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Sensing and cooling of a nanomechanical resonator with an electron beam
stimulated internal feedback and a capacitive force
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Univ Lyon, Université Claude Bernard Lyon 1, CNRS, Institut Lumiére Matiére, F-69622, LYON, France

(Received 17 April 2018; accepted 27 July 2018; published online 13 August 2018)

A model for the cooling properties of a nanocantilever by a free electron beam is presented for a
capacitive interaction. The optimal parameters for position sensing and cooling applications are
estimated from previous experimental conditions. In particular, we demonstrate that a purely
capacitive force and an electron beam stimulated internal feedback can lower the temperature of a
nanocantilever by several orders of magnitude, in striking contrast with the conventional
electrostatic damping regime. We propose a step by step protocol to extract the interdependent
parameters of the experiments. This work will aid future developments of ultra-sensitive force sen-
sors in electron microscopes. Published by AIP Publishing. https://doi.org/10.1063/1.5036613

I. INTRODUCTION

Recent works on nanoelectromechanical systems
(NEMSs) have led to considerable improvements in their
mass' and force® sensing limit. Such a progress was the
result of a careful control of the coupling strength with a
detection probe, yielding a trade-off between the need to
increase the signal from the small amplitude of NEMS vibra-
tion and a limitation of the concomitant increase in probe
perturbations such as heating, additional noise, and non-
linear effects. In contrast, a sufficiently strong and efficient
perturbation due to the probe can produce a backaction force
that induces cooling of a NEMS down to the quantum
regime® and be used for coherent electron-photon conver-
sion* and quantum communication.” Such perturbations can
be performed by an external feedback loop® with an ampli-
fier and a phase shifter, but an interesting feature of NEMS
devices is the possibility to form an internal feedback
loop”™ where the active component is hidden among the
intrinsic elements of the device and their coupling.

The probe coupling for position sensing and backaction
cooling has been extensively studied in the framework of
gravitational waves'® and optomechanics'''* where photons
are used as a probe of mechanical vibrations. To the con-
trary, the coupling between an electron beam and a nanore-
sonator has been little studied and is hardly ever used for
NEMSs (see Refs. 13—16 and references therein) despite the
fact that focused free electron beams have a higher spatial
resolution than lasers and are essential for imaging applica-
tions. A known drawback of using an electron beam on a
nanostructure is the deposition of amorphous carbon'” due to
the dissociation of organic residues present in the scanning
electron microscope (SEM) chamber. However, this contam-
ination can be prevented by in situ plasma cleaning, cryo-
pumping, or using a load lock to keep the chamber clean.
Another issue is the capacitive force induced by the charging
of the NEMS by the electron beam. This force can result in
the collapse of the nanostructure if the vibrating part is too
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close to a counter electrode. Apart from damaging the sam-
ple, it is usually considered that a capacitive force cannot
lead to cold damping'' without an external feedback.'® An
increase in mechanical damping,'®'® sometimes called elec-
trostatic damping, arises when a DC voltage is applied to a
NEMS cantilever. This damping leaves the temperature of
the mechanical mode unchanged in contrast to the usual cou-
pling to a red detuned cavity. From this, it might mistakenly
be inferred that the internal feedback loop formed by a
NEMS and the capacitive force induced by an electron
source will also lead to damping without cooling. In fact, the
type of applied bias and the spatial dependence of the electri-
cal components play an equally important role to predict the
behavior of such systems. For example, it has been shown
that a motional resistance can lead to self-oscillations in
capacitive NEMSs?° or hysteresis and memristive behavior
in a carbon field emitter.”! Recently, it was also demon-
strated that the capacitive dynamical backaction on a NEMS
has an opposite effect if an AC voltage is applied instead of
a DC voltage.***

In this work, we present a more in-depth analysis of the
interaction with a free electron beam compared to our previ-
ous work."* An analytical model with a purely capacitive
backaction force is developed in order to clarify the competi-
tion between electrostatic damping and electron stimulated
cold damping. In particular, it will be shown that although
electrostatic damping and electron stimulated cold damping
come from the same capacitive force, retarded by the same
mechanism, their respective effect can be dramatically dif-
ferent because in one case the electrical circuit is voltage
driven, whereas in the other, it is current driven. Our analysis
will highlight the fact that (a) in the electrostatic damping
regime, the mechanical system is submitted to an additional
stochastic force originating from the Johnson-Nyquist noise
of the resistor in thermal equilibrium with the room tempera-
ture bath and (b) in the electron stimulated cold damping
regime, this stochastic capacitive force comes from the noise
of the electron gun, and for low current, the effective temper-
ature of this source can be lower than room temperature. The
optimal conditions for cooling and self-oscillations are
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estimated based on previous experiments and confirmed by
numerical simulations. Experimentally accessible data usu-
ally present an interdependency on the different degrees of
freedom which makes the estimation of the experimental
parameters difficult. Therefore, a thorough experimental pro-
tocol is established in order to extract key parameters from
data. The performances and the limitations of this free elec-
tron beam position sensor are then studied and compared to
other electronic sensing techniques in NEMSs** such as
quantum point contacts,? current mixing with a single elec-
tron transistor,?® and field emission.27~%°

Il. ANALYTICAL MODEL
A. Mechanical equations

We consider a single clamped nanowire (NW) in a
scanning electron microscope (SEM) environment. The
SEM beam is perpendicular to the resonator and focused at
its free end [see Fig. 1(a)]. The model can be easily
extended for the case where the electron spot is at a differ-
ent position along the nanowire. The nanocantilever can
vibrate in the transverse direction along two perpendicular
mechanical polarizations. We suppose that one of these
polarizations has been pre-aligned perpendicularly to the
electron beam. The electron beam interacts with the nano-
wire and exerts an actuation force F', on the nanocantilever
with both a deterministic and a stochastic component. The
mechanical dynamical equation is
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FIG. 1. (a) Geometry of the experimental setup. (b) Schematic of the electri-
cal circuit with different components. The double line arrows represent the
free electron currents. The horizontal arrows indicate the direction of motion
of the nanowire apex and the focal point of the primary electron beam.
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2
(inrFod +w0>(x+x):Fe+FT, (1)
where m is the effective mass, t is the time, wy/27 is the reso-
nance frequency, I'y is the damping, ¥ is the averaged dis-
placement perpendicular to both the nanowire and the SEM
beam, x is the instantaneous additional displacement, and Fr
is the stochastic thermal force.

We will limit our analysis to a one-dimensional problem
and suppose that the two polarizations are uncoupled. There
is no mechanical coupling such as observed in Ref. 30
because of the small amplitude of vibration and no coupling
due to the electron beam force. When the validity of this last
assertion is not satisfied experimentally, this can lead to
richer dynamical effects, such as those observed in Ref. 31.
The physical effect, we want to point out here, can be inte-
grated into a 2D model, but for simplicity, we will neglect
these couplings. The interaction with electrons can be
described by three different backaction forces: a capacitive
force, a thermal force stemming from the electron kinetic
energy absorbed by the NW, and a direct momentum transfer
force. In Ref. 14, we showed that by changing the capacitive
environment, we drastically modified the way the nanowire
interacts with the electron beam and were capable of revers-
ing the conditions where self-oscillations take place. Such an
effect cannot be explained by thermal or momentum transfer
forces. Despite apparent system symmetry, the experimental
capacitive environment is not symmetric, so that moving the
nanowire to one direction will increase C, while moving it to
the other direction will decrease C. The capacitive force can
also lead to a coupling of polarizations if the force gradients
are not parallel to the polarization directions, but this only
induces a change in polarization axes and does not affect the
dynamics.

The capacitive force can be written as

F.=C(U+U))2, 2

where C' is the derivative of capacitance with respect to x, U
is the average voltage at the nanowire apex, and U is the
instantaneous additional voltage. C’ is the parameter that
controls the breaking of spatial symmetry of the system. In
the rest of the text, C’ will be considered as negative without
loss of generality.

B. Electrical equations

The voltage at the apex is governed by the Kirchhoff cir-
cuit laws and the way the SEM beam current [, is divided
between the different electrical elements of the system [Fig.
1(b)]. Primary electrons from the SEM beam can interact
with the nanowire. This interaction leads to either an absorb-
tion of the primary electrons by the nanowire, measured with
an electrometer, or an emission of the nanowire electrons
into vacuum. The low energy emitted electrons are called
secondary electrons and are collected using a SED (second-
ary electron detector). The remaining high energy free elec-
trons are mainly the transmitted electrons, the Auger
electrons, and the backscattered electrons. The electron
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current inside the nanowire is controlled by three impedan-
ces in parallel: the resistance of the wire, the capacitance of
the apex, and the “motional impedance” of the mechanical
resonator

Iy =Is + Iyw + 1y + 1 + 1y, 3)

where Iy is the current flowing from the nanowire apex to
the tungsten tip, /;; is the high energy free electron current,
I. = CU is the capacitive current, I,, = C'Ux the motional
current,”® and I is the secondary electron current.

Iy depends on the nanowire resistance R and is given
by Ohm’s law

U+U
R

Inw = “)
I, will be considered as constant, i.e., independent of x and
U. I depends on the thickness of the material and so
depends strongly on the relative positions of the nanowire x
and of the focused beam x;,. Moreover, the voltage at the
apex can influence the amount of transmitted current for
instance by slightly deflecting the incident electron beam.
For a fixed electron beam position, this current is given by

_ _a
Li(x+x —xp, U +U) ~ Iy(x — x3,U) + =2 (¥ — x3, U)x

Ox
oly .
—— (X —x, U)U. 5
+ S (&~ %, 0) (5)

Also, the secondary electron emission depends on the vol-
ume and the shape of the nanowire, both related to the nano-
wire position x. It also depends on the apex voltage since the
secondary electrons have a low energy and can be recaptured
with a positive voltage

_ ol _
Is(x + % —x,U + U) = Is(Xx — x5, 0) +6—;(X—xb,U)x

oI
+8—‘i()f—xb,U)U. (6)

By discarding the constant terms and performing a Fourier
transform, the electrical dynamical equation (3) becomes

fzgx +7I, (7

v ox

where U (respectively %) is the Fourier transform of U
(respectively x), Z is the electrical impedance of the detec-
tion circuit, g—i is the electromechanical transduction, and [ is
the total current noise, and

1 1 oIy oIy

ZZI—Q‘FW“FW—FICOC, (8)

oo s

o o +ioC'U, ©))
I - . U

where o is the angular frequency, I, is the shot noise of the
incident electron beam, /g is the secondary electron current
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noise, fH is the current noise from [, and U is the Johnson
noise coming from the resistor. A hidden assumption in this
development is that the change in current is instantaneously
related to the change in the position and voltage, so that the
spatial and voltage derivatives of the current are independent
of the frequency. It means, for instance, that the secondary
electron emission process has no delay. We see no reason to
doubt the validity of this assumption in the range of frequen-
cies and amplitudes of vibration considered here. The time
scale of the secondary emission is faster than 1 ns, the time
scale of the electro-mechanics is usually slower than 1 us,
and the amplitude of vibration is smaller than the nanowire
diameter or the electron beam width.

C. Effective dynamical equation

The effective electro-mechanical equation of motion can
now be expressed using Egs. (1), (2), and (7)

1 ()% = Fp, + Fr, (11)

where y.(w) is the effective mechanical susceptibility includ-
ing the backaction capacitive force and F, is the backaction
noise force

o
1 (@) = m(} — o + iTow) + C'UZ% 2)

Fpo=CUZI. (13)

The last term in Eq. (12) is the expression of the complex
backaction rigidity &, due to the interaction of the resonator
with the electron beam. This interaction can result in a
change in the resonance frequency ,./2n, a change in the
damping I',, and a resonator effective temperature 7, differ-
ent from the thermal bath at T,

D. Effective physical parameters

The effective temperature T, of the cantilever can be
obtained from the equipartition theorem

1 1 o0
EkBTe = Emwg(xz(t» = —mwz—J 1#*(w)dw,  (14)
0

and the effective resonance angular frequency and effective
damping are

'U /A
w? :wé—i—QRe(Za—), (15)
m ox
L
T, _FOJrCUIm(Zg). (16)
mw Ox

So

2 00
mo, =2 = =2 dw
ksT, 22—'(FT+F,M)J 8 8
T 0 m?2 [(a)2 —w?)" + (I'w) ]
P+ F,,

17
P (17)

where the following hypothesis has been made: the reso-
nance is sufficiently narrow (I', < w,) so that the noise can
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be considered as white, the electrical impedance as constant,

and the effective susceptibility as a Lorentzian function.
According to the fluctuation dissipation theorem, the

power spectrum density of the stochastic thermal force is

Sp, = Fr. = dkgTomD, (18)

and from Egs. (10) and (13), the power spectrum density of
the backaction noise force is

4kpTo
o ). (19)

The expression of the effective temperature in Eq. (17)
can be rewritten as

Sphu = F;a = (C/U|Z|)2 (261}, +S15 +S1H +

E_ 1 +F0/FU+€‘7/4/€BTQ

To  14+To/Ty+ic/ie
_R(C'O) 1

I, =
v m 1+ (w.RC)
eV = R(2€I}, + Sls + S]H)
) C
/LC - — 5
U Inw
e = = , 20
. (als A aIH) Tl 20
Ox  Ox Ox
where we have neglected gi‘ﬁ + % It appears that the effec-

tive temperature depends on the following: (i) w.gc the prod-
uct of the effective angular frequency by the charge
relaxation time, (ii) the ratio between the intrinsic damping
I’y and the electrostatic damping I'y, (iii) the ratio between
the current noise energy eV and the thermal energy, and (iv)

J. Appl. Phys. 124, 064304 (2018)

the ratio between the characteristic length of capacitance
variation Ac and the characteristic length of free electron var-
iation A,.

lll. RESULTS AND DISCUSSION
A. Discussion on different regimes

The complex backaction rigidity in Eq. (12) is the prod-
uct of the electrical impedance and the transduction coeffi-
cient. This force strongly depends on the frequency because
of the different electrical responsivity regimes and the com-
petition between several transduction mechanisms. In this
study, we are mainly concerned by the dynamics around the
resonance frequency. This frequency needs to be compared
to the electrical angular frequency cut-off 1/RC. The effects
of the dynamical backaction force are illustrated in Fig. 2 by
the solid line curves, in the case where eV /4kpgTy = 0.5 and
Ae = /¢, 1.e., the transduction strengths of the capacitance
and of the free electrons are equal. Although these parame-
ters are not optimal for cooling applications, it illustrates the
general trend of the forces originating from the free electron
and the electrostatic damping.

At high resonance frequency, the real part of the backac-
tion dominates, mainly inducing a tuning of the effective res-
onance frequency and leaving the damping unchanged
whatever the sign and the amplitude of the free electron
transduction. It can be noticed that the imaginary part of the
backaction rigidity is maximum at the frequency 1/RC, but it
is at a lower frequency where the effect of the backaction on
the damping and the effective temperature is maximum.

At low resonance frequency, the backaction induces
strikingly different effects whether 4, is higher or lower than
Jc. For |4, < |Ac|, the situation is close to the case of

1

( (b),

s s 06
i o ~

x‘a x_ﬂ

3 E 0.4

0.2

0

] FIG. 2. Dynamical regimes of a nano-
wire interacting with a free electron

5 beam and a purely capacitive force
w.RC (solid lines) and electrostatic damping
regime (dashed lines) as a function of
the resonance frequency. (a) Evolution
of the real part of the backaction rigid-

ity. (b) Evolution of the imaginary part
of the backaction rigidity. (c)
Evolution of the damping. (d)
Evolution of the effective temperature.
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electrostatic damping'®'® where the effective damping
increases without cooling the resonator and the frequency
tuning is negligible. The difference comes from the addi-
tional noise from the free electrons. In the absence of this
noise (see the curves in the dashed line in Fig. 2 in the case
where the electrostatic damping equals the intrinsic damp-
ing), the resonator is submitted to a thermomechanical noise
and a Johnson noise from the resistor. When a DC voltage is
applied, the resonator damping is higher due to the dissipa-
tion in the resistor [Fig. 2(c)], but at the same time, the
Johnson noise generates a noisy capacitive force. This results
in an effective temperature of the resonator strictly equal to
the bath temperature as the resistor is also in equilibrium
with the bath [Fig. 2(d)]. To the contrary, the presence of the
free electron noise, as well as a DC current flowing through
the nanowire, generates an additional noisy capacitive force
that is not compensated by a change in damping. This addi-
tional noise is responsible for an increase in the effective
temperature, and the higher the free electron current, the
higher the temperature.

The case A./Ac < —1 was studied in Ref. 14 where it was
shown that the electron beam can inject energy into the
nanocantilever and achieve a self-sustained mechanical
oscillation regime. As the sign of the free electron transduc-
tion can be changed easily by illuminating one side or the
other of the nanowire, the sign of the backaction force will
also change, and thus, energy can also be extracted from the
resonator. If the energy extraction is higher than the added
noise by the free electron current and 1,/A¢c =1, cooling
below room temperature is possible as shown in the solid
line in Fig. 2(d). Frequency tuning is possible at low reso-
nance frequency but with an opposite sign as the electrostatic
damping tuning at high frequency [Fig. 2(a)].

B. Experimental protocol

The estimation of the expected effective temperature
and the determination of the dynamical regimes require one
to know the value of the spatial and voltage derivatives of
the current. A rigorous measurement of the backaction force
requires measuring the x dependence of both the secondary
electron current and the transmitted current, especially since
these two current gradients have opposite signs and might
cancel each other. For instance, it is possible to modify the
yield of secondary electron emission by changing the accel-
eration voltage. At some specific values of the voltage, there
exists a position where the number of absorbed electrons is
equal to the number of secondary emitted electrons. In this
situation, the secondary electron current and its spatial deriv-
ative are not zero, whereas no backaction should take place
as the voltage at the apex is zero. Moreover, it is necessary
to sweep only one variable while maintaining the others con-
stant. However, a change in the voltage will usually induce a
change in current but also a change in the position due to the
change in the electrostatic deflection force. Therefore, in the
following, an experimental protocol will be defined in order
to obtain a reliable estimate of the experimental parameters
from our previous experiments.®'*%
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1. DC current and voltage

The experiments were performed on a Hitachi S800 or
an Orsay Physics e-CLIPSE. The acceleration voltage was
typically in the tens of kV, and the beam current was about
100 pA (measured with a faraday cup). By focusing the elec-
tron beam at the apex of a SiC nanowire electrically con-
nected to a Keithley 6517 electrometer, we measured the DC
current flowing through the nanowire. Measuring Ig and I is
rather difficult. A measurement of Ig can be done with a sec-
ondary electron detector, but usually the detector collects a
limited part of the solid angle of emission and can give
angle-dependent, spurious results if the sample surface is not
flat. I; can be measured if an additional Faraday cup is prop-
erly positioned below the sample. A measurement of Iy is
simpler and will give in a single measurement the sum of Iy
and I. By moving the electron beam spot along the nano-
wire diameter, we observe a maximum current at the position
where the beam crosses the thicker part of the wire. In a
range of 10 nm around the position of maximum current, this
maximum does not change significantly (i.e., lower than 5%
of variation). The maximum current /yy flowing through a
SiC nanowire is lower than 50 pA. It varies from sample to
sample and can be as low as 2 pA. From the sign of the cur-
rent, we were able to determine that the electrons flow from
the tungsten tip to the apex, i.e., in the case of SiC, more
electrons are emitted from the nanowire apex than absorbed.

The voltage is obtained indirectly by estimating the
nanowire resistance by the method detailed in Refs. 8 and
29. The typical resistance is about 1 G, and in some excep-
tional cases, it can reach up to 1 TQ, but we never performed
extensive experiments on such highly resistive samples. The
typical DC voltage U is lower than 1V.

2. Voltage derivative of the current

The voltage derivative of the current can be measured
by placing the electron beam in the region of the nanowire
where the spatial derivative of the current is zero. As already
mentioned above, by slowly moving the electron beam in the
region where the beam crosses the thicker part of the wire,
Ivw 1s constant in a range of at least 10 nm. So, the variation
of Iy in this region is

oU (815 01H> (815 oly
= ox

R a‘i‘a +—)5U=0,

Ol = v oV

2y

as I, is constant and /.. ant /,,, are zero for slow displacements
ol

(i.e., ® = 0). So, oU = 0 and %—Fa—:’ =0 in this region.
Then, the position of the beam is ﬁxed,'and a DC voltage is
applied to the tungsten tip. At this position, a change of Iy
with the applied voltage gives the voltage derivative of the
sum of /g and I as long as the nanowire deflection due to
the capacitive force does not exceed 10 nm. This hypothesis
can be easily checked by taking SEM images of the entire
nanowire first at zero voltage and various beam currents in
order to determine the maximum beam current allowed
which does not induce electrostatic bending and then for sev-

eral sample voltages to measure its bending. The deflection
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depends on the square law of the voltage, and so, the highest
acceptable voltage can be easily deduced. In our experi-
ments, % + %’ never exceeds 1pA for a voltage change of
1V. This gives an effective differential resistance above 1
TQ. We deduce from this estimation that in the expression of
the impedance Z in Eq. (8), the voltage derivative of the free
electron currents can be safely ignored compared to the sam-
ple resistance.

In the regions of the nanowire where the spatial deriva-
tives of the currents are not zero, the voltage derivative can-
not be measured independently. However, it is reasonable to
consider that s 4 % s smaller at the edge of the nanowire

v ov -
than in the middle because /yy and thus U are smaller.

3. Spatial derivative of the current

As the typical current flowing through the nanowire is
of the order of several tens of pA and the spatial range where
the current changes significantly at the edge is about 10 nm,
a rough estimate of the spatial derivative of the current is
1 pA/nm. This value is an order of magnitude higher than the
spatial derivative of the field emission current in Ref. 29 for
the same DC current.

4. Other physical parameters

The method to estimate C and C’ has been explained
elsewhere.” The capacitance is usually around 1fF which
gives an electrical frequency cutoff between 1kHz and
1 MHz. So, in our experiments, w.zc can range from ~0.1
(Doppler regime) to above 10 (resolved side band regime).

|C’| is lower or of the order of 1pF/m. Ac is approxi-
mately of the order of the distance between the tip and the
counter electrode and is independent of the beam current. A,
strongly depends on the electron beam position and is rather
independent of the beam current as both U and the spatial
derivative of the current are proportional to the current.

The ratio eV /4kpT,y dominates at high beam current and
tends to increase the effective temperature. An estimation of
the total current noise will be rather crude as it involves
many different processes not easily accessible experimen-
tally. The SEM beam current will be supposed to be shot
noise limited. The current noise measured on the SED was
white in a frequency range around the resonance frequency
and proportional to the collected secondary electrons with a
Fano factor between 2 and 3 (i.e., 2 or 3 times noisier than a
pure shot noise). Concerning Iy, it can be reasonably
guessed that it will also be super Poissonian with a similar
Fano factor and partially correlated with the electron beam
shot noise.

C. Estimation of the effective temperature

At this stage, all the required parameters for the model
have been reasonably estimated. Now, analytical and numer-
ical calculations can be performed in order to illustrate the
strength of the electron beam interaction in a typical exam-
ple. We will consider a SiC nanowire with a Young’s modu-
lus of 500 Gpa, a density of 3210 kg/m?, a quality factor of
10000, a length of 30 um, and a radius of 30 nm. Thus, the

J. Appl. Phys. 124, 064304 (2018)

mass is equal to 8.2 x 10~ '"kg, and the resonance frequency
is equal to 128 kHz. The capacitance comes from a metallic
plate parallel to the nanowire at a distance of 10 um. So, an
electrostatic calculation gives C =0.26 fF and C' = 2.03 pF/
m at 0 V. The nanowire resistance is 3 GCQ. The total beam
current is 100 pA with a width of 10 nm and a Gaussian pro-
file. The yield of electron absorption is chosen to be 10% in
the center where the thickness is higher and is proportional
to the nanowire thickness. On the edge of the nanowire, for
Iyw= 6 pA, its spatial derivative equals 0.3 pA/nm. As a safe
estimate, we will consider that the total current noise is ten
times the shot noise of the total incident beam current. The
true noise value is probably lower, and so, the effects will be
stronger experimentally than in our calculations.

With this choice of parameters, the calculation of the
ratios involved in Eq. (20) gives the following: (i) w.RC
~0.62; (ii) I'o/T"y = 1700, the electrostatic damping is negli-
gible; (iii) eV /4kgTy ~ 1.8, the current noise is of the order
of the thermal noise but is negligible compared to the ther-
momechanical noise (1700> 1.8) because the capacitive
transduction is too low, and so, the electron beam does not
induce additional noise; and (iv) Ac//, &~ 5000, the system is
in the strong free electron transduction regime, inducing an
increase in the damping. Then, the effective temperature
according to Eq. (20) is 4 times lower than the bath tempera-
ture at this position, T, = 75 K for a bath at 300 K.

D. Numerical simulations

We performed numerical simulations with a self-
consistent determination of the apex voltage, position, and
capacitance and its spatial derivative as a function of the
beam position. Figure 3(a) represents the profile of the cur-
rent absorbed by the nanowire for a Gaussian incident beam
at different positions perpendicular to the length of the wire.
On one edge of the nanowire, the electron beam reduces the
damping, leading to self-oscillation, and the effective tem-
perature diverges as observed experimentally. On the other
edge, the effective temperature is reduced, and the value of
T4 is in good agreement with the analytical calculation. This
calculation demonstrates that for parameters compatible with
typical experiments, the cooling effect mediated by a capaci-
tive force is important. This is the main result of this article.

With this model, it is possible to identify the influence
of each physical parameter. For instance, in Fig. 3(b), we
swept the nanowire resistance and beam current to look for
the optimal parameters for a given position of the beam. In
this conditions, A and 4, are roughly constant, and the opti-
mum is a trade-off between a high voltage for a high capaci-
tive transduction and a low current to limit the effective
heating from the electrical noise (eV term). We obtained that
a nanowire with a resistance of 4 GQ and a beam current of
3 nA can be cooled down by two orders of magnitude (3 K).

The most important parameter to optimise is the position
of the electron beam. In Fig. 3(a), it can be seen that contrary
to what could be intuitively guessed, the optimal cooling is
obtained for a beam position different than the one where the
spatial derivative of the current is maximal. A more careful
analysis shows that optimizing the beam position requires
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FIG. 3. (a) Current flowing through the nanowire (dotted line) and the ratio
of the effective temperature to the bath temperature (solid line) as a function
of the position of the electron beam for an incident beam current of 100 pA.
The red circle indicates the chosen position of the map in (b). The shaded
area represents the self-oscillation regime. The vertical dashed line indicates
the beam position where the spatial derivative of the current is maximal.
The vertical dotted line indicates the beam position where cooling is maxi-
mal. (b) Evolution of the effective temperature as a function of the resistance
and beam current. The white circle indicates the parameters used for the pro-
file in figure (a).

maximizing /.. For an electron beam with a Gaussian profile
at fixed Iy, it turns out that 4, can be increased indefinitely.
An increase in the difference between the beam position and
the nanowire center position and a concomitant increase in I,
in order to maintain the absorbed current Iyy constant will
lead to a higher value of 4,. In other words, the further away
the beam, the higher the cooling. However, experimentally,
in most SEMs, increasing the current is done by increasing
the acceleration voltage or increasing the spot size.
Increasing the voltage might reduce the number of absorbed
electrons, and increasing the spot size will strongly decrease
/.. Indeed, the reason why 4, is an order of magnitude better
than what can be obtained in field emission NEMS®*?° comes
essentially from the SEM high resolution. Optimizing the
beam current and position is strongly dependent on the elec-
tron microscope performances and material properties. In
our SEMs, 4, is typically around 10 nm and can probably be
improved by one order of magnitude. Then, it would be com-
parable to the characteristic length obtained at low
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temperature in quantum point contact (QPC) mechanical
sensors>>>? or wide band scanning tunneling microscopes
(STMs)™* ranging from 2.5nm down to 0.1nm. However,
using a SEM is as flexible as the off-board detection,’” and
its main advantage is that it does not require a cryogenic
environment. Reaching ground state cooling seems neverthe-
less rather hard with this technique and would definitely
require working with a transmission electron microscope.

E. Motion sensing

If the electron beam is used for position sensing instead
of cooling, the optimal conditions are different. The expres-
sion of the secondary electron current from Eq. (6) reveals
that using this current as a position sensor like, for instance,
in Refs. 13 and 14 might be problematic as it mixes mechani-
cal and electrical information. /5 depends not only on x but
also on U. x and U are two independent dynamical variables
related by the electromechanical equations. By performing a
Fourier transform of Eq. (6), leaving aside the noise terms
and using Eq. (7), the relationship between the secondary
current and the nanowire position becomes

. 0lg . Ol 0l
Ism 28— 207

ox” v (22

This relationship shows that Is and & are proportional, but
the coefficient of proportionality might depend on the fre-
quency of interest since Z and % are frequency dependent.
For instance, calibrating the displacement by performing a
line mode scan (i.e., slowly sweeping the electron beam
along a line perpendicular to the nanowire) while recording
the secondary emission current might be incorrect when
studying the mechanical response at high frequency.
Moreover, the second term in Eq. (22) indicates that in the
middle of the wire where % is expected to cancel out, mea-
suring the displacement is in principle still possible as the
electromechanical transduction % is nonzero and dominated
by the C' term. Such a position might be interesting if one
wants to reduce the backaction force of the beam. For our
sample, this term is negligible as |Z0I5/0V| < 1 and plays a
role only for highly resistive samples R =17Q or for a
higher beam current.

Now, if we take into account the noise terms in Egs. (6),
(7), (11), and (13), the Fourier transform of the mechanical
displacement is

. ol
I —IS((U) “ra

e (0)C'UZI + % Ze(@)Fr,  (23)
where the voltage derivative of /g has been neglected. If we
follow the same line of reasoning as in optomechanics,'®"'
the first term on the right hand side of Eq. (23) is the impre-
cision noise current and the second term is the backaction
noise force. The third term is the quantity we need to mea-
sure. These terms are usually compared when referred back
to the input, i.e., by dividing them by the transduction %.
For the previous typical sample, we used to calculate the
effective temperature in Fig. 3, and the thermomechanical
motion at the resonance is 1 nm/ /Hz without the electron
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beam and 250pm/v/Hz when the beam is at the optimal
cooling position. The power spectrum density of the impreci-
sion displacement noise can be expressed as

2
imp __ SIS ~ 2€OC/1S

x ( 9 IS> 2 I on
Ox

where Ag is the characteristic length of the secondary elec-
tron current variation and will be considered as close to A, o
is the Fano factor expressing the excess noise compared to
the shot noise, and 7 is the yield of conversion of the incident
electron into secondary electrons. We will use the same con-
servative estimate for the noise as previously so « = 10 and
fix the yield at 10% as before. As expected, the imprecision
noise decreases when the incident beam current increases.
For our typical example, the imprecision displacement noise
is lower than 12 pm/ VHz.

The power spectrum density of the backaction displace-
ment noise is

; (24)

' 2”I ? 3
——— | 2eal 2
mwerp) ealy, (25)

§P(c,) =~ (
where we made the supplementary approximation |Z| = R.
For our typical example, the backaction displacement noise
is 16 pm/ V/Hz very close to the imprecision displacement
noise and negligible compared to the thermomechanical
noise. So, this configuration is close to the optimal beam cur-
rent value as increasing further the current would reduce the
imprecision noise but will increase the backaction noise and
increase the damping, making detection more difficult. A rig-
orous analytical determination of the optimal current would
require estimating the cross correlation between the noise
current and the backaction noise and will depend on the fre-
quency of interest as in optomechanics'? (for example, at the
resonance I',, it is in our case proportional to /7). This opti-
mum can be obtained by minimizing the ratio of the sum of
the power spectrum density of the imprecision displacement
noise, the backaction displacement noise, and their cross cor-
relation, by the power spectrum density of the thermome-
chanical noise. The total additional noise in our typical
example is of the order of several tens of pm/+/Hz. It is still
far from the best detection methods involving electrons in
vacuum such as quantum point contacts®> and STM>> which
have a sensitivity in fm/ \/I-Z However, we consider our
estimation as very conservative, and despite this, the noise is
low enough to measure the thermomechanical noise with at
least a signal to noise ratio of 20dB. Our total additional
noise is comparable to calculations for the optimal condition
in current mixing in single electron transistor double
clamped carbon nanotubes® at low temperature and proba-
bly close to the performances of an off-board QPC at low
temperature.32

IV. CONCLUSIONS

We showed analytically that the capacitive interaction
between a scanning electron microscope electron beam and a
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SiC nanowire mechanical resonator can have a strong influ-
ence on the effective temperature of the resonator. Our
numerical simulations with parameters based on experimen-
tal conditions indicate that lowering the temperature below
4K can be easily obtained. Interestingly, the beam position
where maximum cooling efficiency takes place is dependent
on the total beam current and is not obtained where the spa-
tial variation of the current is maximum. The importance of
measuring the absorbed electron current on the nanowire
instead of the secondary electron current has been
highlighted to properly measure the backaction force from
the beam. We demonstrated that secondary electrons can be
used as position sensors if the induced voltage is not too
important. A beam current of 100 pA is close to the optimal
condition where the backaction noise force and the impreci-
sion noise are minimized and have a value of the order of
10 pm/ V/Hz. Some improvements are still necessary to com-
pete with other techniques using vacuum electrons, but a
careful choice of material parameters and geometry, as well
as the use of a transmission electron microscope, may
strongly improve future results.
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