §=0.65, and we
with transverse wave VeCtOI’ﬁZIW/W(I :0,172,___) and(m Choose a per|0d|C|ty &/GZOSMm The CalC'Ulation then
=ma/t(m=0,1,2,...). The functionp(x) satisfies yields a band center abo=CoG/2=14 GHz with bandgap

width Aw=0.56w,=8 GHz.

1 ) , 0 al These two approximate methods for calculating the dis-
o(X) ECOkT+E()ky— [y_XE(X) x| ¢ (6)  persion relation of a one-dimensional phononic crystal yield
rather similar results. We now consider what the implications

We assume that the elastic modulus has the spatial depegre for the thermal transport through a beam fabricated with
denceE(x) = Eo[ 1+ & cos(GX)] with a modulation amplitude  sych a periodic structure. We assume that the beam is adia-
e and wave vecto(; the inverse density has the same typepatically coupled to thermal reservoirs at either end, using

of dependence, a(x)=(1/pg)[1+ dcosGX)], with ampli-  smooth, graduated increases in the cross-sectionalfatea

tude o. If & and 6 are taken to have the same sign, then anhe bulk solid; we therefore avoid end-to-end phonon

increase in elastic modulus is coupled with a decrease ifesonanced,and the acoustic mismatch from abrupt area
density. The solutions to Eq6) have the same form as for transitions''® We calculate the temperature dependence of

our previous model with the thermal conductance for a single low-frequency Bloch
" mode with transmissivityZ{w) equal to 1 forw in the al-
_ i(Ky+NG)x lowed bands, &w<wy—Aw/2 and w > wyt+Aw/2, and

¢() n;m $n€ ' ™ zero for w in the forbidden gap region. The result of the

. ] ] ) calculation, using Eq(l), is shown in Fig. 4a), calculated
Inserting this form into Eq(6), we can calculate the eigen- for temperatures well below the cutoff temperature for the
value solutionsw(k,) for the modes K, ,I,m). In the limit  second moddthe mode k,,1,0) in the scalar model, Eq.
£,6—0, the “empty-lattice” solutionsw?=c§(ki+kf+ki)  (4)]. In part (b) of that figure we display the temperature
are found with wave velocitygz Eo/po. For nonzere and  dependence including the higher-order modes.

6, we solve the coupled equations numerically; the solutions At the lowest temperatures, such that the primary phonon
are plotted in Fig. 3 for the two lowest bandsng) =(0,0)  frequency is much smaller than the lower band-gap edge
and (,m)=(1,0) as a function of longitudinal wave vector wy,—Aw/2, the thermal conductance for the single mode is
ky . In the calculation we have retained terms of second ordegiven by the quantum limitj. As the temperature is in-
€8, which mix wave vectors in band with those in bands creased, the phonon distribution passes through the gap fre-
n=2; dropping these does not significantly change the resujuencyw,, and the thermal conductance falls to a minimum
shown in Fig. 3. at a temperature roughly given g T in=hwy/2.7. Above

We again find that gaps open in the dispersion spectrum ahis temperature, significant numbers of phonons populate
the Brillouin-zone boundarids= += G/2, with the magnitude the upper band; at high enough temperatures the result for a
for the gap between the lowest two bands approximatelgimple beam is recovered, with conduction occurring
given by Aw/wg=e for d=¢. If our composite structure through a number of cutoff modes. This behavior is remark-
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ably similar, although larger in magnitude, to that calculatedAw due to the different coupling strengths. The total thermal
for scattering due to imperfections in the surface of a simpleconductance will consist of the superposed conductance as-
beam, as shown by Santamore and CPddsre we can tune sociated with each mode and will therefore smear somewhat
the amount by which the conductance is lowered at intermethe features shown in Fig. 4. However, a significant feature
diate tempera’[ures by increasing the width of the gap, anﬁhOU'd still be visible.at intermediate temperatures. )
shift the point of minimum conductance by changing the In conclusion, we find that the quantum of conductance is
crystal-repeat distance. However, at low enough temperdduite robust, and for any given phononic cry_stal the thermal
tures the quantum of conductance will always be recoveredonductance at low enough temperatures will recover to the
For our two numerical examples cited above, the modyduantum limit. At moderate temperatures, however, the ther-
lation of the cross-sectional width of a Si beam from 0.1 to mal condl_Jct'ance can be controllably reduced below the
05 um yields 2 minimum in romalzed thema conduc. 1020 I, oue  fahge of emperatres st oy e o
ging.e?éﬁ):iﬁgiﬁ‘g&;{:'ﬁ]igdl;\/g& ab;eadrgcgggsgii;ag;m&ay prove useful in bolometric and calorimetric applica-
modulated Si/Pb overlayer structure, the normalized conduc-
tance minimum is at 0.11 K, with a reduction factor of 0.57.  The authors thank Michael Geller for valuable discussions
We have only considered the thermal conduction througtand a critical reading of the manuscript, and Robert Knobel
effectively one of the four types of conducting modes in thefor valuable conversations. We acknowledge the support pro-
beam. The other three modes will developed band gaps agded by a NASA Explorer Award No. ECS-9980734, the
well, at the same wave vectokg= +=G/2, but at somewhat Army Research Office under Contract No. DAAD-19-99-1-
different center frequencies, due to the different acoustic 0226, and by a Research Corporation Research Innovation
sound speeds for these modes, and with different bandgapsvard.
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Aluminum nitride is a light, stiff, piezoelectrically active material that can be epitaxially grown on
single-crystal Si. AIN is beginning to play a role in the integration of semiconducting electronic and
surface acoustic wave devices, and may prove useful for the integration of other types of mechanical
devices as well. We describe the growth and subsequent electron-beam patterning and etching of
epitaxial AIN-on-silicon films into nanomechanical flexural resonators. We have measured
resonators with fundamental mechanical resonance frequencies above 80 MHz, and quality factors
in excess of 20000. €001 American Institute of Physic§DOI: 10.1063/1.1396633

Aluminum nitride is proving to be a useful material in carrier gas. Low pressures were used to accommodate the
the semiconductor industry, as it can be grown epitaxially olow vapor pressure of TEA, and to minimize pre-reactions.
(111) Si substrates, typically by metalorganic chemical vaporPrior to buffer layer growth, the Si wafers were etched for 20
deposition(MOCVD), forming high quality, smooth films s in 10% hydrofluoric acid. The wafers were then heated for
with the c axis oriented along the growth direction. AIN is a 10 min at 900 °C in a Hatmosphere, leaving an atomically
very light (p=3255kg/ni), stiff material, with a Young’s clean surface for epitaxy. An AIN nucleation lay&5 nm
modulus of 345 GPa and eraxis sound velocity of 11.4 thick) was then grown at an approximate surface temperature
km/s. The large piezoelectric constamg=1.5C/nf corre-  of 550 °C and TEA and Niflows of 0.6 umoles/min and
sponds to an electromechanical coupling const&At 1.1 moles/min, respectively. The AIN epilayer was then
=6.5% 1 Aluminum nitride is fracture resistant and chemi- grown at 1100 °C, with a TEA flow of 0.&moles/min, es-
cally nonreactive, with negligible etching rates when ex-tablishing a V/IIl ratio of 12 000; a growth rate of 0.18n/h
posed to most strong acids and bases. can thereby be achieved. Film thicknesses were measured by

This material is a clear candidate for the integration ofoptical interferometry to beé=0.17um. A more detailed
surface-acoustic wave devices on chip with silicon-basediescription of the growth system and process can be found
electronics. In addition, it can be used to fabricateelsewheré?
submicron-scale cantilevers and flexural beams. Such sus- Flexural resonators were fabricated using a combination
pended, mechanically active structures allow applications if optical and electron beam lithographies. Optical lithogra-
force microscopy, optical couplers, and stable oscillators anghy was used to define a liftoff pattern for large-scale wire-
filters. Other materials under development for these applicasond pads, which consisted@ 3 nmthick Ti adhesion layer
tions include Si, both single crystal and polycrystalline, poly-followed by a 110 nm thick Au film. Electron-beam lithog-
crystalline silicon nitride, GaAs, and silicon carbitié’Me-  raphy was then used to define a liftoff pattern for a metal
chanical actuation and sensing in most of these materialslectrode that runs along the length of each resonator for
relies on electrostatic, optical, or magnetomotive techniquesnagnetomotive excitatiohThe electrode comprisea 3 nm
which suffer from poor coupling and implementation diffi- Ti adhesion layer, a 35 nm Au film, and a 60 nm Ni film; the
culties. Aluminum nitride, by contrast, provides both the pos-Ni served as an etch mask for the anisotropic reactive ion
sibility for very high resonance frequencies and piezoelectrietch of the AIN. Beam lengths ranged from 3.6 to 5,
actuation. with 0.2 um widths. The ends of the beams were defined by

We have developed a method to fabricate radio frea step increase in the width to 2udn.
quency flexural resonators from single-crystal AIN films. The electrode pattern was transferred to the AIN film
Here we describe the fabrication process, as well as measurgsing anisotropic Glbased reactive ion etchingRIE).
ments demonstrating fundamental resonance frequenciegsamples were placed in a parallel-plate load-locked RIE
above 80 MHz and very high quality factors, in excess ofchamber, which was pumped tox80  Torr. Chlorine gas
2x 104 was admitted at 10 sccm, with a chamber pressure of 5

The AIN films samples were grown d11) Si wafersin  mTorr. A rf plasma was ignited with 200 W of rf power,

a multiwafer, rotating disk MOCVD system under low- yielding a substrate voltage of 400 V. The AIN etch rate was

pressure conditions. TriethylaluminufEA) and ammonia  approximately 150 nm/min, with very vertical sidewalls. The

(NH3) were used as the Al and N precursors, withds the  etch rate for the Si substrate and the Ni mask was negligible
in these conditions.

Author to whom correspondence should be addressed; electronic mail:  1he€_Ni was then removed using a commercial Ni

cleland@physics.ucsb.edu etchantt? and the structures released by etching the Si sub-
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FIG. 1. Series of four AIN beams, with the undercut lengths ranging from
3.9 to 5.6um. The beams are 0.1Zm thick, and the widths are 0,2m, Length L (um)

increasing to widths of 2.4m at either end.

FIG. 3. Measured resonance frequencies for five beam lengtbsed

. . . . points, with calculated resonance frequendieg(L)/27 using the nominal
strate with an isotropic wet etcha parts ammonium fluo- beam lengthL (dotted ling, Qq(L)/27 adjusted for Au mass loading

ride:120 parts nitric acid:60 parts de-ionizdl) water®]. A (dashed ling and Q/27 using the numerically calculated frequency ac-
15 s etch was sufficient to mechanically free the resonatorgpunting for the stepped beam widtbolid ling). Inset: Geometry defining
the structures were rinsed in methanol, and dried in airth® béam widttw=0.12um, step widthW=2.4,m, nominal lengttL. and
. . . . . effective lengthL' =L —2A/".
Structures fabricated in this way did not in general collapse,
obviating the need for C&critical point drying. An electron
micrograph of a set of completed beams in shown in Fig. 1=82MHz with a quality factorQ=2.1x10". Varying the
Note that the narrow part of the beams is completely undermagnetic field for a fixed rf drive power shows the expected
cut, while the wider steps are undercut to a depth of approxiquadratic dependence on magnetic field, shown in the inset
mately 0.3um. We take the nominal length of the beam to  in Fig. 2.
be the length measured from the edge of the undercut at We measured a number of resonators with different
either end; the lengths for the beams we describe here rang&gam lengths but fixed widths; the measured dependence of
from 3.9 to 5.6um. resonance frequency on nominal beam lerigtls shown in

Electrical contacts to the completed resonators weréig. 3, along with three theoretical curves.
made with Au wire bonds, and the structures were placed in  The resonance frequen€yfor a flexural beam of thick-
a vacuum can, which was evacuated and then submerged igsst, width w and lengthL is given by solving the Euler—
liquid helium, in the bore of an 8 T magnet. A semirigid@0  Bernoulli beam equation,
coaxial cable connected room-temperature electronics to
each resonator. The center pin of the cable was connected to AQ2Y = <9_ZE| <?2_Y
one end of each resonator, with the other end of the resonator P x> ax?’
grounded. The resonators were oriented with the plane of the
sample parallel to the magnetic field, with the beam lengttwhereY(x) is the displacement along the thickness axis
perpendicular to the fiel®, allowing magnetomotive mea- measured along the beam lengitgndE are the density and
surement of the beam resonance frequeficand quality elastic modulus,A=wt the cross-sectional area, ard
factorQ.° A typical measurement is shown in Fig. 2 for a 3.3 =wt%/12 the bending moment of inertia; these parameters
pum long beam, displaying clear resonance @Qf2w  can be position dependent.

For a doubly clamped beam with uniform material and
geometric parameters, E(.) yields solutions with the natu-
ral resonance frequendyy(L) given by

—QO(L)—1027\Ft 2
om L0,z @

82.58 82.60 The elastic modulus for an AIN beam with length along
Frequency (MHz) the (1000 crystal direction and flexure in th@001) direc-
tion is given by E=(cq1—C1p)(C11t2C19)/(C11tC10)

A =280 GPa'**This predicted curve is shown as a dotted
Treeene. line in Fig. 3.

82.56 82.60 The resonators include a thin Au film, withp

Frequency (MHz) =19320kg/m and E=78 GPa(the Ti wetting layer has a
negligible effect. The main effect of the metal is to mass
FIG. 2. Measured resonance of a 3. long beam, measured at 42 Kin |oad the resonator, reducing its frequency from that given by

a transverse magnetic field of 8 T. The applied rf power we&5 dBm. : ;
Inset: Measured resonance for a constant rf power 85 dBm, while vary- Eq. (2). For the Iarge ratio of AIN thICkneSEl to the metal

ing the magnetic field through integer values from ismallest peakto 8 thicknesst,, the resonance frequency for the composite

T (largest peak structure is approximately
Downloaded 28 Sep 2001 to 128.111.14.253. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp

@

0.3 T T

©
N
T

0.0

o
=

Amplitude (V)

ooy




2072 Appl. Phys. Lett., Vol. 79, No. 13, 24 September 2001 Cleland, Pophristic, and Ferguson

Q' netomotive technique. In addition, we find that we can fairly
o(L) = 1 ty . S
5 ~1.027— ——— iz 3 accurately account for the beam frequencies when adjusting
& P1 V1t pata/paty for mass loading and for the specific beam geometry. Appli-

By evaluating Eq.(3) for our structures, we find a mass- cations of these types of structures to piezoelectrically driven
loaded frequency2{(L)~0.67Q,(L), in terms of the bare and detected beam resonances are presently underway.

resonance frquencylo(L). This curve is plotted as a The authors gratefully acknowledge the support pro-
dashed line in Fig. 3. . . : ; .
Lo vided by National Science Foundation XYZ-on-a-Chip
A second correction involves the fact that the beams are .
. ST award, Award No. ECS-9980734, the Army Research Office
not uniform in width along the suspended length, but com-
: : . , under Contract No. DAAD-19-99-1-0226, and by a Research
prise a 0.2um wide section of length’, followed by a short Corporation Research Innovation Award
section with width 2.4 um and undercut lengthA/ P ’
=0.3um at either end. The nominal length is given by
L=L'+2A/. One way to approximate the effect of the 0. Ambacher, J. Phys. B1, 2653(1998.
width increase is to take the effective |eng_th in Eqs (2) 2J.R. Mileham, S. J. Pearton, C. R. Abernathy, J. D. Mackenzie, R. J. Shul,
. . - i« riq. and S. P. Kilcoyne, J. Vac. Sci. Technol.14, 836 (1995.
,and (3), assuming that the W!der sectlgn of the b?am IS g 3Z. Zhang and N. MacDonald, J. Microelectromech. Sgs66 (1993.
idly clamped. However, the increase in beam stiffness pro-4N. macbonald, Microelectron. Eng2, 49 (1996.
vided by the width increase is not equivalent to clamping thezA. Cleland and M. Roukes, Appl. Phys. Le89, 2653(1996.

beam, so this does not yield an accurate result. - Cleland and M. Roukes, Natureondor) 320 160(1998.
7C. Nguyen and R. Howe, Proc. IEEB, 127 (1994.

We 15therefo_re used a version _Of StOdOI_as lterative 8K. Wang, A. Wong, and C. Nguyen, J. Microelectromech. S9st347
method,” in which the flexure equation, Eql), is solved (2000.
numerically for the actual beam geometry, yielding an excel-°R. Beck, M. A. Eriksson, M. A. Topinka, R. M. Westervelt, K. D. Mara-

lent approximation to the actual mode shaf{&). The reso- oWski. and A. C. Gossard, Appl. Phys. Lef§, 1149(1998.
. . Y. T. Yang, K. L. Ekinci, X. M. H. Huang, L. M. Schiavone, M. L.
nance frequency may then be evaluated using Rayleigh SRoukes, C. A. Zorman, and M. Mehregany, Appl. Phys. L@g, 162

method® We have applied this technique to the beam geom- (2001).
etry shown in the inset in Fig. 3. The resulting corrections''C. Tran, R. Karlicek, Jr., M. Schurman, T. Salagaj, R. Cassidy, |. Fergu-
areQ(L)/Qy(L)=1.26—1.41; the correction varies with the Zig'(ﬁégé)mompso”’ R.A. Stall, and C.-Y. Hwang, J. Cryst. Gralith
proportion AZ/L. In Fig. 3 we show this calculated fre- 121 ¢ .
guency as a solid line, showing a fairly good correspondenc&e. williams and R. Muller, J. Microelectromech. Syst.256 (1996
to the measured dependence, with no adjustable parametejr‘%- |A|UId' Acoustic Fields and Waves in Solidfley, New York, 1973,

In conclusmn,.we have described the fgbncatlon andlslot').'Hamg,,\/Iechanical VibrationgDover, New York, 1985
measurement of high frequency nanomechanical beams, fabs_ Timoshenko, D. Young, and J. W. Weavéibration Problems in En-

ricated from single-crystal AIN and measured using a mag- gineering(Wiley, New York, 1974.
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Nanomechanical systems, integrated with nanoelectronic transducers and sensors, are in an early
stage of development. Research is focused on the development of radiofrequency mechanical res-
onators, sensitive electrometers and magnetometers, and potentially quantum-limited energy and
motion sensors. This paper will review the current state of our efforts in this area, and will describe
research in which the integration of mechanics and electronics will potentially allow the demon-
stration of macroscopic quantum effects in mechanical systems. We are particularly interested in
observing and measuring quantum-limited systems, whose behavior is strongly affected by the mea-
surement system; such systems may provide further insight into the quantum measurement process.

Keywords: Nanomechanics, nanoelectronics, single electron transistor, bolometer

We are developing a number of novel approaches for the integration of electrical systems with the mechanical
degrees of freedom in nanometer-scale structures. Our central theme is to unify the very sensitive characteristics
of tunnel junctions with mechanically suspended structures. Projects underway include the development of
a nanoscale bolometer comprising a suspended structure with a very small heat capacity, weakly linked to
the environment, mechanically suspended beams with an integrated two-dimensional electron gas, and flexural
resonators electrically coupled to single electron transistors, which act as displacement sensors.

I. FLEXURAL RESONATORS

Flexural resonators, either in the form of cantilevers or doubly-clamped beams, form a basic element in
nanomechanical structures. A doubly-clamped resonator with thickness ¢ and length L has a fundamental
flexural resonance frequency given by

L1027,/ = = 1
5, = 1027 (1)

FIG. 1: Series of four AIN beams, with the undercut lengths ranging from 3.9 to 5.6 pum. The beams are 0.17 pum thick,
and the widths are 0.2 pm, increasing to widths of 2.4 ym at either end.

* Corresponding author: E-mail: cleland@physics.ucsb.edu
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FIG. 2: Measured resonance of a 3.9 um long beam, measured at 4.2 K in a transverse magnetic field of 8 T. Applied
rf power was -85 dBm. Inset: Measured resonance for a constant rf power of -75 dBm, while varying the magnetic field
through integer values from 1 T (smallest peak) to 8 T (largest peak).

A beam fabricated from Si with thickness ¢ = 0.2 um and a length of 100 um has a resonance frequency of
about 170 kHz; shortening the length to 10 pum increases the frequency to 17 MHz, and a further reduction to
1 pm brings the frequency up to 1.7 GHz. Quality factors for the fundamental resonance have been measured
in excess of 20,000 [1, 2]. Such resonators form candidates as stable local oscillators for time-base and frequency
standards applications [3, 4].

These structures are coupled to external electronic circuitry using a number of methods: through magnetomo-
tive transduction, through electrostatic displacement sensing and actuation, and through the piezoelectric effect.
The magnetomotive technique [1, 5] involves placing the mechanically active element in a transverse magnetic
field, and passing a current through a metal film integrated with the mechanical structure. A Lorentz force
develops as a result, generating a displacement; the displacement then generates an electromotive voltage, which
can be sensed using external electronics.

In Fig. 1 we show a set of flexural beams fabricated from single-crystal aluminum nitride. We have been
developing this material because of its low density, high elastic modulus, and relatively high fracture strength.
This material can be grown as single crystal films on (111)-orientation Si wafers using metal-organic chemical-
vapor deposition. The films can subsequently be patterned using a combination of electron beam lithography
and thin metal film deposition. The AIN can be anisotropically etched using Cls-based reactive ion etching, and
the substrate Si selectively removed using an isotropic Si etch (ammonium fluoride, nitric acid and water). More
fabrication details are discussed below.

The structures shown in Fig. 1 were measured using the magnetomotive technique; a series of resonance curves
is shown in Fig. 2. Resonance frequencies have been measured [2] in the range of 40-80 MHz, with quality factors
measured to be somewhat higher than 20,000.

The electrostatic approach involves the use of displaceable capacitors, where a voltage applied across the plates
of a mechanically flexible capacitor causes one plate to displace with respect to the other. The displacement can
be detected by monitoring the resulting change in capacitance [3]. An example of a nanoscale structure with
electrostatic drive and sense, fabricated from single-crystal Si using a silicon-on-insulator substrate as the base
material, is shown in Fig. 3.

II. SET-BASED DISPLACEMENT SENSING

We are attempting to develop a potentially quantum-limited displacement sensing approach, based on the
single-electron transistor (SET). The structure we are fabricating comprises a doubly-clamped flexural beam,
coupled through a capacitive, mechanically variable capacitor to the gate lead of the SET. A micrograph of a
completed structure, with doubly-clamped beam and adjacent single-electron transistor, is shown in Fig. 4. The



FIG. 3: Single-crystal silicon flexural resonators coupled by capacitive transducers, allowing both displacement actuation
and sensing. The horizontal scale bar is 1 ym. The flexural resonance frequency of these structures is measured to be 68
MHz.

mechanical beam can be driven using an external signal, using magnetomotive displacement; it will also exhibit
thermally-driven fluctuations due to its finite value of damping, parameterized by the quality factor Q). Further,
as discussed below, we expect the beam to exhibit motion driven by the back-action measurement noise from the
SET. The beam can be biased with a dc voltage V{, which induces a coupling charge on the capacitor; motion
of the beam changes the charge coupled to the single-electron transistor, modulating the drain-source current in
the transistor.

In a recent innovation [6], the SET can be used as a radio-frequency electrometer, for which the input charge
noise has been measured to be about 2x 1075 ¢/ v/Hz. There has been a proposal to use the SET as a displacement
sensor [7], estimating the displacement sensitivity when it is coupled to a radiofrequency resonator, and a recent
estimate of the magnitude of the electrical back action generated by the SET on the resonator [8].

The displacement of the resonator is sensed by changes in the coupling capacitance C. and the corresponding
coupled charge. The sensitivity of the SET as a displacement sensor is determined by its charge sensitivity, by
the sensitivity of the coupling capacitance on the resonator displacement, and by the magnitude of the SET
back-action on the mechanical resonator. The back-action is caused by the force exerted on the resonator when
the voltage on the center island of the SET fluctuates. This can be evaluated as follows: The electrostatic
charging energy of the coupling capacitance is ¢ = C.V.2/2, where C.(x) is the position-dependent capacitance,
and x is the displacement at the midpoint of the resonator; the voltage V, is the voltage across the coupling
capacitor. This voltage consists of the externally-imposed voltage V and a noise voltage 6V, which fluctuates
due to the stochastic nature of electron flow through the SET.

The electrostatic force generated by V. is given by F = de/dx = (V2/2)dC./dx. A fluctuation V in the
voltage V. gives rise to a fluctuation dF in the force through

dc.,
OF = Vo™ 0V, (2)

where Vj is the constant value of V..

Following Schwab [8], the noise voltage 6V can be evaluated using the amplifier noise model developed for
the SET by Devoret and Schoelkopf [9]. It has a spectral density due to the SET input current noise Sr(w)
driving the coupling capacitance C,, given by S;(w)/w?C2. The spectral noise density Sg(w) of the force on the
resonator is then given by

dcc>2 Sr(w)

Sp(w) = (VO dr Wg(w)’ (3)



An optimized SET, with both tunnel junction resistances equal to the quantum of resistance h/e? ~ 25 kQ,
has a current noise that at low frequencies is approximately given by
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where Cy, is the total capacitance of the SET island.

Single-electron transistor

| Flexural beam ) #14,800 1em WO33

FIG. 4: Electron micrograph of a doubly-clamped beam coupled to a single-electron transistor. The resonating beam
includes an interdigitated capacitor C.(z) coupled to the gate of the single-electron transistor; the displacement x of the
beam center point changes the coupled charge, and modulates the current through the transistor. The beam can be biased
with a dc voltage Vo.

The displacement spectral density S, (w) may then be evaluated using the response function of the resonator;
for a resonator with mass M, resonance frequency 0y and quality factor @, this is related to the force spectral
density Sr(w) by

1 SF(W)
(2 — w?)? + (w§/Q)? M2

Se(w) = ()

For a high quality factor resonator, with @ > 1, the response (5) is very narrow-band, so the spectral density
of the force (3) may be taken to be frequency-independent, with Sj(w) evaluated at w = Q.

The back-action noise of the SET can now be re-stated as an effective noise temperature: The dissipation
associated with a finite value of the quality factor @ generates a fluctuating force of magnitude [4]

_ 2kpTeg MQq
= 0 )
where T,g is the temperature; this relation is determined by the fluctuation-dissipation theorem. For the SET,
we therefore can define an effective noise temperature

oo 5m QV§ (dC.\* h
T 18kp MOy \ dv ) Cx’

Sr(w) (6)

(7)

In addition to the SET-driven noise, the resonator has a physical temperature T, so in the classical limit
kT > h€), the total noise amplitude of motion corresponds to a temperature T + Teg.

This motion is sensed by the SET, with a displacement sensitivity determined by the coupling of the resonator
to the SET and the SET input voltage noise Sy (w). The voltage noise for an optimized SET is given by

65hC;
Sy (w) = WZ@)’ (8)
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FIG. 5: Displacement noise energy as a function of coupling strength a/ao, for different resonator temperatures in units
of the temperature quantum Ty = h{)o. The optimal coupling is achieved when the minimum displacement energy is
equal to the thermal energy.

and is approximately white. Referring the voltage noise as a effective displacement noise S; of, we have

C(Cex) 1 \?
Seantw) = (S5 o) Svio)

hCs,
T 4V2(dC./dx)?” )

The thermally-driven displacement has a frequency spectrum concentrated in the band centered on ¢ with a
width AQ = 2Q,/Q); integrating the noise power over this band, we find a mean square noise

2kp(T + Togr)

TMOE (10)

Az? = / Sy (w)dw ~ 1.11
AQ

The input displacement noise of the SET integrated over the same band gives a minimum detectable square
displacement

h§2oCs;

Az =S, g AQ = — 0TS
. weff 2QV2(dC./dx)?

min (11)
The coupling strength o = V5dC./dx can be tuned by adjusting the dc voltage Vj; increasing the voltage

reduces the minimum detectable displacement Ax,;,, but also increases the effective temperature Tog. At zero

resonator physical temperature T' = 0, the optimum coupling «y is achieved when Axy, = Az, or when

dC, MQZC
CVOZV()%:\/TOE- (12)

At this optimal bias point, the minimum displacement noise is Az2, = h/2MQq, close to that given by the
standard quantum limit of h/2M Q. Taking a model resonator of Qg = 27 x 10® Hz, mass M = 3 x 10716 kg,
the rms displacement noise is 4 x 10714 m.

At non-zero resonator temperatures, the optimal coupling value o decreases. In Fig. 5 we show the dependence
of the thermal and back action-driven displacement energy MQZ2Az? /2, and the corresponding detectable energy
MQZAZ?, /2, as a function of coupling strength. The thermal energy is calculated for a number of resonator
temperatures, in units of the quantum temperature Ty = h{do/kp. The optimal bias voltage Vj is determined
by the point at which the minimum detectable energy intersect the thermally-driven motion.



III. NANOSCALE BOLOMETER

A second major project is aimed at the development of nanoscale bolometers, with the potential for substan-
tially increased sensitivity to infrared light in the frequency range of 0.1-10 THz. A bolometer consists of a
volume whose temperature is changed by absorbing infrared light, and a thermistor element that detects the
changes in temperature. The volume has a heat capacity C, a thermal conductance to the temperature bath
G, and a corresponding thermal time constant 7 = C/G. The minimum detectable radiated power, called the
noise equivalent power (NEP) is set by thermal fluctuations through the thermal conductance, and is equal to
NEP = /4kpT?G. Operating at lower temperatures with smaller thermal conductances leads to smaller values
of the NEP.

There is a however a quantum limit to the minimum achievable thermal conductance, first predicted theoreti-
cally [10-13] and later verified experimentally [14]. For a thermal conductance formed by a nanoscale wire, this
quantum limit is achieved at low temperatures and is given by

4r2k3T
=_—_B- 13
e 30 (13)
where h is Planck’s constant. The corresponding limit to the noise equivalent power is given by
1672373\ /2
NEP = (6”?)hB> . (14)

At a temperature of 100 mK, this corresponds to 5 x 10719 W/Hz'/2?; at 20 mK this is 4 x 10720 W/Hz!/2,
values that are 10-100 times smaller than is presently achievable.

Even smaller values should be achievable by engineering the thermal link that provides the conductance G. The
quantum limit (13) is achieved for a straight wire with unity phonon transmissivity; conductances smaller than
this can be achieved by engineering the phonon dispersion relation for transmission through the conductance. We
have completed calculations that indicate that a periodically modulated structure, forming a phononic bandgap,
can for a range of temperatures achieve a thermal conductance significantly less than the quantum limit [15].
An example of such a structure and its dispersion relation is shown in Fig. 6.

O)/C/G

FIG. 6: Calculated dispersion relation for different modulation strengths, using a longitudinal acoustic model. The gap
Aw is indicated, as is the bandgap center frequency wo.

The corresponding calculation for the thermal conductance, in units of the quantum of thermal conductance,
is shown in Fig. 7.

Structures such as these may prove useful in tuning and adjusting the thermal conductance of nanoscale
structures.

We are presently fabricating and characterizing a nanometer-scale bolometer, for which we use a mechanically
suspended volume of semi-insulating GaAs, which is patterned using electron-beam lithography to define a
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FIG. 7: (a) Calculated thermal conductance in units of the quantum of thermal conductance Gg, for one mode of a
phononic crystal beam, as a function of temperature normalized to the bandgap center wg. The solid line is for a simple
beam, showing the quantum value G/ GQ = 1, and the dotted lines are for phononic crystal beams with bandgap widths
Aw/wo = 0.2, 0.4, 0.6 and 1. (b) Thermal conductance including the higher order modes, for the simple beam (solid line)
and for the same series of modulation widths Aw/wo.

volume, 2 x 3 x 0.2 ym?, suspended by thin, 4 x 0.2 x 0.2 um? legs from the bulk substrate. The thermistor
element is a aluminum-aluminum oxide-copper-aluminum oxide-aluminum tunnel (SINIS) junction, fabricated on
the surface of the GaAs. The volume of copper normal metal is 3 x 0.3 x 0.04 xm?, and the tunnel characteristics
of the junction are sensitive to the temperature of the electrons in this normal metal. A electron micrograph and
sketch of the structure appears in Fig. 8. This structure has a heat capacity approximately 10* times smaller
than micromachined bolometers, and we anticipate bolometric sensitivity of order 100 times higher than in these
other bolometer designs [16-18].

Al 1 Cu I Al

I g

FIG. 8: Electron micrograph of a nanoscale bolometer, comprising a pair of Al-I-Cu-I-Al (SINIS) tunnel junctions fab-
ricated on the surface of a 2 x 3 x 0.2 um® GaAs block, which is suspended by four 0.2 x 0.2 x 4 ym® beams from
the bulk substrate. Below is a sketch of the geometry including the tunnel junctions, and a highly simplified thermal
model, indicating the heat capacitance C of the central block (dominated by that of the normal Cu metal), and thermal
conductance G for each of the four beams.

A set of low temperature differential conductance curves as a function of bias voltage are shown for one of the
SINIS tunnel junctions, showing the very strong temperature dependence of the zero-bias conductance, and at
the lowest temperature a fairly well-defined superconducting gap A = 180 pV per junction. In tunnel junctions
with large volumes of normal metal, the gap structure is defined by large peaks in the conductance at +A,
which are missing here; we believe this is due to very weak electron-phonon coupling in these structures, which
causes excessive heating of the normal metal electrons at non-zero bias; this question is still under investigation.



However, the zero-bias conductance is found to be well described by the conventional BCS theory for NIS tunnel
junctions (see e.g. Solymar [19]). The non-equilibrium situation at non-zero bias can be phenomenologically
explained using a hot-electron model, where the electrons in the normal metal are thermally decoupled from the
phonons; this effect is fairly well understood in fully three dimensional phonon systems, i.e. in bulk insulating
substrates, but the situation when the substrate has a strongly reduced geometry as here is less clear. Calculations
indicate that for phonons in a fully three dimensional system, the effective electron-phonon thermal conductance
scales as the fifth power of the electron temperature Tfl, while in an effectively one-dimensional phonon system,
such as applies here at the lowest temperatures, the electron-phonon conductance should scale as le.
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FIG. 9: (left) Conductance as a function of bias voltage for a suspended SINIS tunnel junction, measured at a series of
temperatures from 25 mK to 900 mK. (right) Zero-bias conductance as a function of temperature, showing a good match
to the predictions of classical BCS theory.

Measurements of the electrical readout noise of the SINIS thermistor elements yields a temperature sensitivity
of 6 K /v/Hz at an operating temperature of 100 mK; we estimate the thermal time constant 7 to be 4 usec. The
corresponding estimate for the electrical noise-limited NEP is 2 x 10718 W/ Hz'/? at 100 mK, within about a
factor of 5 of what we expect. This bolometer should be able to detect single 1 THz photons with a signal-to-noise
of unity; we are presently attempting to couple signals optically to verify whether this is the case.

IV. FABRICATION TECHNIQUES

Our integrated structures are fabricated through a combination of electron-beam lithography, metal deposition,
anisotropic reactive ion-beam etching, and isotropic wet etching. In Fig. 10 we display the major steps associated
with a GaAs-based structure definition. We start with heterostructure substrate, comprising a bulk, semi-
insulating GaAs substrate, a sacrificial AlGaAs layer 0.4 pym thick, and a top semi-insulating GaAs structural
layer 0.2 pm thick. This heterostructure is grown on a bulk GaAs substrate using molecular beam epitaxy
(MBE), and can be designed with different layer sequences, thicknesses, and so on.

We then begin patterning the structure. We use conventional electron beam lithography to pattern a poly-
methyl methacrylate bilayer (PMMA), comprising a 495 KD molecular weight bottom layer and a 960 KD weight
top layer, the PMMA dissolved in an anisole solvent. Each layer is spun on at 3 kprm for 45 seconds and baked
for 10 minutes at 180°C. The pattern is exposed with a scanning electron microscope configured for lithography;
the electron beam dosage is about 350 uC/cm?, with a beam voltage of 35 kV. After exposure, we develop
the pattern in a 1:3 methyl isobutyl-ketone:isopropyl alcohol (MIBK:TPA) developer, and rinse in IPA. The use
of the PMMA bilayer, with a lower resolution underlayer and higher-resolution top layer, yields a undercut
resist profile which gives a high-yield metal and insulator liftoff. We then thermally evaporate a layer of SrFs
(strontium fluoride), an insulating material that has a fairly low sublimation point, lifts off well, and is partially
water-soluble. The SrFs layer ranges from 10-100 nm in thickness, depending on subsequent steps. Following
the evaporation, the unwanted SrFs is lifted off with the PMMA by soaking for several minutes in acetone.

The SrFs provides an excellent mechanical mask for the subsequent anisotropic reactive-ion etching of the
GaAs and AlGaAs substrate material. We use a commercial parallel-plate reactive ion etcher, and flow pure Cl,
gas at a pressure of 5 mtorr and a flow rate of 10 sccm. An rf power of 150 W generates a self-biased plasma
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FIG. 10: Suspended heterostructure definition, starting (1) with a GaAs heterostruture substrate, (2) patterning an etch
mask, (3) anisotropic etch of the GaAs and AlGaAs layers and (4) sacrificial wet etch, suspending the final structure.

voltage of about 350 V, and yields a GaAs and AlGaAs etch rate of about 0.1 gm/min. The etch is carried out
to a depth corresponding to complete etching of the exposed GaAs and AlGaAs layers, typically 0.6 pm, ending
on the bottom, bulk GaAs layer. The SrFy mask is not noticeably etched by this process, and the SrFs can then
be removed by soaking in distilled water for 2-3 minutes.

Following this step, the exposed AlGaAs can be removed using either concentrated hydrochloric acid or a
dilute (10%) solution of hydrofluoric acid; these acids do not noticeably etch GaAs, leaving the structural layer
intact. The etch time varies with the size of the desired, final suspended structure. For the structure we use for
the bolometer design above, etch times of order 1-2 minutes are appropriate.

The nanoscale tunnel junctions are patterned on the surface of the suspended structure. These tunnel junc-
tions can comprise either aluminum-aluminum oxide-aluminum tunnel junctions, which below the supercon-
ducting transition temperature of Al (about 1.5 K for thin-film aluminum) forms a superconductor-insulator-
superconductor (SIS) tunnel junction, or copper-aluminum oxide-aluminum tunnel junctions which are normal
metal-insulator-superconductor (NIS) junctions below 1.5 K. Aluminum is an excellent material for fabrication
of such structures on the deep sub-micron scale, because it forms finely-grained thin films that are fairly stable
in air, and its oxide is thermally and mechanically stable, providing a high-voltage tunnel barrier for tunnel
junctions. The challenge in fabricating nanoscale tunnel junctions is that the trilayer (metal-metal oxide-metal)
structure must be defined in a single vacuum cycle in order to achieve high reliability structures. This can be
achieved either by unpatterned, bulk trilayer deposition of the two metal films and intermediate oxide layer, which
is subsequently patterned to form the tunnel junction structures, or by using a suspended resist bridge tech-
nique to pattern the films as they are deposited, and using different evaporation angles to achieve he geometric
differentiation. We have followed the latter approach, which is sketched out in Fig. 11.

We spin-coat the substrate with a bottom layer of the copolymer methyl methacrylate and a top layer of 960
KD molecular weight PMMA, the first spun at 2 krpm for 45 seconds followed by a 10 minute 180°C bake,
the second at 3 kprm for 45 seconds followed by the same 180°C bake. Exposure is done by electron-beam
lithography at 35 kV with a 350 4C/cm? dosage; develop is in 1:3 MIBK:IPA with an IPA rinse. The co-polymer
is extremely sensitive to the electron beam dosage, and overdevelops approximately 0.3-0.5 pum laterally beyond
the edge of the exposed pattern. This significantly undercuts the top PMMA layer and allows us to use the
directional nature of thermal evaporation to define the tunnel junctions, as shown in Fig. 11.

Once the suspended bridge pattern has been defined, we fabricate the tunnel junction by placing the structure
in a thermal evaporator, and pumping the chamber out to a few times 10~7 torr. The substrate is then tilted by
an angle of 20-250 with respect to the line of sight to the evaporation crucible, and a thin film (30-100 nm) of Al
is evaporated from a W crucible. The Al film is then oxidized by admitting a small pressure (~10 mtorr) of pure
oxygen to the chamber, and waiting from 10-100 seconds to achieve the correct oxide thickness. The substrate
is then tilted to —20° to —25° with respect to the line of sight, and a second metal film (either aluminum for
an SIS tunnel junction, or copper for a NIS tunnel junction) is evaporated. The completed structure is then
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FIG. 11: Fabrication sequence for angled metal tunnel junctions; in step (1), a bilayer resist is spun and baked on the
substrate, in (2) the electron beam lithography pattern is written, in (3) the pattern developed out, and in (4) metal
evaporations are carried out at two angles, defining the tunnel junction in the center of the pattern.

removed from the evaporator and liftoff completed in acetone. Tunnel junction areas can range from 0.01-0.3
pm?, depending on the particular pattern and the tilt angles, and tunnel junction resistances range from 100
Q to 10 MS?, depending on the junction area and oxidation time. Areas are highly repeatable, and junction
resistances tend to reproduce to within a factor of two, other factors being the same.

We are also pursuing a quite different, parallel approach to integrated electromechanical devices. This approach
uses GaAs substrates that include a buried two-dimensional electron gas in the top structural layer; the two-
dimensional electron gas can be contacted through diffused ohmic contacts to measure transport characteristics,
and can be gated using lithographically patterned electrostatic top gates that allow the lateral definition of the
electron gas in the two-dimensional sheet. This approach has been used to define single quantum dots in the
electron gas as well as double quantum dots, the latter allowing extremely sensitive spectroscopic probing of the
electrons’ electrical environment (see e.g. [20]). We have been pursuing the development of such structures to
allow probing of the vibrational environment, by embedding a double quantum dot structure in a mechanically
suspended structure. An example of the types of structures we are fabricating is shown in Fig. 12.
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Direct temporal measurement of hot-electron relaxation in a phonon-cooled metal island

D. R. Schmidt, C. S. Yung, and A. N. Cleland*
Department of Physics and iQUEST, University of California at Santa Barbara, Santa Barbara, CA 93106
(Dated: April 24, 2003)

We report temporal measurements of the electronic temperature and the electron-phonon thermal relaxation
rate in a micron-scale metal island, with a heat capacity of order 1 f¥K (C ~ 107 kg) . We employed a
superconductor-insulator-normal metal tunnel junction, embedded in a radio-frequency resonator, as afast (~
20 MHz) thermometer. A resistive heater coupled to the island allowed us to drive the electronic temperature
well above the phonon temperature. Using this device, we have directly measured the thermal relaxation of the
hot electron population, with a measured rate consistent with the theory for dynamic electron-phonon cooling.

PACS numbers; 65.90.+i, 63.20.Kr, 65.40.Ba

Measurement of the heat capacity C' of a thermodynamic
system, in contact with athermal reservoir through a thermal
conductance G, necessitates the measurement of temperature
over time scales shorter than the characteristic thermal relax-
ationtime = C/G. For mesoscopic devices, thistime scale
becomes exceedingly short, as both the electron and phonon
heat capacities scale with device volume V. Furthermore,
it is difficult to thermally isolate a phonon system from its
environment, as even a very weak mechanical suspension is
limited at low temperatures by the scale-independent quan-
tum of phonon thermal conductance [1-4]. Electrons in a
metal however naturally decouple from their phonon envi-
ronment at low temperatures, with an electron-phonon ther-
mal conductance G._, « VT?. As the electron heat ca
pacity scales as C. « VT, the electron-phonon thermal re-
laxation time 7._, = C./Ge—, is independent of volume,
and scales as T2, At 1K, 7._, is of order 10 nanosec-
onds, atime scale that is accessible using a radio-frequency
superconductor-insulator-normal metal (rf-SIN) tunnel junc-
tion thermometer [5].

In this letter, we present large-bandwidth measurements
of the electronic temperature of a micron-scale metal island.
Our measurement has ample bandwidth with which to directly
measure 7._, a temperaturesup to 1 K. This system therefore
allows usto probe the thermodynamic behavior of electronsin
very small metal volumes, potentially with heat capacities as
small as 10 k. Such small metal volumes are prime can-
didates for energy absorbers in far-infrared photon-counting
bolometers [3], and would alow unprecedented calorimet-
ric sensitivity in the mesoscopic regime. Measurements over
time scales shorter than 7._,, are aso critical for developing
a complete understanding of the thermodynamics of meso-
scopic systems.

The thermal decoupling of electrons and phonons at low
temperatures was first described theoretically by Little [6],
with a more general discussion provided by Gantmakher [7].
For a bulk metal with volume V/, the power flow P._, from
the electron gas at temperature 7. to the phonon gas at 7}, is
given by

Py =3V(T] - T}), (0]

where ¥ is a material-dependent parameter. For a spherical

Fermi surface and a Debye phonon gas, n = 5.

A number of researchers have verified that Eq. (1) applies
to the static heating of thin-film metals, albeit with n dlightly
lower than 5 (fit values for n fall in the range from 4.5 to
4.9, with values for ¥ in the range 1 — 2 x 10° W/m3-K®
[8, 9]). These measurements were made using a dc supercon-
ducting quantum interference device (dc-SQUID) to measure
the Johnson-Nyquist noise in the metal film, and thus extract
the electronic temperature.

A second approach to measuring the electron temperature
in thin metal films was presented by Nahum et al. [10]: using
a SIN tunnel junction as an electronic thermometer. These au-
thors suggested that such a structure could form the heart of a
bolometric detector. Measurements of the static energy distri-
bution of electronsin anormal metal under voltage bias were
made by Pothier et al. using asimilar SIN-based thermometer
[11]. Yung et al. [3] aso demonstrated a SIN thermometer in
contact with a normal metal island, the whole fabricated on a
micron-scal e suspended GaAs substrate.

Here we study the dynamic temperature response of asmall
metal island using a SIN tunnel junction thermometer. Well
below the superconducting transition temperature T, the
tunnel junction’s small-signal resistance at zero bias, Ry =
dV/dI(0), is exponentially dependent on the ratio of temper-
ature T to the superconducting energy gap A, Ry o< e/ksT
A sub-micron scale SIN tunnel junction therefore has a low-
temperature resistance that can easily exceed 10° Q, limiting
conventional time-domain measurements to bandwidths of or-
der 1 kHz. In order to monitor changes in this resistance at
sub-microsecond time scales, we circumvent the unavoidable
stray capacitance in the measurement circuit by embedding
the junction in a LC' resonant circuit, as shown in Fig. 1
[12]. We then measure the resistance of the SIN junction,
and thus the normal metal electron temperature, by measur-
ing the power reflected from the circuit at the LC' resonance
frequency. A change of the junction resistance Ry, induced
by heating the electrons, in turn changes the amplitude of the
reflected radio frequency signal. In this technique, the stray
cable capacitance C' is in resonance with the inductor L, the
resonator also serving to impedance-match the resistance of
the tunnel junction to the measurement system. This readout
scheme is analogous to that employed in the radio-frequency



single electron transistor (rf-SET) [13].

Our device is fabricated on a4x4x0.5 mm? single-crystal
GaAs chip using four lithography steps. A 85 nm thick Au
center island and wire-bond pads were first deposited on the
GaAs substrate; an intermediate Au pad was also deposited
in this layer. We then deposited a 100 nm thick NiCr film,
designed to have a 50 €2 resistance, matching the characteris-
tic cable impedance Z,. The ground leads and heater contact
were evaporated in the third layer, using superconducting Al
to ensure thermal isolation below 1 K [14]. The NiCr contacts
the Al via the intermediate Au pad, to ensure low interfacial
resistivity. The tunnel junction thermometer was deposited in
the fourth lithography step. We used a standard suspended
resist bridge, double-angle evaporation method to define the
tunnel junction [15]: A 90 nm thick Al electrode was evapo-
rated, and the Al then oxidized in 200 mTorr of pure O, for 90
S. The junction was completed by evaporating a 90 nm thick
Cu counterelectrode, which also contacted the center Au is-
land.

The device is shown in Fig. 1(a). Note that the Au center
island is electrically grounded, so that heating signals applied
to the NiCr resistor do not couple directly to the SIN junction,
but instead affect it by changing the temperature of the Au
island. The heating signals are in principle therefore limited
by diffusion time from the NiCr through the Au island and
then along the Cu electrode to the SIN tunnel junction; we
estimate this time to be less than 10 ns.

We mounted the chip containing the device on a printed
circuit board, which was enclosed in a brass box. Gold wire
bonds (25 m diameter) were made between the Au bond pads
on the chip and Cu coplanar striplines on the circuit board.
A chip inductor with . = 390 nH was placed in series with
the SIN junction. The resonance capacitance C' was from the
geometric capacitance of the stripline and Au bond pads, with
C = 0.5 pF. The expected LC resonance frequency is f..s =
1/27(LC)'Y/? = 350 MHz, the tuned circuit quality factor
isQ = \/L/CZZ =~ 20, and the measurement bandwidth
iISAf = fres/Q = 20 MHz. The measurement circuit is
shown in Fig. 1(b). The tunnel junction is configured for
simultaneous dc and rf measurements via abiastee, not shown
inFig. 1.

We have described the technical aspects of rf-SIN ther-
mometry elsewhere [5]. Here we will describe the salient as-
pects as they pertain to these measurements. We determined
the resonance frequency of the LC circuit to be 345 MHz.
A carrier signal source was connected through a directional
coupler to a coaxia line, which was in turn connected to the
LC resonant circuit. The carrier frequency was set close to
the LC resonant frequency [16]. The signa reflected from
the LC resonator was high-pass filtered and amplified using
alow-noise amplifier. This amplified signal was then mixed
with a local oscillator (o), provided by a second rf signal
source phase-locked to the carrier source. The intermediate
frequency (if) output from the mixer was low-pass filtered,
amplified, and the resulting time-dependent signal captured by
a sampling oscilloscope. The NiCr resistor was heated using

either adc or an rf pulsed source: A pulse sent to the resistor
heats the NiCr, the Au island and the Cu electrode, changing
the electron temperature, and therefore changing the ampli-
tude of the carrier signal reflected from the tuned LC circuit,
asshownin Fig. 1(d).

In order to characterize the response of the system, we first
heated the NiCr resistor using a f, = 25 kHz sinusoidal drive
signal. Figure 2 shows the response for various drive powers.
The if signal was low-pass filtered (f < 2 MHz), and each
curveistheresult of averaging 256 drive periods. Theleft axis
isthe mixer if voltage, and the labels on the right axisindicate
the electron temperature inferred from the change in reflected
signal. The instantaneous power dissipated in the resistor is
proportional to the square of the voltage applied the heater
(P(t) = V2(t)/Rnicy); this causes the reflected signal to be
modulated at twice the heater signal, 2f, = 50 kHz. At low
powers P, contributions at 25 kHz were aso present, due to
asmall dc offset on the heater voltage V'(¢), V(t) = Vi +
Vo sin 27 fot. At the highest powers, the reflected signal is
clipped near the Al superconducting transition temperature:
Thejunction resistance istemperature-independent above T .

The measured signal depends on the proper adjustment of
the detection mixer’s local oscillator (10) phase. In order to
correctly adjust this phase, we first applied a heater signa
sufficient to get a clipped response. The phase of the lo was
then adjusted to achieve maximum differential response be-
tween the lowest (=2 300 mK) and highest (=2 1400 mK) elec-
tron temperatures. The SIN junction ranges from 105 k{2 to 6
k) over this temperature range, and passes through the value
of Ry where optimal matching with the cable impedance oc-
curs [17]. In the parlance of radio-frequency electronics, the
carrier signal is over-modulated, so the absolute value of the
reflected power is a non-monotonic function of temperature.
However, as we are sensitive to the phase of the carrier, the
proper quadrature of the mixer if voltage does have a mono-
tonic response. Finally, the reflected if signal as a function of
cryostat temperature, for no heater voltage applied, was used
to construct the temperature calibration, V; ;(T').

We measured the quasi-static rel ation between the el ectron-
phonon power flow P._,, and the electron and phonon temper-
atures, T, and T}, as given by Eq. (1). We applied a series of
3 us pulses while varying the peak heating power, and moni-
tored the resulting time-dependent electron temperature. The
substrate temperature was kept at 300 mK. The signal was
filtered with a2 MHz low-pass filter, and the result of 256 av-
eragesis shown in Fig. 2. Thisis equivalent to a dc heating
measurement with akey difference, namely that asthe heating
pulses were delivered to the device at a 1 kHz repetition rate,
the duty cycle was only 0.3%, so that the substrate phonons
did not have sufficient time to heat. The equivalent measure-
ment in a dc heating experiment requires 300 times as much
power, with significant phonon heating a likely outcome. We
find afit relation matching that of Eq. (1), with n = 4.7 and
¥ = 2.1x10° W/m3-K*7, in good agreement with previously
measured values [3, 8, 9].

We finally performed measurements of dynamic electron-



phonon cooling, by monitoring the detailed time-dependent
behavior of the electron temperature at the end of a heating
pulse. Figure 3 shows the measured response to a heater pulse
(2560 averages, using a 50 MHz low-pass filter). The heating
voltage pulse was configured to have 1.6 nsleading and trail-
ing edge widths. Theinitia temperatureriseis at least as fast
as the time resolution of the measurement, with an expected
rate T = P/C. = 140 mK/nsec, as we are directly heating
the electron population. The rapid onset aso indicates that
electron diffusion in the composite metal structure is not a
rate-limiting factor. At the end of the pulse, the heating power
drops to zero, leaving a non-equilibrium hot electron popula-
tion that relaxes by phonon emission. Initially this relaxation
is seen to be quite rapid, but it slows markedly as the electron
temperature nears the phonon temperature.

The shape of the relaxation curve shown in Fig. 4 can be
understood by examining the dynamics of the electron tem-
perature. The electron heat capacity is C. = YVT,, where
is the Sommerfeld constant. The power flow to the phonons
is given by Eqg. (1). The time rate of change of the electron
temperature 7, isthen

. » "
Te = __(Ten_l -2 ) (2)
0l T.

Using the normalized temperature § = T, /T, thisis

: 1 1
f=_=

nm(mf1 —1/0), ©)

in terms of the small signal thermal relaxation rate T;lp =
nXT 2/~ for electrons near the phonon temperature [18].
We fit our measured response to Eq. (3) using this rate as the
only adjustable parameter, finding the value 7., = 1.6 us
[19]. Thisisin agreement with the measured value of X, and
acomposite v which takes into account the relative metal vol-
umesin the device. We can thus determine the the heat capac-
ity of the metal idand, C, ~ 1 f¥K = 107 kp at 300 mK.

There are some extremely interesting opportunitiesfor elec-
tronic calorimetry in this temperature and size regime. In-
triguing theoretical results have been presented for the ther-
modynamic response of mesoscopic superconducting disks
[20], and giant moment €l ectronic paramagnets such as PAMn
[21] and PdFe [22] offer a means of probing the thermody-
namics of a mesoscopic phonon-electron-spin-coupled sys-
tem.

We are far from the ultimate calorimetric limits for this
technique. Deviceswith active metal volumesthat are smaller
by afactor of 10* —10° can befabricated, yielding atotal heat
capacity of order ~ 10 — 100 kp at 30 mK. Changes in the
heat capacity of less than 10% are easily detected, yielding
a sensitivity of order 1 kg, i.e. that associated with a single
degree of freedom.

In summary, we have performed sub- s timescale measure-
ments of the electron temperature of a micron scale metal is-
land, cooled dynamically by phonon emission. The ability to

3

apply and measure the response to fast heat pul ses has permit-
ted us to directly measure the electron-phonon thermal relax-
ation, and thus extract the heat capacity of the metal island.
This, to our knowledge, is the smallest measured heat capac-
ity to date. The device that we have fabricated is a major step
forward for mesoscopic thermodynamics, provides aplatform
for sub-aJK calorimetry, and can potentialy play an impor-
tant role in future single photon and phonon bolometers.
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FIG. 1. (Color Online)(a) Optical micrograph of the electron
calorimeter. The center Au island is contacted on the left by a rf-
SIN thermometer, and on the right by a NiCr resistor. The outer
ground leads and the contact right of the resistor are superconduct-
ing Al. inset: Detail drawing of the SIN junction, Al shown in gray,
Cu in white, and overlap junction areain black. The dotted outlines
are fabrication artifacts. (b) Electrical circuit. The SIN thermome-
ter is embedded in an LC resonator formed by a discrete inductor
and the stray lead capacitance. The junction resistance is monitored
using the power reflected from the LC' resonator at its resonance fre-
quency. (c) Thermal schematic. The calorimeter electron gas C.
is thermally isolated by the superconducting Al contacts (G 4;); the
dominant thermal link is thus through the substrate phonons (Ge—5).
The NiCr resistor directly heatsthe electron gas. (d) Timing diagram.
The voltage pulse applied to the heater causes the temperaturetorise,
saturate, and then decay. The envelope of the reflected power from
the LC resonator is directly related to the temperature.
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FIG. 2: (Color Online) Response to a 25 kHz heater drive (I€eft axis:
Mixer if voltage, right axis: Electronic temperature). The thermome-
ter response is at 50 kHz as discussed in the text. Each trace is the
result of 256 averages with a 2 MHz low-pass filter. The baseline
signal isfor zero heater power, with power ranging from 300 pW to
100 nW. At the highest power the signal clipsat T' = T ~ 1400
mK. The 25 kHz components at low power are due to a dc offset in
the heater signal.
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FIG. 3: Composite response to pulsed heating signals, with pulses
3.0 us long with peak power 0.1, 0.3, 0.8, 2.2, 6.2, 17.6, 49.0, and
140 nW. The resulting electronic temperature for each pulse is used
to determine the relation P(7.,T,). Inset: The solid lineis afit to
P(T.,T,) = V(T — Ty), with T, = 300 MK, n = 4.7,V = 10
pm® and ¥ = 2.1x10° W/m3-K+7,
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FIG. 4: (Color Online) Response to a 3.0 ws pulse with peak power
140 nW applied to the heater. The electronic temperature quickly
rises to &~ 1400 mK at the start of the pulse. The trailing edge of
the response decays with a temperature-dependent relaxation time.
The solid lineis afit to the thermal model discussed in the text. The
ringing is due to the if amplifier circuit.



Superconducting qubit storage and entanglement with nanomechanical resonators

A. N. Cleland! and M. R. Geller?
! Department of Physics, University of California, Santa Barbara, California 93106
2Department of Physics and Astronomy, University of Georgia, Athens, Georgia 30602-2451
(Dated: August 19, 2003)

We describe a quantum-information-processing architecture based on the integration of ultrahigh-
frequency nanomechanical resonators with Josephson-junction-based qubit circuits, which can be
used to implement the single- and multi-qubit operations critical to quantum computation. The
qubits are eigenstates of large-area, current-biased Josephson junctions, manipulated and measured
using strobed external circuitry. Two or more of these “phase qubits” are coupled to a high-quality-
factor piezoelectric mechanical resonator, which forms the backbone of our architecture, enabling
coherent manipulation of the qubits. The integrated system is analogous to one or more few-level
atoms (the Josephson junction qubits) in a tunable electromagnetic cavity (the nanomechanical
resonator). Our architecture combines the best features of solid-state and cavity-QED approaches,
and may make possible multi-qubit information processing in a scalable, solid-state environment.

PACS numbers: 03.67.Lx, 85.25.Cp, 85.85.4+j

The lack of scalable qubit architectures, with suffi-
ciently long quantum-coherence lifetimes and a suitably
controllable entanglement scheme, remains the princi-
pal roadblock to building a large-scale quantum com-
puter. Superconducting devices exhibit robust macro-
scopic quantum behavior [1]. Recently, there have been
exciting demonstrations of long-lived Rabi oscillations in
current-biased Josephson junctions [2, 3], subsequently
combined with a two-qubit coupling scheme [4], and in
parallel, demonstrations of Rabi oscillations and Ramsey
fringes in a Cooper-pair box [5-7]. These accomplish-
ments have generated significant interest in the poten-
tial for Josephson-junction-based quantum computation
[8]. Coherence times 7, up to 5 us have been reported in
the current-biased devices [2], with corresponding quality
factors Q, = 7, AE/h of the order of 10°, yielding suffi-
cient coherence time to perform many logical operations.
Here AFE is the qubit energy level spacing.

In this paper, we describe an architecture in which
ultrahigh-frequency resonators coherently couple two or
more current-biased Josephson junctions, where the su-
perconducting “phase qubits” are formed from the energy
eigenstates of the junctions. We show that the system is
analogous to one or more few-level atoms (the Josephson
junctions) in a tunable electromagnetic cavity (the res-
onator), except that here we can individually tune the
energy level spacing of each atom, and control the elec-
tromagnetic interaction strength.

Other investigators have proposed the use of electro-
magnetic [9-16] or superconducting[17, 18] resonators to
couple two or more Josephson junctions together. The
use of nanomechanical resonators to mediate multi-qubit
operations has not to our knowledge been described pre-
viously, although an approach to create entangled states
of a single nanomechanical resonator has been proposed
[19]. The use of mechanical as opposed to electromag-
netic resonators has the advantage that potentially much
higher quality factors can be achieved [20], with signifi-

R

FIG. 1: Left: Equivalent-circuit model for a current-biased
Josephson junction. A capacitance C' and resistance R in
parallel with an ideal Josephson element with critical current
Ip, all with a bias current I,. Right: Metastable potential
well in the cubic potential limit, showing the barrier height
AU that separates the metastable states from the continuum.
Here there are three quasi-bound states |0), |1), and |2), the
lower two separated in energy by AF.

cantly smaller physical dimensions, enabling a truly scal-
able approach.

Our implementation uses large-area current-biased
Josephson junctions, with capacitance C' and critical cur-
rent Iy; a circuit model is shown in Fig. 1. The largest
relevant energy is the Josephson energy Ej = hly/2e,
with a charging energy E. = (2¢)?/2C < Ej. The dy-
namics of the Josephson phase difference § is that of
a particle of mass M = h2C/4e? moving in an effec-
tive potential U(§) = —Ej(cosd + s6), for bias current
s = Iy/Ip [21, 22]. For bias currents s < 1, the po-
tential U(d) has metastable minima, separated from the
continuum by a barrier AU = U(dmax) — U(6min) —
(4v2/3)Ey(1 — 5)3/2? for s — 17, as shown in Fig. 1.
The curvature U”(9) defines the small-amplitude plasma
frequency w, = /U (6min)/M = wpo(1 — s?)/4, with
wpo = /2ely/hC = /2E.Ey/h. The Hamiltonian for
the junction phase difference is Hy = P?/2M + U(J),
with P = —ihd/dé the momentum operator. The junc-
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FIG. 2: Proposed architecture for achieving two-qubit entan-
glement with the use of a nanomechanical resonator. The
qubits are the two Josephson junctions, coupled to a res-
onator, shown as a disc with a split gate.

tion’s zero-voltage state corresponds to the phase “par-
ticle” trapped in one of the metastable minima.

The lowest two quasi-bound states in a local minimum,
|0) and |1), define the phase qubit. State preparation is
typically carried out with s just below unity, in the range
s = 0.95 — 0.99, where the effective potential U(J) is
strongly anharmonic, and for which there are only a few
quasibound states [3, 4]. The anharmonicity allows state
preparation from a classical radiofrequency (rf) field, as
then the frequency of the classical field can be set to cou-
ple to only the lowest two states. In our information pro-
cessing scheme, by contrast, single quanta are exchanged
between the junction and the resonator, so anharmonic-
ity is not necessary; we find it convenient to work with s
between 0.5 and 0.9.

We will focus here on coupling a single resonator to
two Josephson qubits; the extension to larger numbers of
resonators and junctions will be considered in later work.
The architecture for the two-junction circuit is shown in
Fig. 2. The disk-shaped element in the center of the
figure is the nanomechanical resonator, consisting of a
single-crystal piezoelectric disc sandwiched between two
metal plates, and the Josephson junctions are the crossed
boxes on either side of the resonator. We assume the use
of high-impedance measurement and bias circuits for the
junctions, such as those developed by Martinis et al. [3].

The phase qubit state |0); of a single junction is pre-
pared by waiting for any excited component to decay.
The pure state |1);, or a superposition state a|0)y+5|1),
is prepared by adding a classical rf current I+ to the bias,
I1(t) = Iac + Iip cos(wyt). Both Iy, and I¢ vary slowly
compared to i/AFE. When w,; is near resonance with
the level spacing AFE/h, the qubit will undergo Rabi os-
cillations, allowing the controlled preparation of linear
combinations of |0); and |1);.

The nanomechanical resonator is designed with a fun-
damental thickness resonance frequency wo/2m ~ 1 —
10 GHz, with a quality factor Q@ ~ 10° — 105. Piezo-
electric dilatational resonators with thickness resonance
frequencies in this range, and quality factors of order
of 103 at room temperature, have been fabricated from
sputtered AIN [23, 24]. Single-crystal AIN can also be
grown by chemical vapor deposition [25]. Our simula-

tions are based on such a resonator, with a diameter and
thickness of 1x 0.5 um? [26]. Such resonators can be used
to coherently store a qubit state prepared in a current-
biased Josephson junction, return it to that junction, or
transfer it to another junction, as well as entangle two
or more junctions. These operations are performed by
tuning the energy level spacing AFE into resonance with
hwg, generating electromechanical Rabi oscillations.

Referring to Fig. 2, the total bias current of junction
1 is Igc1r + lies, where I is the current through the
resonator from that junction. A simple model for the
resonator [27] allows us to write [, = mS(V + h33U),
where C,.s is the resonator geometric capacitance, hss
the relevant piezoelectric coupling constant, V the rate of
voltage change, and U the rate of change of the mechan-
ical displacement. The current [, is partly due to the
capacitance Ces and partly due to the piezoelectrically-
coupled displacement U. Cls, in parallel with the junc-
tion capacitance C, renormalizes the phase mass M to
M = 526'/462, where C' = C + Ches.

With the resonator coupled to the superconducting
phase through the voltage V', the Hamiltonian for the
combined junction-resonator system is H = Hy + H,es +
§H. Here H,os = hwoala is the Hamiltonian of the iso-
lated resonator, where we have quantized the resonator
displacement field with creation (destruction) operators
a' (a), and only included the fundamental dilatational
mode. §H is the phase-resonator interaction,

6H = —(hChoshss/2e)U & = ig(a — a')s, (1)

where the coupling constant g is

\/g h3/2 C'resh?)S Vv Wo
24/2¢e v pV '

For our model resonator g =~ 0.820 peV.

In the junction eigenstate basis, the junction Hamilto-
nian is Hy = > €mnch ¢y, with creation (destruction)
operators ¢! (c,,) acting on the phase qubit state. The
interaction Hamiltonian is

dH =ig Z (m|s|m/) ¢l epr(a — ab). (3)

mm/

g= (2)

The eigenstates of the noninteracting Hamiltonian Hy =
Hj 4+ H,es are |mn) = |m); ® |n)res, with energies
Epn = €n + hwgn, where n is the resonator occupa-
tion number. An arbitrary state can be expanded as
|W(t)) = >, Cmn(t)|mn) exp(—iE,,,t/h) with ampli-
tudes ¢ (t).

The full Hamiltonian is equivalent to that of a few-level
atom in an electromagnetic cavity. The cavity “photons”
here are phonons, which interact with the “atoms” (here
the Josephson junctions) via the piezoelectric effect. This
analogy will allow us to adapt quantum-information pro-
cessing protocols developed for cavity-QED to our solid-
state architecture.



We first show that we can coherently transfer a qubit
state from a junction to a resonator, using the adiabatic
approximation combined with the rotating-wave approx-
imation (RWA) of quantum optics [28]. We assume that
the bias current s changes slowly on the time scale i/ AE,
and work at temperature T'= 0. The RWA is valid when
AFE and fiwg are close on the scale of fiwg/Qres, and when
the interaction strength ¢ < AE. At time ¢t = 0, we
prepare the resonator in the state |0);s. In the RWA,
neglecting relaxation, we obtain the amplitude evolution

ihOscon = —ig/n (018|1) ™t ¢y y
ihOscrn = igV/n+1 (1)6]0) e ™t ey ir,  (4)

where wq = wp — AE/h is the resonator—qubit detun-
ing. We integrate to find the reduced density matrices
p3(t) (in the qubit subspace) and pyes(t) (in the zero- and
one-phonon resonator subspace). The junction phase is
initially prepared in the pure state «|0); + 3|1)7, corre-
sponding to the reduced density matrix

p = |1 0] 6

We allow the junction and resonator to interact for a
time At = 7w/Q4, where the Rabi frequency is Q4 =
(02 + w2, in terms of the tuned (resonant) value
Oy = 2¢[(0|0]1)|/A. After the interaction interval At,
the resonator is then found to be in the same pure state,

|0[‘2 _aﬂ*ei‘nwo/ﬂd
_a*ﬁ e—iﬂwo/Qd |ﬁ‘2 ’

apart from expected phase factors. The phase qubit state
has been swapped with that of the resonator. The cavity-
QED analog of this operation has been demonstrated ex-
perimentally in Ref. [29].

To assess the limitations of the RWA, we have simu-
lated this process by numerically integrating the exact
amplitude equations

Pres (ﬂ'/Qd) =

iR Cmn = Z(mn|5H\m’n’>ei(E”L”L*ET"""/’)t/h Cmrn- (7)

m/n’

The Josephson junction had parameters corresponding
Ref. [3], By = 43.05meV and E; = 53.33neV. We used a
4th-order Runge-Kutta method with a time step of 10 fs.
Our main result is shown in Fig. 3. The qubit transfer
depends sensitively on the shape of the profile s(t), which
starts at s = 0.50, and is then adiabatically changed to
the resonant value s = 0.928. We find that the time
during which s changes should be at least exponentially
localized. This can be understood by recalling that the
RWA requires the qubit to be exactly in resonance with
the resonator (in the @ — oo limit). Therefore one must
bring the system into resonance as quickly as possible
without violating adiabaticity. The power-law tails asso-
ciated with an arctangent function, for example, lead to
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FIG. 3: (a) Phase qubit storage. Solid curve is |ci0(t)|?,
dashed curve is analytic RWA calculation, dash-dotted curve
is s(t). (b) Qubit storage with arctangent bias-current profile.
All other parameters are the same as in (a). Solid curve is
numerical result for |c10(t)|%

TABLE I: Final state amplitudes ¢mn(7/Q4) for phase-qubit
coupled to nanomechanical resonator.

|pr0bability amplitude Recmn Im cpmn |Cmn|? |
Coo —0.009 —0.006 0.000
co1 —0.252 —0.972 1.007
c10 0.018 0.090 0.008
c11 —0.010 0.003 0.000

deviations from the desired behavior, shown in Fig. 3(b).
The result in Fig. 3(a) was obtained using Gaussian pro-
files with a cross-over time of 1ns. All quasibound states
were included in the calculation, and convergence with
the resonator’s Hilbert space dimension was obtained.
The junction is held in resonance for half a Rabi period
7/Qq, during which energy is exchanged at the Rabi fre-
quency. The systems are then brought out of resonance.
The final state amplitudes are given in Table I, and are
quite close to the RWA results.

To pass a qubit state «|0) + §|1) from junction 1 to
junction 2, the state is loaded into the first junction and
the bias current changed to bring the junction into res-
onance with the resonator for half a Rabi period. This
writes the state «|0) + 3|1) into the resonator. After
the first junction is taken out of resonance, the second
junction is brought into resonance for half a Rabi period,
passing the state to the second junction. We have simu-
lated this operation numerically, assuming two identical
junctions coupled to the resonator described above. The
results are shown in Fig. 4 and Table I, where ¢y, myn is
the probability amplitude (in the interaction representa-
tion) to find the system in the state |mqiman), with m;
and mo labelling the states of the two junctions.
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FIG. 4: Qubit transfer between two junctions. Solid curve
is |c100(t)|% dashed-dotted curve is |coo1(t)|? dashed curve is
|co10(t)]% Thin solid and dotted curves show s1(t) and s2(t).

TABLE II: Final amplitudes ¢m,m,n for state transfer.

probability amplitude| Recm;mon IMcmimon |Cm1m2n|2|

€100 0.038 —0.013 0.002
Co01 —0.314 0.152 0.121
€010 —0.882 0.422 0.956

We can prepare an entangled state of two junctions by
bringing the first junction into resonance with the res-
onator for one quarter of a Rabi period [30], which, ac-
cording to our RWA analysis, produces the state (]100) —
|001))/+/2. After bringing the second junction into res-
onance for a half of a Rabi period, the state of the res-
onator and second junction are swapped, leaving the sys-
tem in the state (|100) — [010))/+/2 with a probability
of 0.987, where the resonator is in the ground state and
the junctions are entangled. Using the cavity-QED anal-
ogy, it will be possible to transfer the methodology devel-
oped for the standard two-qubit operations, in particular
controlled-NOT logic, to the electromechanical system,
using mostly existing technology and demonstrated tech-
niques.
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FIG. 5: Preparation of entangled Josephson junctions. The
solid and dotted lines are s1(¢t) and s2(t), respectively, and
the dashed curve indicates the probability for the system to
be found in the state (|100) — |010))/+/2.
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