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ABSTRACT

Multilayer cantilever beams are used in the measurement of near-field radiative heat transfer. The materials and dimensions of the cantilever
probe are chosen in order to improve system performance in terms of sensitivity and noise. This is done using an analytical model that
describes the thermo-mechanical and mechanical behavior of the cantilever and its influences at the system level. In the design, the optical
reflectance and the sensitivity of cantilever rotation to the heat input are maximized under constraints for thermal noise, temperature drift,
and a lower bound for the spring constant. The analytical model is verified using finite element analysis, which shows that the effects of
radiative losses to the environment are insignificant for design purposes, while the effects of ignoring three-dimensional heat flow introduces
larger errors. Moreover, the finite element analysis shows that the designed probes are up to 41 times more sensitive than the often used
commercial-of-the-shelf benchmark and have a four times lower thermal noise. Experimental validation of the designed probes shows good
agreement with the theoretical values for sensitivity. However, the most sensitive designs were found to be susceptible to damage due to

overheating and carbon contamination.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0034503

. INTRODUCTION

In 1969, Hargreaves' published a seminal paper on what he
called “anomalous radiative transfer between closely spaced bod-
ies.” His measurements confirmed the predictions of Rytov’s theory
of fluctuational electrodynamics,z'} which were later further devel-
oped by Polder and Van Hove." This effect, in which the heat
flux increases rapidly with diminishing separations and exceeds
the black-body limit due to near-field effects, has since then been
observed and quantified by several research groups. The measure-
ment systems employed for this measurement can be roughly clas-
sified into three archetypes: (1) two closely spaced parallel plates in
which one plate is kept at a constant temperature, while the tempera-
ture of the other is measured as a function of their separation;3 )
a miniature thermocouple scanning over a surface in which the tem-
perature of the tip is measured as a function of separation;”” ' and
(3) a thermo-mechanical probe scanning over a surface in which the

deformation of the probe is used to determine the probe temperature
or the heat flux.” '

Closely spaced parallel plates are ideal to mimic the condi-
tions described in theoretical work and can be used to study appli-
cations such as thermophotovoltaics and photonic cooling.” They
benefit from large interacting surfaces and the associated larger
signals. In general, however, the required degree of parallelism is
difficult to obtain at smaller separations. Miniature thermocouples
and thermo-mechanical probes are generally easier to implement
experimentally and can measure local variations in the thermal con-
ductance. Moreover, probe-based techniques are less sensitive to
alignment errors at smaller separations than parallel plates and offer
shorter response times due to the smaller thermal capacitance of
the probes. This allows their use for applications in scanning probe
microscopy. The sensitive area of probes with integrated thermocou-
ples is typically very small, making them suitable for thermal scan-
ning probe microscopy applications with high spatial resolution.
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Heating elements are easily integrated in the probe during manufac-
turing. The thermo-mechanical probes, however, can be simple to
manufacture and require no additional patterning steps. The size of
the interacting area and its material can be tuned after manufactur-
ing of the probe by attaching different sizes of spheres. As no heating
elements are typically integrated in the probe, the temperature needs
to be controlled by external means, and the achievable performance
has a greater interaction with the supporting systems.

When using a thermo-mechanical probe, a glass microsphere
is attached to the free-end of a multilayer probe. The heat transfer
occurs between the sphere and the sample, while the probe is used as
a transducer. Because the layers expand at distinct rates, the thermal
load results in a mechanical deformation, which can be measured
using the optical beam deflection (OBD) method.” In this method,
light is reflected off the reflective coating of the probe onto a position
sensitive detector (PSD). The local rotation of the probe results in a
shift of the spot on the PSD, as is shown schematically in Fig. 1. In
many instances, a probe with a triangular plan form, silicon-nitride
base, and a gold reflective coating on one side is used. From the com-
mercially available options, Wanders™ identified the Bruker/Veeco
MLCT-C probe as one of the most sensitive options for this specific
measurement. Others have used very similar probes by other manu-
facturers, which are very comparable in terms of the dimensions and
used materials.”” ™

When considering the entire measurement system, the sensitiv-
ity of the output signal of the PSD as the result of a flux P absorbed
at the tip of the probe can be written as

0X, 09X, 0x 00 )
P 0x 000P
where X, is the output of the PSD, x is the location of the spot on
the PSD, and 6 is the (local) rotation of the cantilever. While the first
two terms, 0Xp/Ox and 0x/00, are specific to the design of the OBD
system, the sensitivity 96/0P can be designed separately by choosing
the materials and dimensions of the cantilever.

Commercially available probes are not optimized for use as
thermo-mechanical transducers. Probes that are designed specifi-
cally for this purpose can have a higher sensitivity and improved
noise performance. Moreover, the performance of the measurement
system can be improved further by considering the probe as an
integral part of the system. For example, the sensitivity 0Xp/Ox is
directly proportional to the intensity of the light incident on the
PSD. This intensity is affected by the reflectance of the probe. There-
fore, there is a need for cantilever probes that are designed for the

Beam splitter

\\7\1&4_

o X

P

_Laser diode

FIG. 1. Schematic representation of a confocal optical beam deflection system. A
laser beam is reflected off a rotated cantilever. Through a lens, the rotation of the
beam is translated into a shift on the position sensitive detector.
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particular purpose of measuring heat transfer at small separations
and for which the interrelations with the measurement system are
considered.

Bilayer cantilever probes have previously been designed and
optimized for calorimetry applications with picowatt and femto-
joule resolutions.”’"** However, these designs consider only the can-
tilevers and the lock-in techniques used to measure their behavior.
They do not consider the steady-state performance or the inter-
relations between the cantilever design and system performance.
Moreover, they do not consider the presence of a microsphere at the
free-end of the cantilever either.

In this paper, cantilever probe designs are presented that are
dedicated to measuring near-field radiative heat transfer under vac-
uum conditions. In contrast to the previous designs of thermo-
mechanical probes, the optical contribution of the probe to the mea-
surement system is taken into account, as well as thermal drift of
the clamp. Moreover, the effects of the microsphere are considered.
The designed probes have been manufactured and are benchmarked
numerically and experimentally against the Bruker MLCT-C. The
resulting cantilever probes are shown numerically and experimen-
tally to have significantly improved performance compared to the
benchmark.

Il. DESIGNING THE CANTILEVER

The dimensions of the cantilever as used throughout this paper
are schematically indicated in Fig. 2. The layer thicknesses t;, the
width w, and the length L are chosen under multiple design con-
straints. A sphere is attached to the free-end of the cantilever, which
is perpendicular to the sample. The sphere and the sample are
separated by a distance g.

The sensitivity of the probe can be written as

06 L2

@t 2
oP  wt @)

where T is in an auxiliary term (unit of W) that contains the
relevant material properties and the ratio of layer thicknesses #,

_ 3hmAa 1+h
" hky + ko \ 1+ 2hm(2 + 3k +2h2) + htm? )

where h = t1/t, m = Mi/M, M; = Ei/(1 -v;), and A = a1 — a2
is the difference in the coefficients of thermal expansion. In this
relation, E; and v; are the Young’s modulus and the corresponding
Poisson ratio for layer 7, and k; is the associated thermal conductivity.

(©)

FIG. 2. Schematic representation of calorimeter consisting of a bilayer cantilever
that is clamped at one end and has a microsphere at its free-end. The relevant
dimensions of length, width, and thicknesses are indicated. The subscripts 1 and
2 refer to the reflective coating and the substrate, respectively.
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TABLE |. Complex refractive indices at a wavelength A = 635 nm for the studied thin
films.

Material Refractive index Source
Gold, Au 0.18016+3.4531i  Johnson and Christy"""’
Aluminum, Al 1.4622 +7.5592i Raki¢'"*

Silicon, Si 3.8787+0.019221i  Aspnes and Studna*""’
Silicon nitride, 2.022 Filmetrics”’
SI3N4

S%hcon dioxide, 1.457 Malitson™

SlOz

Silicon carbide, 2.635 Filmetrics””

SiC

The derivation of these equations is provided in the supplementary
material.

From Egs. (2) and (3), it follows that the parameter L*/w, the
layer thickness t, (or t;), and the thickness ratio h (through I') can
be chosen independently to tune the sensitivity of the probe.

A. Choosing the layer thicknesses

The layer thicknesses tie into two parameters of the system sen-
sitivity given by Eq. (1): the sensitivity of the PSD signal to beam
shift 0X,/0x and the sensitivity of cantilever rotation to absorbed
power 00/0P. The former is directly proportional to the amount of
reflected light and benefits from a high reflectivity of the cantilever."’
The reflectivity is predominantly determined by the thickness of the
coating and is very sensitive to thickness variations at thin layers.
The sensitivity 060/0P, on the other hand, can be tuned by other
parameters. For these reasons, a two-step approach is chosen in
which the minimum layer thickness is determined that maximizes
the reflectance and that is robust against the small variations in
thickness that arise from manufacturing tolerances. The thickness
ratio h is chosen separately to maximize I'. Combined, these yield
the required substrate thickness.

ARTICLE scitation.orgljournal/rsi

1. Coating thickness for maximum reflectance

To determine the required coating thickness for maximum
reflectance, the cantilever is modeled as a one-dimensional strat-
ified medium consisting of a (thin) reflective coating on top of
a (thick) substrate. Using the Fresnel equations and the Transfer
Matrix Method (TMM),"""" the reflectance and transmittance of this
structure are calculated. The absorptance then follows from conser-
vation of energy. The values for the complex refractive indices (n =n’
+ i) of the considered materials are listed in Table I for a wavelength
of A = 635 nm.

The results of the TMM simulation for eight material combina-
tions are shown in Figs. 3-5. The combinations consist of a gold or
aluminum coating on top of a silicon, silicon dioxide, silicon nitride,
or silicon carbide substrate. Furthermore, the thickness ratios 0.1,
0.25, and 0.5 are considered for each combination.

In all cases, two clear branches can be distinguished as soon
as bulk properties are attained. In that case, a gold coating outper-
forms an aluminum coating in terms of reflectance at equal thick-
ness and equal thickness ratio. Moreover, as soon as bulk properties
are attained, the substrate material becomes inconsequential for the
reflectance.

For a gold coating, the reflectance is independent of the
layer thickness for t; > 110 nm irrespective of the thickness ratio.
Although almost similar reflectance can be obtained for lower thick-
nesses, the results are less robust against manufacturing errors
due to (strong) local dips in the reflectance at lower thickness
ratios.

For aluminum coatings and thickness ratios of 0.25 and 0.5, a
coating thickness of 35 nm on top of a silicon substrate suffices to
attain a reflectance that is independent of coating thickness. For the
lower thickness ratio of 0.1, a minimum coating thickness of 50 nm
is required for the same effect.

2. Choosing the thickness ratio

A high sensitivity is attained by maximizing the parameter T,
which is plotted as a function of the thickness ratio & in Fig. 6. It is
important to note that similar to Lai et al.,"' the thickness ratio h

10° 10° 10°
A 107
—~107 z 107 /\ J{/Jﬁ/ A %10’2
§ § I AT A Au é
© ap = -3
Iel g i £10
9] = P £
(] o 0 v
T 2 B8 ol S 4
<10 <10 | g0
107
1073 1073 1076
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Coating thickness t (nm) Coating thickness t (nm) Coating thickness t, (nm)
——AU/Si ----Au/SiO, AU/SisN, - Au/SIC  ——Al/Si -~ Al/SiO, Al/SisN 4 Al/SiC
FIG. 3. Absorptance, transmittance, and reflectance for different coating and substrate combinations (thickness ratio h = 0.1).
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FIG. 4. Absorptance, transmittance, and reflectance for different coating and substrate combinations (thickness ratio h = 0.25).

is found under the assumption that the material properties are inde-
pendent of film thickness. The validity of this assumption is moot, as,
in practice, these effective material properties can be strongly depen-
dent on film thickness before reaching the bulk values (see, e.g., the
work of Abazari et al.”” for the case of the elastic modulus). However,
processing conditions seem to be equally, if not more, important
contributors to the effective material parameters” and can vary with
processing parameters from foundry to foundry. Because accurate
data on the relation between material properties and the layer thick-
ness are unavailable, the bulk values or the generally accepted values
for thin films are used for this design. The used values are listed in
Table II.

For all thickness ratios of practical interest (h < 1), combina-
tions with an aluminum coating perform significantly better than
the gold-coated counterparts. This is a direct consequence of the
higher coefficient of thermal expansion of aluminum. The values of
T are highest for combinations with a silicon dioxide substrate. How-
ever, the Young’s modulus of SiO; is significantly lower than that of
Si3Ny and SiC, making them comparatively compliant at equal h. To

illustrate this, the spring constant C of the cantilevers is written as

3Bl wt
T @
with t; = ﬁ, t =t + t2, and ¥ being
hE,E E E 1
1= (4+6h+4h2+—1h3+—27). (5)
) E» Eh

T (L+h)(hEi+ B

This effective Young’s modulus is shown as a function of the thick-
ness ratio in Fig. 7. At the equal thickness ratio h, combinations
with a Si3Ny substrate are up to 4.2 times stiffer than the SiO, alter-
natives. To achieve a practical bending stiffness, a silicon nitride
substrate with an aluminum coating was selected as the next best

alternative.

10° 10°
Al —
—~10" z —  Tw?
s [
] g - Au é AN Au
g £ £10° )
i o T S/
v o A AL
5 8. 5 10 <
& 1072 210 T 10" %
[
107 \ N\
0.8 3 A\
‘ 0 100 150 200 N N
107 1073 10 )
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Coating thickness t (nm) Coating thickness t (nm) Coating thickness t, (nm)
—AU/Si ----Au/SiO, AU/SisN,  --—Au/SIC  ——Al/Si -~ Al/SiO, Al/SisN 4 Al/Sic
FIG. 5. Absorptance, transmittance, and reflectance for different coating and substrate combinations (thickness ratio h = 0.5).
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FIG. 6. Auxiliary term T for the rotation of a cantilever beam at its tip as a function
of h = t4/t,. Note: markers do not correspond to data but are used to identify the
lines.

A coating thickness of t; = 100 nm was used to ensure a suf-
ficiently stiff cantilever with an optical performance that is robust
against small variations in the layer thicknesses. With T’ at its max-
imum value for this combination at h ~ 0.32, it follows that t;
=310 nm.

B. Choosing the length and width

Following Eq. (2), the sensitivity % follows from appropriate
values for the length and width of the cantilever, as well as the thick-
ness of the substrate. The aspect ratio of the cantilever is constrained
by the performance of the optical beam deflection system and the
data-acquisition system (DAQ) and the requirements on resolution,
noise contributions, and spring stiffness.

As per Eq. (1), the sensitivity of the OBD is the product of the
three sensitivities 0X,/0x, 0x/06, and 06/0OP(L). The first two are
determined in the optical design and are limited by the practical lim-
itations of the available hardware. The latter is set by the cantilever
according to Eq. (2). The smallest detectable change in the output
potential of the PSD is

Urange
2 Mbits >

AUpaq = (6)

TABLE II. Material properties used for optimization of the cantilever dimensions.
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0 . . . . .
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FIG. 7. Effective Young's modulus ¥ as a function of the ratio of layer thicknesses
h=t/t,. In all cases, ¥ is dominated by the choice in the substrate material. The
choice for a coating material is of little influence in comparison. Note: markers do
not correspond to data but are used to identify the lines.

where Urange is the full range of the data-acquisition system and
is the (effective) number of bits available in the analog-to-digital
converter. From this, the required value of 9X,/OP is obtained as

0%,
oP

AUpaq

- >
reqt APresolution

(7)

where APeolution 18 the required static resolution of the calorimeter.
The corresponding sensitivity of the cantilever is then obtained as

aXp Bx -1
reqt(a%) : ®)

00

201 _ 9%
oP

reqt - oP

To create an envelope that is bounded by the design constraints,
the constraints are written as functions of the form L"/w. For the
required sensitivity of Eq. (2), this can be rewritten as

v g

w T 0P ©)

reqt

and imposes a lower limit on L*/w. Additional constraints are
imposed by the thermal noise and the sensitivity to fluctuations in
the base temperature.

The temperature of the cantilever clamp will, in practice, drift
over time and will be known with limited accuracy. A change in

Property Au” Si° A7 SisNg Si0," sic”? temperature at the clamped-end of the cantilever (the base) ATy

affects the temperature distribution over the entire cantilever length

E (GPa) 772 1124 68 280! 66 410 and thus the cantilever rotation and deflection. With the OBD

v(=) 042 028 036 0200 017 0.14 method, this effect and the effect of a heat input at the free-end of the

k(Wm 'K 301 124 210 30.1% 1.1 120 cantilever cannot be distinguished. The corresponding uncertainty

« (ppm/K) 14.4 2.5 24 2.8 0.56 4 in the measured thermal input can be written as the product of the

p(kgm ) 19320 2329 2699 3187°2 2270 3100 uncertainty in the clamp temperature AT}, and the conductance G,
CUkg 'K 128 713 900" 673" 680 750 R

AP| sty = 2GA T (10)
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This can be rewritten to a corresponding constraint on the aspect
ratio of the cantilever,

w_ 1 APy, (11)
L t]kl + tZkZ 2ATbase ’

where k; is the thermal conductivity of the respective layers.
In a similar fashion, the uncertainty in the measured thermal
input is limited by the Brownian motion of the cantilever and can be

quantified as
2 ks wt%
=\/ = v/ Tavg. 12
rVEL/LY ™ (12)

This can be rewritten for the constraint on length and width and
their effects on the equivalent thermal noise. For this, either the tip
temperature needs to be assumed constant for each cantilever (irre-
spective of the dimensions) or the incident laser power is assumed
constant. Under the assumption that the incident laser spot is small
enough to completely fit on the cantilever, a constant laser power
is preferred as this makes the optical power reflected to the PSD
independent of the cantilever.

Under vacuum conditions with heat added at the free-end of
the cantilever, a linear temperature distribution (Tayg = % + Thase)
results. From Eq. (1) and Eq. (12) in the supplementary material, it
then follows that

AP noise =

al’® =Pyl
w=——"-—

, (13)
(%]
where P,y is the absorbed laser power and
a2 5
= AP thermal noiser hE1E2K1(hkl - kz) S (14)
24kp (hEl + Ez)
2 = Toaset2 (hk1 + k2). (15)

The equations above describe a set of cantilevers that meet all the
thermo-mechanical requirements and constraints. For a high mea-
surement sensitivity, the cantilevers in this set are typically long,
slender, and very thin. At the same time, these cantilevers tend to be
very compliant and difficult to handle in practice, e.g., during instal-
lation into the measurements setup and while gluing spheres to their
tips. Therefore, a minimal spring constant of 1 mN m™! is intro-
duced to minimize handling issues. Although significantly more
compliant cantilevers”* are available for scanning probe microscopy,
these are typically intended for axial mechanical loading rather than
bending. In bending, a spring constant of 1 mN m ™" is considered a
realistic minimum based on practical experience. This introduces a
constraint of the form w/L* of
w _ 4C(t1E1 + tzEz)

— - AnmT R 16
L3 BhEE K (16)

These requirements and constraints are combined in Fig. 8 to form
a set of feasible designs. The region of feasible cantilevers is con-
strained from above by the minimum spring constant (1 mN m™")
and from below by the minimum measurement resolution (100 pW),
the thermal noise constraint (5 nW equiv.), and the base temperature
uncertainty (1 nW equiv.).
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FIG. 8. Required cantilever aspect ratio to meet the design requirements and con-
straints. The region of feasible designs is constrained from above by the minimum
spring constant and from below by the minimum flux resolution, the thermal noise
constraint, and the base temperature uncertainty. Results for Al coating on SizNg,
2 mW incident laser power, 9.3% absorptance, Tpase = 298.15 K, and T = 5.2
x 108 mw-'.

C. Selected cantilever dimensions

The cantilever dimensions that follow from the design proce-
dure are listed in Table IIT under column A. Three additional designs
are included with increasing spring constants while performance
gets incrementally worse. Figure 9 shows an optical micrograph of
the realized cantilevers. The designs are from hereon referred to as
cantilevers A-D.

lll. BENCHMARKING AGAINST BRUKER MLCT-C

To compare the designed cantilevers to the commercially avail-
able alternatives, the results are benchmarked against the Bruker
MLCT-C. As explained before, this cantilever and very similar alter-
natives from other manufacturers were used by other groups for
measuring the near-field heat transfer,” ***’ making it a relevant
benchmark. A micrograph of this probe including its dimensions is
shown in Fig. 10.

The thermo-mechanical model presented in Secs. II and III is
valid only for a rectangular cantilever with a rectangular cross sec-
tion and cannot be used directly for the triangular MLCT-C probe.
In contrast to Wanders’ effective-width method used to evaluate the
MLCT-C, the probe is here modeled using a finite element model
in COMSOL Multiphysics. This model is used to calculate the tem-
perature gradients and the resulting mechanical deformation. The
geometry of the MLCT-C probe, with its two separated legs that are
joined in a triangular section at the free-end, causes a non-linear
temperature profile along the cantilever length as depicted in Fig. 11.
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TABLE Ill. Nominal dimensions and calculated performance parameters for optimized cantilevers. All cantilevers have a silicon nitride substrate of 309 nm thick and an aluminum
reflective coating of 100 nm thick on one side. The resonance frequency f is calculated assuming that a 20 um diameter silica sphere is attached at the free-end.

Parameter A B C D
Length L (um) 208 137 112 77
Width w (um) 3.40 4.50 5.00 4.80
Spring constant C (mN m ") 1.10 5.20 11 31
Conductance G (WK ™) 530 x 10~/ 1.10x 10°° 140 x 10°° 2.00 x 107°
Rotation sensitivity 92 (W) 6.90 x 10° 2.30 x 10° 1.40 x 10° 6.70 x 102
Deflection sensitivity 25 (m W) 480x 10" 1.00 x 10! 510 x 10? 1.70 x 10~ *
Equivalent thermal noise (equal average temperature) (nW K2 0.27 0.57 0.82 1.40
Equivalent thermal noise (equal absorbed power) (W2 3.70 x 1077 5.40 x 1077 6.90 x 10~/ 9.90 x 10~
Thermal time constant (cantilever only) 7 (ms) 0.41 0.18 0.12 5.70 x 102
Thermal bandwidth 1/(57) (kHz) 0.48 1.10 1.70 3.50
First resonance frequency (no sphere) f1(kHz) 11.4 26.3 39.3 83.0
First resonance frequency (with sphere) f1 (kHz) 1.58 341 4.87 8.40

In the effective-width method of Wanders, a linear temperature pro-
file is assumed that results in an overestimation of the deflection and
rotation sensitivities.

For both the Bruker MLCT-C and the designed cantilevers, the
tip temperature, the tip rotation, and the tip deflection were calcu-
lated as a function of the heat flux absorbed at the probe tip. The
results of these simulations are shown in Fig. 12 and are used to
calculate the effective conductances, as well as the sensitivities of
rotation and deflection to heat input. Table I'V presents a direct com-
parison between the MLCT-C and the designed cantilever A, the
latter of which is 41x more sensitive.

To compare the thermal noise levels of the designs, Eq. (12)
is used to calculate the temperature-normalized equivalent thermal
noise (APpoise [/ Tavg) (integrated over all frequencies). This probe
parameter can be used to estimate the equivalent thermal noise
(expressed in the measured flux) for equal average temperatures.
It is estimated at 2.3 nW K™"* and 0.27 nW K™ for the MLCT-
C and the designed cantilever A, respectively. However, at equal
levels of absorbed heat from the OBD laser, the average tempera-
ture varies between the designs. Because the average temperature
is inversely proportional to the conductance G, the previous met-
ric can be multiplied by 1/1/G for a metric that allows comparison

1 B A2 C D CAL

FIG. 9. Optical micrograph of the manufactured cantilevers, labeled according to
Table |Il. The square on the right labeled CAL is used for measuring the optical
properties of the cantilevers and has the same layer thicknesses as the probes.

at equal levels of absorbed power. The values of this metric are
1.5 x 107 W"? and 3.7 x 10”7 W"? for the MLCT-C and cantilever
A, respectively. Cantilever A performs 4.1x better than the MLCT-
C in terms of equivalent thermal noise at equal levels of absorbed
power. The signal-to-noise ratio can thus be improved by a factor of
168 compared to the benchmark.

To verify the theoretical model, the optimized cantilever is
also modeled using the same multiphysics finite element method
(FEM). The sensitivities derived using the analytical model and the

FIG. 10. Micrograph of the Bruker MLCT-C probes with specified dimensions. The
probe consists of a 0.55 ym thick silicon nitride substrate, a 40 nm thick gold
reflective coating, and a 5 nm thick titanium adhesion layer. All dimensions used
in the finite element model were measured relative to the dimensions indicated in
the micrograph.
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FIG. 11. Temperature profiles for the Bruker MLCT-C probes. The temperature at
the clamped-end is kept constant at 300 K. The mentioned power values represent
the heating power absorbed by the cantilever, not the incident power. The vertical
line indicates the location where the two legs are joined and form a triangle from
thereon to the free-end. The 5 nm Ti adhesion layer is ignored.

sensitivities derived using the FEM are in very good agreement
with each other, with a maximum difference of less than 1%. The
differences in conductance and spring constant are 6% and 3%,
respectively, and are considered in adequate agreement for this dis-
cussion. The difference in the conductance values calculated using
the analytical model and using the FEM can be attributed to the
assumption of one-dimensional heat flow in the theoretical model
and thus the lack of interaction between the layers. Similarly, the
difference for the spring constant values using both models can
be attributed to the lack of the Poisson effect in the theoretical
model.

ARTICLE scitation.orgljournal/rsi

IV. EXPERIMENTAL VALIDATION

To validate the design, the cantilevers are manufactured and the
sensitivities are measured indirectly.

A. Cantilever manufacturing

The manufacturing of the cantilevers starts on a standard
380 pm thick (100) silicon wafer. A 315 nm thick silicon-rich nitride
(SiRN) layer is deposited by Low Pressure Chemical Vapor Depo-
sition (LPCVD). The deposited SiRN layer is then patterned using
Reactive Ion Etching (RIE) to define the cantilevers. A second pat-
terning step is employed to etch through the silicon wafer by Deep
Reactive Ion Etching (DRIE). After the DRIE process, the cantilevers
are released by wet chemical etching of silicon in tetramethylammo-
nium hydroxide (TMAH). After release, a 100 nm thick aluminum
layer is sputtered on one side to form the reflective coating. These
steps are illustrated in Fig. 13.

In the design, the reflective coating is assumed to be perfectly
flat. The scattering of light caused by the surface roughness, how-
ever, affects the reflectance of the probe. This effect is modeled using
the simple model presented by Bennet and Porteus.”” The specular
reflectance R is calculated from the ideal reflectance Ry under normal

incidence as
4n0” 27t (o\? 5
R:RO(CXP(— 2 )+le(l) AB ),

where o is the root-mean-square surface roughness, A is the wave-
length of the light, m is the root-mean-square slope of the sur-
face, and A6 is the acceptance angle of the optics. The right-hand
side term vanishes quickly with larger A, and the reflectance is

approximated as
470°
pE

Figure 14 shows this relation in dimensionless form. A root-mean-
square roughness of 3% or less of the wavelength limits the dif-
ference between ideal and non-ideal specular reflections to 1%.
For a wavelength of 635 nm, the relative roughness translates to a
root-mean-square roughness of 19 nm.

(17)

R~Ry exp(f (18)
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FIG. 12. Temperature gradients (left), tip rotation (center), and tip deflection (right) for various levels of absorbed heat flux at the cantilever tip.
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TABLE IV. Comparison of the performance of the Bruker MLCT-C probe based on the finite element method (FEM) and the optimized probes. The table also includes a
comparison between the results obtained from the theoretical model, a FEM model that only includes conduction, and a FEM model taking into account both conduction via the
probe and radiative heat losses to the environment. The relative performance is calculated as that of the optimized probe (FEM) relative to that of the Bruker MLCT-C. Nota
bene: the1spring constang calculated for the MLCT-C probe is higher than the nominal spring constant of 10 mN m—" specified by Bruker but is within the specified range of
S5mNm "to20mNm—".

Optimized Optimized Optimized
Parameter Bruker MLCT-C (FEM) (theory) (FEM + losses)  Relative performance
Conductance G (WK™ ") 23x10° 5001077 530x10°7  5.00x10 7 2.10x 10"
Rotation sensitivity 99/0P (rad W) 1.70 x 10 6.90 x 10 6.90 x 10 6.80 x 10° 4.10 x 10"
Deflection sensitivity 9z/0P (m W) 1.50 x 1072 480x107"  480x 107" 470 x 107" 3.30 x 10"
Spring constant C (N m ") 1.60 x 102 1.10x10°°  110x10° 1.10x 103
Equivalent thermal 2(1)/1256 at equal average 23 027 027 027 8.5
temperature (nW K™ '%)
Equivalent thermal noise at equal absorbed 150 x 10~6 370 x 10~7 370 x 10~ 370 x 10~7 410

power wY 3

The surface roughness of three chips (each with five cantilevers) material for details). The sensitivity 9X,/Ox is measured by displac-

was measured using a Park XE7 atomic force microscope and Bud-
getSensors SHR300 probes (1 nm tip radius) over a 1 ym x 1 ym
area to be 3.4 nm + 0.4 nm root-mean-square. The realized probes
are thus smooth enough for scattering to be considered a minor
contributor to the optical absorptance and reflectance values.

B. Measuring the cantilever sensitivity

To validate the design procedure, the sensitivity of the realized
probes is measured under high vacuum conditions. The sensitivity
of the probe cannot be measured directly and needs to be derived
from measurable quantities using

19)

00 0Xp (%%)*1
OP,ps B OPys \ Ox 00)

The absorbed power is calculated from the incident power and the
absorptance, which is measured separately (see the supplementary

1. Single crystal silicon wafer 4.Through-wafer etching (DRIE)

2.LPCVD of SiRN 5. Release of cantilevers (TMAH)

3. Patterning of SiRN by RIE 6. Sputtering of Al coating

FIG. 13. The cantilevers are manufactured in a six step process starting from a
standard (100) silicon wafer. Silicon-rich nitride is deposited on top, and the can-
tilevers are defined using (deep) reactive ion etching (RIE). After release using
TMAH, an aluminum coating is sputtered on top.

ing the PSD by controlled amounts with respect to the reflected
beam and the rest of the system in steady-state. Unfortunately, the
sensitivity % cannot be measured directly in the available system,

but it is estimated at (99.6 + 3.0) mm rad™" (see the supplementary
material for details of this estimation).

The measured sensitivities are summarized in Table V. For can-
tilevers B, C, and D, the measured sensitivities are close to their
designed values. The differences can be explained by the measure-
ment uncertainty and the loss of sensitivity due to measuring not at
the very tip of the probes but slightly behind them. As is shown in the
supplementary material, the actual sensitivity of the probe depends
on the position of the laser spot along the length of the probe and
the spot size. This causes the realized sensitivity to drop to a level
between 55% and 90% of the theoretical sensitivity. If these effects

1073 :
1072 107 10

o/ ()
FIG. 14. Relative error in specular reflectance (1 — RI/Ry) under normal incidence

and as a function of the root-mean-square surface roughness o relative to the
wavelength A.
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TABLE V. Measured sensitivities and derived probe sensitivity.

Parameter Cantilever A Cantilever B Cantilever C Cantilever D
0X,/0I (mA™") 1.58 + 0.0706 1.12 + 0.0738 0.217 + 0.0418 0.143 + 0.00872
OP,pe/ O (UWW mA ™) 343+ 1.48 x 107" 342 +212x 107" 329 +5.53x 107" 2.64 +1.55x 107"
0X,/0x (m™ ") 906 + 64 1220 + 39 594 + 106 815 + 48
Ox/00 (mm rad )" 99.6 + 3.0 99.6 + 3.0 99.6 + 3.0 99.6 + 3.0
B0/OPs (rad W1)° 5.08 x 10° + 503 2.70 x 10° + 272 1.12 x 10° + 355 669 + 101
90/OP,s (rad W), theory 6.90 x 10° 2.30 x 10° 1.40 x 10° 6.70 x 102

By design, theoretical value. See Section V of the supplementary material.
®Calculated from the other sensitivities.

“Micrographs show local damage to the cantilever that is likely caused by excessive heating. Some samples had broken, while others were discolored locally, which indicates changes

in the optical properties.

are incorporated into the theoretical relations, however, the advan-
tage of using theoretical relations for design purposes is lost due to
the complexity and length of the equations.

Cantilever A is the most sensitive of the four designs, but the
measured sensitivity differs significantly from the designed value.
Optical micrographs and scanning electron micrographs (see the
supplementary material) showed significant damage to the can-
tilever coating after calibration, which is probably caused by exces-
sive heating. This unforeseen effect was not observed in the other
designs due to their higher thermal conductance and lower maxi-
mum temperatures. It is hypothesized that the deviation from the
design value in this case can be traced to the sensitivity changing
over time due to the sustained damage.

Attempts to measure the sensitivity of the Bruker MLCT-C
cantilever were unreliable due to large variations in the measured
absorptance. For the MLCT-C, h is smaller than 0.10 with a coat-
ing thickness of 40 nm and a total thickness of 0.55 ym. As is clear
from Fig. 3, large fluctuations in absorptance are expected with small
variations in thickness for this combination of the coating thick-
ness and thickness ratio. The absorptance ranges from 4.5% to 8.5%
in a +5 nm interval around the nominal coating thickness. Using
this range for the absorptance, the sensitivity is estimated between
337 rad W' to 562 rad W', which is significantly higher than
that estimated from the finite element model. Because the process-
ing conditions are unknown, it is likely that the effective material
properties and layer thicknesses vary from those assumed in the the-
oretical model. This is also reflected in the stiffness range specified

by the manufacturer, which ranges from 5 mN m™" to 20 mN m™".

V. DISCUSSION
A. Limited speed of measurement

It is important to note that the cantilever dimensions and mate-
rials also influence the dynamics of the probe, which are directly
linked to the speed of measurement that can be attained on a system
level. When the speed of measurement becomes a driving parame-
ter, for example, for microscopy applications, these influences on the
cantilever dynamics will have to be considered in the design of the
probe. To study the influence of the design parameters on the speed
of measurement, the first mechanical resonance frequency and the
characteristic thermal time constant are determined. These are used

as first order estimates of the response time to a thermal load at the
free-end of the cantilever.

The majority of near-field heat transfer measurements are con-
ducted under vacuum conditions. Therefore, contributions from
mechanical or aerodynamic damping and heat transfer to the envi-
ronment are neglected here. For a cantilever with a sphere attached
to its free-end, the first mechanical resonance frequency can then be
estimated as”’

3EI

1 L 20
2\ (024 m+ M)L? (20)

fis

where m is the mass of the cantilever and M is the mass of the sphere.
According to Barnes et al.,"’ the thermal response time for a heat
load at the free-end of the cantilever can be estimated as
10
=—=, 21
D3 21
where the thermal diffusivity D for the bilayer structure is equal to”’

kiti + kat
D= TR (22)
CpiprtL+ Cpyp21n

Because 99.4% of the total temperature change is achieved after 57
has passed, the thermal bandwidth of the cantilever is defined as

1
fT, cant. — 5‘[. (23)
However, the microsphere plays a significant role in the thermal
bandwidth. Using a lumped parameter model of the sphere that
approximates the sphere as a cylindrical conductor of thermal con-
ductance G and radius R, its thermal time constant can be estimated

to first order as
mc 8pcR2
Tsphere & E ~ 3k

For a glass sphere, log,,(fr) ~ -7 — 2log,,(R), which yields a
wide range of fr ~ 1 x 10" Hz to fr ~ 10 Hz for R = 1 nm and
R =100 ym, respectively.

Table IIT lists the first resonance frequency for a probe with no
sphere attached, the resonance frequency with a sphere attached, the
thermal time constant, and the thermal bandwidth. The glass micro-
sphere has a diameter of 20 ym. Although the addition of the sphere

(24)
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reduces the mechanical resonance frequency by 7 — 10x, the ther-
mal response time remains the limiting factor for the achievable
measurement speed. In the case of cantilever A, the thermal mea-
surement bandwidth of the cantilever itself is 483 Hz, while that of
the sphere is 534 Hz.

The thermal response time of the probe (consisting of a can-
tilever with an attached sphere) can only be improved by using a
smaller sphere and a smaller cantilever and at the cost of measure-
ment sensitivity.

B. The effect of ignoring radiative losses

In the analysis above and in the analytical model, the con-
tribution of radiative heat transfer between the cantilever and its
surroundings is considered to be negligible. To confirm the valid-
ity of this assumption, the thermal and thermo-mechanical response
of the designed cantilever probe are modeled using a finite element
method in which heat transfer to the environment via black-body
radiation is included. The clamped-end of the probe is kept at a con-
stant temperature of 300 K, while a constant flux of 10 yW-50 yW
is absorbed at its free-end. The environment is set at a constant tem-
perature of 293.15 K and at a perfect vacuum. The emissivity of all
radiating surfaces is set at an unrealistically high, worst-case value
of 1. At the highest power setting of the laser diode, the tip tem-
perature of the probe does not exceed 400 K. The magnitude of the
temperature gradients, the tip rotation, and the tip deflection are
shown in Fig. 12. The corresponding sensitivities are summarized
in Table I'V. Ignoring radiative heat losses introduces an error of less
than 1.5% in the conductance and less than 1.8% in the sensitivities.
At these temperatures, radiative losses are thus negligible for design
purposes.

For a worst-case estimation of the radiative heat losses, the can-
tilever is assumed to take a uniform temperature distribution equal
to the maximum tip-temperature. The corresponding loss is

qrad. loss = O'Arade(T?ip - Ténv)> (25)

where ¢ = 5.67 x 107 W m™ K™! is the Stefan-Boltzmann con-
stant, Aq ~ 1.6 X 10~° m? is the total radiating area, € = 1 is the
(assumed worst-case) effective emissivity, Typ = 400 K is the tip tem-
perature, and Teny = 293.15 K is the temperature of the environment.
From this, it follows that the thermal flux <1.6 yW, which is small
in comparison to the power absorbed from the incident laser. The
change in radiative losses due to a change in the temperature of the
environment is estimated as

aQradA loss
OTenv

and amounts to ~9.1 nW K. In practice, the temperature variation
inside the vacuum chamber is between 50 mK and 100 mK over the
course of a day, which reduces the effect of radiative losses to less
than 1 nW. This is a small contributor to the drift at the system level
that is dominated by the drift of the laser power in the order of 50
nW in absorbed power.

= —40A ad€Tony (26)

C. The effect of ambient pressure

In the theoretical discussion, vacuum conditions were assumed
and the effects of convective and conductive heat losses to the envi-
ronment were ignored. Additional loss of heat to the environment

ARTICLE scitation.orgljournal/rsi

via heat transfer to the ambient air results in a reduced temperature
gradient along the length of the cantilever.”® This results in a reduced
mismatch strain between the layers for an equal thermal input at
the cantilever tip and thus a reduction in the sensitivity. Convective
heat transfer at micrometer length scales is currently not well under-
stood, and experimental evidence suggests convective heat transfer
coefficients ranging from 30 W m™2 K™* to 10 kW m™ K" at ambi-
ent pressure (see Ref. 67 and the references therein). This makes it
difficult to quantify the reduction in sensitivity with any reasonable
degree of certainty.

However, experimental evidence provided by Lee et al.*” sug-
gests that convective losses can be ignored for Knudsen numbers
larger than 10. The Knudsen number is the ratio between the mean-
free path length in the gas and the physical length scale of the object.
For the dimensions of the cantilevers that are presented here, no
appreciable pressure effects on the sensitivity are expected for pres-
sures below 0.1 mbar. The experiments are conducted at pressures
between 1 x 1077 mbar and 1 x 107® mbar (see the supplemen-
tary material for details) to eliminate the effects of gas conduction
between the sphere and the substrate. Pressure effects on the probe
sensitivity can therefore safely be ignored.

D. The effect of Casimir and Van der Waals forces

When the probe approaches the sample, Casimir and Van der
Waals forces will be exerted on the sphere. These forces increase with
diminishing separation. At very small distances (<10 nm), the sum
of these forces can be estimated’” using

_ AmR
T oed2”

where Ay is Hamaker’s constant (6.35 x 1072 J for silica particles
in vacuum’"), R is the radius of the sphere, and d is the separation.
Because the sphere is not fixed in line with the cantilever, a torque
is applied to the cantilever with an effective arm of length R. The
equivalent thermal input can be expressed as

. opP OP 1 AuR’
P, vdW = 5,5 = aA~ >
00 00 2 Cd’L?
where Cis the spring constant in bending of the cantilever. At a sepa-
ration of 10 nm, this equates to 97 nW for cantilever A with a sphere
20 ym diameter sphere attached to its tip. It quickly diminishes to
less than 1 nW for a separation of 100 nm. Although these forces
are fairly small, they easily exceed other contributions at small sep-
arations. They can, however, be compensated for by measuring the
spurious forces separately when the tip temperature and substrate
temperature are equal. For this, the substrate temperature needs to
be raised.

27)

(28)

VI. CONCLUSIONS

Near-field radiative heat transfer measurements benefit from
probes that are designed for that specific purpose. Using a relatively
simple analytical model, a family of feasible cantilever designs that
are constrained in terms of resolution, thermal noise, temperature
drift, and bending stiffness was derived. The model considers the
cantilever as an integral part of the measurement system, and the
effects of design decisions are evaluated considering system level
performance.
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The theoretical model used for this design matches well with
the finite element model. The analytical model can be improved by
incorporating the exchange of heat between the layers and the effects
of finite spot size for the incident light. This will, however, result in
theoretical relations that are no longer tangible for design purposes
because of their complexity and their length.

This paper showed theoretically and experimentally that under
realistic design constraints, the designed probes are up to 41 times
more sensitive than the benchmark. This was achieved by limit-
ing the thermal conductance while maintaining a large difference in
thermal expansion coefficients between the two layers. In practice,
the performance of the cantilever probes was limited by damage that
was possibly sustained from carbon contamination. Future work will
have to consider these practical effects if performance is to be fur-
ther improved. Furthermore, for practical applications in scanning
probe microscopy, the measurement speed is an important parame-
ter that was omitted from the design in this paper. The microsphere
plays an important role in the attainable measurement bandwidth
and will have to be incorporated in the design process if dynamic
system performance is to be further improved.

SUPPLEMENTARY MATERIAL

See the supplementary material for more in-depth deriva-
tions of the analytical model, the methods used for measuring the
reflectance and absorptance of the cantilevers, an estimation of the
uncertainty of the beam displacement due to de-focus in the optical
beam deflection system, an analytical treatise of the cantilever sensi-
tivity under finite spot size, and a treatise of the found damage to the
cantilevers of design A.
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