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Table S1. Parameters of vdW drumhead NMRs used in the calculation of the FP absorbances in
Figure 3 and Figures 4(a,b,e), and photothermal responsivities in Figure 3 and Figures 5(a-c) of the

main text
Materials NbSe, Graphene [1] MoSe; [2] Black Phosphorusb [3]
foff pm 35 55 1.25 4.5 (~160L), 4 (~57L)
hir (nm) 0.6 [4] 0.335[1] 0.65 [5] 0.53 [6]
T (K) 293 293 50 300
Ey (GPa) 100 [7] 630 [1] 160 [8] 2 (A(Z;“Z’ll\;lzzrf)zz) 3]
p (kgm3) 6467 [9] 2200 [1] 629;) 9[}39] 2690 [11]
v 0.24[12] 0.16 [1] 0asiz] 973 (ACS 5154(11'&21)(22) [14]
(10”‘,%(?,1) 41[15] ~7116] 2.1 8] 5.5 [3]
. 13 (~160L), 9 (~57L) (AC) [3]
Wm-1 K1) 14.5[17,18] 5000 [19] 2812] 49 (~160L), 37 (~57L) (ZZ) [3]

31 (~160L), 23 (~57L) (Mean)
2.65 — 0.60j (AC) [24]

6.48 — 1.69j (1L) [20] 2.68 —1.22j 521 — 0.93j 2.69 — 025 (2Z) [24]

fires(A=532nnm)

3.07 — 1.00j (Bulk) [20] [21] [22,23] 267 — 0,43} (Mean)
X 0().%9531 ((912[3) 0.140 0.515 0998(;;8((:1567()[3)

ot (10~ kg) 1.371 :2(51 ]Z;ZL) 73:2 177 ﬁ4056x>< 110(313 ((:15670LL))
fo Ef/l["Hj) 0) 16.62 4.76 33.03 9%331937 ((:1567013)

(kH;F;x\gv_l) see main text 0.68% [1] —25.47% [2] :02 3365 (S1567()]i))[§?}]

? Inferred from Supplementary Material of cited reference
b Estimation of ¥ assumes an isotropic material even though the device has anisotropic properties in the
armchair (AC) and zigzag (ZZ) orientations. Average values of Ey, v, x and 71 were taken.

1. Derivation of Photothermal Responsivities
1.1. Clamped Circular Drumheads

To gain insight into how laser-induced photothermal tension affects the fundamental
mode frequency of a NbSe, drumhead device, we model the drumhead as a tensioned
plate whose resonant frequency accounts for both flexural rigidity D, = E3ph®/12(1 — v?)
and tension 7. Here, E3p is the Young’s elastic modulus, v is the Poisson’s ratio, and # is
the thickness. The frequency of the fundamental mode can then be written as [30]

fo(Pin) = (/;(7)11)2

where a4, is the effective radius of the drumhead, p = 6467 kg m~3 is the mass density
of NbSejp, A¢; is a modal parameter of the fundamental mode that describes not only both
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Figure S1. Raw amplitude (black dots) and phase (magenta dots) response of device A. Red solid
lines are fits using the linearly driven damped resonator model.
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Figure S2. Raw amplitude (black dots) and phase (magenta dots) response of device B. Blue solid
lines are fits using the linearly driven damped resonator model.
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Table S2. Parameters used in the calculation of FP absorbance and photothermal responsivities of
silicon nanowire resonators [25] in Figure 4(e) and Figure 5(c) of the main text

Parameters Values Notation and Units
Length 12.7 I (um)
Cross-section Diameter / Thickness 165 d = h (nm)
Base Temperature 293 T (K)
Elastic Modulus 170 [26] Esp (GPa)
Poisson’s Ratio 0.28 [26] v
Density 2329 [27] p (kg m~3)
Thermal Expansion Coefficient 2.6 [28] ap(T) 1070 K1)
Thermal Conductivity 131 [27] k(Wm~1K™1)
Refractive Index at A = 532nm 4.15 —0.04j [29] fires(A = 532 nm)
Absorbed Power Fraction 0.709 X
Total Mass 632 mior (10~ 18kg)
Fundamental Frequency 1.7442 f1(Py, = 0) (MHz)

Experimental Phothermal Responsivity 0.17 x 1073 Yexp (kHz yW_l)

tension-dominant and tension-free limits, but also their cross-over regimes [31,32]. The
total tension can be presented as a sum ¢ = Yo + ’thh(Pin)/ where 7 is the tension
exerted on the drumhead by the clamps during the fabrication process and 7, (P;,) is
the radial tension induced by the incident laser power P;,. For highly optically absorptive
drumheads, radiation pressure effects are negligible. We then re-write Eq. (51) as

Aot \2[ A2, D Aor \ 2 Vpin(Pin)
fo(Pi) = (201> 0p h’Yg ] (201> pth in) S2)
) | phagsy  phays ) phays

Because the linear frequency dependence on P, is observed, Eq. (52) can be approximated
as a first order Taylor series expansion in the form fo(P;,) ~ \/f& + (1/2)BYpn(Pin) / \/ f3,
where fy = fo(P;, =0) and B = (Ag1/ 27'[)2[pha§f f]’l. Extrapolating the input powers to
P;,, = 0 allows the determination of 7y via numerical means [30]. For simplicity, both minor
and major diameters are represented by a,¢r = Vab. The expected frequency shift Af is

then given by )
1( Aox ) Vptn(Pin)
Afo(Pn) ~ [fwz(;;;) ;hasz ~fo (S3)
e

Simplifying the expression leads to

1/ Ao 2 Ypth (Pin)
()

Afo(Py,) =~ = —_
fO( m) 2 phaszfo

It is assumed in this work that heat convection and radiation do not contribute to heat
transport in resonators with metallic thin film absorbers [33], leaving heat transfer due to
thermal conductivity as the major mechanism for creating thermal stress. The laser spot in
the drum center creates a localized heat source with heat flowing radially to the clamps.
For materials with a positive thermal expansion coefficient a;, the differential temperature
between the drumhead and the drum clamps enables thermal expansion of the drum when
unrestrained. The clamps, being fixed supports, exert a compressive stress on the drum to
maintain the drum diameter. As a result, the thermal expansion introduces compressive
strain [3,34]. Thermally induced tension reduces the built-in tension, as observed in doubly-
clamped beam [35], plate [3], and membrane [28,33] resonators with nanoscale dimensions.
As the frequency shift is linear, the heat-induced strain is also linear, and so is the average
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differential temperature AT,;; between the hot spot and the drum clamps. The thermally
induced tension is then expressed as [36,37]

Esph
1—v

Vptn(Pin) = — ap AT s (Pin ), (S5)
«y, is assumed to be constant in the range of temperatures induced by the absorbed laser
power.

To obtain the differential temperature profile of the drumhead, we first assume that
the incident laser spot does not significantly change the thermal conductivity « in the range
of P;, applied in the experiment. In the first-principles study by Ferreiro [18], the phonon
mean free path of 1L NbSe, was estimated to be 2.5 ym at ambient temperature, suggesting
that heat transport in our drumheads is diffusive. Multilayered vdW materials show low
out-of-plane thermal conductivity [38,39], enabling us to ignore heat conduction between
vdW layers. In addition, heat conduction between the flake and the spacer is negligible due
to the low thermal conductivity of the polymeric spacer [40]. These boundary conditions
enable the radial temperature profile of the drumhead to be solved using a 1-D radial heat
diffusion equation of a thin circular disk [41]

1d [ dATY | Pus(h,zs) _
rdr (r dr ) * nr3hx x Hir—ro) =0, 0

where « is the in-plane thermal conductivity, H(r — r) is the Heaviside step function
that represents the illumination of a laser beam of spot diameter 2ry = 1.9 ym such that
aefr > 19 > 0, and Py, is the power absorbed by the resonator from the laser beam.
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Figure S3. (a) Simulated temperature variation of the drumhead, with its center illuminated by a
laser beam whose absorbed power is Py, = 417 yW. The green spot refers to the incident laser spot
that acts as a localized heat source. The spot diameter is 1.9um. (b) Simulated differential temperature
profile across the drumhead diameter. ATy, is the average differential temperature of the drumhead.
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A linear change in the photothermal strain translates to a small differential temperature
and an averaged in-plane thermal conductivity between the range of temperatures induced
by Pyps. Given that AT = AT(r) and AT (r = a,s¢) = 0, the solution of Eq. (S6) for the radial
differential temperature profile has the form [42,43]

M| (1=72/72) —21In(ry/a for0 <r <ry,

AT(r) = [ 8) ~2in(ro/acy)| ’ (S7)
—2MIn(r/a5r) forrg <1 < aef,

where M = P5(h,z)/(4rtxh). Temperature variation T(r) and a cross-section profile

of Eq. (57) are plotted in Figure S3 along with the average temperature difference AT,
induced by the laser beam. AT, is the average of the differential temperature across the
circular disk area defined as [41]

27 foﬂeff FAT(r)dr [foro rAT(r)dr+ fr‘;eff rAT(r)dr}

ATgps = a - (S8)
eff 2
2m [ rdr (agff/Z)
Evaluating Eq. (S8) with Eq. (57), AT, is then simplified as [41]
P..(h,z
ATabs(Pin) = Tavg —To= % (89)

where 7 is defined as the average spot diameter factor. Both devices A and B show  ~ 1,
which implies that the spot diameter is small enough to heat the entire membrane with the
absorbed power transferred from the FP cavity. Eq. (59) enables us to express the radial
tension in Eq. (S5) as

_ Espap ((Puys(h,z6)
Yo () = ~ 20 (BB ), (510)
The photothermal-mediated frequency shift in Eq. (54) can be written as
1/ Aot \* Espar ( Paus(hz5)n
Afo(Py) = —< | =— 11
fO( lYl) 8(27T) (1_1/)me X s (S )

where m = pma? Y fh is the total mass of the device. Finally, we define the photothermal
responsivity ¥ of a multilayered tensioned plate as

Afo 1<)\01>2 Espar,  xArpp(h, zs)y (S12)
( .

V) =3, = 78\ 2 ) Govmp K

For the bulk and monolayer NbSe, drumheads, the thermal conductivity that fits the
measured frequency dependence shown in Figure 2 of the main text is x = 14.5W m~! K1,
which is close to the values reported elsewhere [17,18].

For an intuitive understanding of the dependence of ¥ on the resonator parameters
aerr, h and 7o, we evaluate ¥ both in the bending limit (D, > ')/oug v f) and in the high

tension limit (D, < ’Yoﬂzf f)' In the bending limit, the photothermal responsivity of a
circular nanomechanical plate is

V3 [Esp(1+v) 1 arxArp(h, 21

Fpulzs) = 82\ p(1—v) K2 K

. (S13)

Eq. (513) shows that ¥ ; scales as 1/ h? and does not depend on a.¢r. The measured
drumheads and the 160L-BP drumhead follows Eq. (513).
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In the high tension limit, the photothermal responsivity of a circular membrane is

__ Aovmem Esp 1 arxArp(h,zs)n
Frnem () = 167> (1—=v)\/070 Vha,sy K , o1

where Ag1 e = 2.4 is the fundamental mode constant of a circular membrane. Eq. (514)
shows that ¥ e, scales as 1/(v/ha, 7f)- Thinner NbSe; (shown in Figure 5 in the main text),
57L-BP, 1L-Gr and 1L-MoSe; drumheads follow Eq. (514). When Eq. (S514) is divided by the
resonant frequency of a tensioned membrane, the resulting expression is independent of
a.ff, similar to the expression reported elsewhere [33,42].

1.2. Clamped-Free Cantilever Beams

For a clamped-free cantilever beam with length | and cross-sectional diameter d = h
such that d < 2ry < I, we define a participation factor f = 27(d/2)+/(2r)? — d2/7r3 ~
2d /1y, that serves as a prefactor to the absorbed power P,;;. Since the probe laser is focused
on the free end of the cantilever, we assume linear differential temperature profile across
the beam [44]. The resonant frequency of a cantilever beam with added curvature (or under
surface stress) defined by Alj is described as [45,46]

a2 |E d E d
by Y 3D ~ 0162, [ =2 . (515
fl( ln) 471_\/? 0 (Z+A10+A1(Pm))2 Y (Z+A10+Al(Pzn>)2 (515)

Expanding Eq. (515) to its first order Taylor-series expansion term defines the change of the
resonant frequency for a cantilever beam due to laser induced heating as

Afi(Py) = L)

= m(—ZMATcant(Pin)), (S16)

where ATy is the average cantilever temperature. Before determining ATc4y¢, the lateral
temperature profile of the cantilever beam is solved using a 1-D heat diffusion equation of
a clamped-free cylindrical rod

APAT,  Pus(d, zs)
dx2 27xd?rg

xH(x — [l —r])=0, (517)

where H(x — [l —r¢]) is the Heaviside step function that represents the illumination of
a laser beam on the free end of the cantilever (x = [ —rg). Given that AT, = AT(x),
AT (x =0) =0, AT.(x =1 —2r)) = AT.(x = 1) and d(AT.(x =1 —ry))/dx = 0, the
solution for the differential temperature profile of the laser heated cantilever has the form
[47]

Meant(2x/d) for0 < x <1—2ry,
ATC) = (Mgt /d) (ro [1 —((x—[I— r0]>/r0)2} 2l — zro]) forl —2ry < x <1,

(518)
where Meant = Pops(d, z5) / (47tkd). ATane is the average temperature across the cantilever
defined as

l 1—21‘0 1
AT (x)dx Jo TOAT(x)dr+ [/, AT(x)dx| p. (4
ATCm’lt - Tavg - TO == fO ( ) - |: 10 i| - ubs< S)UC/

fol dx l 4rrrd
(519)
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where 1. = 76.4. Combining Eq. (516) and Eq. (519) and dividing by the incident power
P;,, we define the photothermal sensitivity of the cantilever as

Y eant (Zs) =

f72(8k) (aLﬁxAppm, ) )m, 20

11/2(A10 =0) 27xd

where B = 0.355. This expression can be evaluated by using the resonator dimensions to
define fll/ 2(Aly = 0) and using the measured out-of-plane resonant frequency of the silicon
nanowire [25] to define ff’ /2(Aly). Evaluation of Eq. (520) for a range of z; represents the

cyan dotted line in Figure 5(c) of the main text.

2. Observed Dependence of f; on the Laser Spot Position
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Figure S4. Dependence of the fundamental mode frequency on the laser spot shift from the center of
devices A (a) and B (b). The change of colors from light to dark corresponds to the power increase
from 100 W to 800 yW as noted in Figure 2 of the main text.

Previous works on spatial mode mapping of membrane NMRs show asymmetry in
the fundamental mode shapes due to polymeric adsorbates [48] and variations of f across
the resonator dimensions due to the presence of metallic nanoparticles [49]. Recent work
on membranes made from silicon nitride, a non-absorbing material, demonstrates that the
laser beam spot position affects the radial dependence of fj at high incident laser power,
having a frequency shift of 0.7 kHz at the center of the membrane [28]. The work suggests
that the observed frequency shifts due to laser power are dependent on the laser beam
spot location, and both the laser beam spot diameter and alignment are accounted for
when performing power-dependent bolometric studies on NMRs. Figure S4(a,b) shows
the dependence of fy of devices A and B on the radial position of the laser spot, which
moves from the NbSe, drumhead center. Within twice the observed misalignment range of
roughly 0.2 ym from the center, the radial dependence of f; for devices A and B are small
even at the highest incident power. Figure 54 suggests that the observed frequency shifts in
Figure 2 of the main text are not significantly affected by laser beam spot misalignment.

3. Effect of Radiation Pressure

The radiation pressure of an incident laser beam can be written as [50]
Lrad
Orad,in = % (821)

where I,,; is the incident irradiance (W m~2) and c is the speed of light. Given an in-
cident power P;,, ~ 800 uW and the spot diameter 2ry = 1.9 ym, the stress due to the
incident radiation pressure is about 0.99 Pa, which is equivalent to a tension [51] of
Yradin = Orad,inh = 55NN m~1 for 55 nm thick drumheads.
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The maximum radiation pressure exerted by a Fabry—Pérot interferometer onto the
vibrating drumhead depends on the reflectance of the NbSe;, flake and the bottom electrode.
The maximum force gradient of radiation pressure is written as [1,52]

2P,
cA

4R

el

VFmd,max = YFP,max &~ (1 — R)2

where A = 532 nm is the laser wavelength, and R is the reflectance described as

R = V RresRsubr (523)

where R, is the reflectance of the NbSe; flake and Ry, is the reflectance of the bottom
mirror. As the NbSe; drums have non-negligible thickness, and the bottom mirror is a stack
of reflective and transparent materials, their reflectances are calculated via MIA [53,54]
to obtain R, = 0.408 and Ry, = 0.761. From we obtain Eq. (522), vrpmax = 0.14 mN
m~!, which is roughly 2.6 kPa when converted to stress. These estimates, which are much
smaller than the initial tension of both drums, imply that radiation pressure does not affect
noticeably the reported results.
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