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Supplementary Note 1. Multiphysics simulation.

The detailed conditions are as follows:

Frequency domain: /=30 MHz;

Unit size 1500/fy/5 mm;

T7p=293.7 K;

The sound speed in the water: 1500 m/s;

Boundary conditions: the glass substrate is an acoustic hard boundary, and water is a

perfectly matched layer.

Supplementary Table 1 COMSOL simulation parameters

Glass PDMS II MAPDI3 PDMS 1
Geometric ]
) o Radius 2.5 mm 2.5 mm 2.5 mm 2.5 mm
dimensioning
Thickness 1 mm 5 um 0.5 um 1 mm
water MAPDI; glass PDMS
Physical B (K 2.1x10* 1.17x10* 0.08x10* 9.6x10*
parameter | . (W ! K1) 0.6 0.5 0.8 0.15
C (J kg'e°Ch 4.2x10° 308 840 1.38x10°
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Supplementary Figure 1. (a) Acoustic pressure of the optoacoustic transducer calculated by
COMSOL simulation; (b) the lateral sound field distribution of the optoacoustic transducer

along the axial direction.

Supplementary Figure 1 (a) is the simulation result of the acoustic pressure of the
optoacoustic transducer along axial direction. At 2 mm, the maximum acoustic pressure
of COMSOL simulation is about 17 MPa, and the experimental result is around 15 MPa.
The difference may be due to the neglect of the sound attenuation in the water.
Supplementary Figure 1 (b) shows the lateral sound field distribution of the
optoacoustic transducer along the axial direction. Its natural focal point is
approximately ¢?/4/=12.5 mm (transducer diameter: d=5 mm, sound wave length: =50
um). Within the focal distance, the ultrasound beam width nearly keeps the same, which
is close equal to the size of the transducer (5 mm). Outside the focal distance, the

ultrasound beam will become broader and broader.
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Supplementary Figure 2. Transmission and reflection spectra of MAPbI; film. When
the laser wavelength is 532 nm, the light reflectance (R) and transmittance (T) are 7.85%

and 3.31%, respectively.

Considering the reflection of the glass substrate and the transmission of the perovskite
optoacoustic transducer (Supplementary Figure 2), the optoacoustic conversion

efficiency can be expressed by the following equation. !

E
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where P (f) is the acoustic pressure, 4 (1.96x10” m?) is the area of laser facula, p (1x10?
kg m™) is the density of water, ¢ (1500 ms™) is acoustic speed in water, Eopricar (3 mJ)
is the energy of pulse laser and Ej is the energy of acoustic , R (7.85%) is the reflectivity

of the glass, 7(3.31%) is the transmittance of perovskite photoacoustic transducer.
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Supplementary Figure 3. The water stability of the optoacoustic device.



Supplementary Note 2. Theoretical calculation of the acoustic pressure

When the laser energy is 1 mJ, 1.3 mJ, 2 mJ and 3 mJ, the theoretical acoustic
pressure values estimated (see below) are 2.98 MPa, 3.87 MPa, 5.96 MPa and 8.94 MPa,
respectively. Taking into account the sound wave superposition enhancement caused by
the PDMS II layer thickness of 5 um, the superimposed acoustic pressures (Eq. (S3))
are 5.39 MPa, 6.99 MPa, 11.77 MPa and 16.16 MPa, respectively. The theoretical
calculated value of acoustic pressure is more consistent with the experimental value
(Supplementary Table 2), and the error may be caused by ignoring the sound wave

attenuation.’

P=\/P?+P?+2P.P, cos 0 (S3)
Where, Pj is the backward sound wave, Pr is the forward sound wave, neglecting the

sound wave attenuation: Pg= P, 0 is the phase difference between Pp and Pr.

Supplementary Table 2 Comparison of acoustic pressure theoretical calculation value

and experimental test value.

Laser energy

(mJ/pulse)

Experimental (MPa) 5.03 6.93 11.56 14.52

Theoretical (MPa) 5.39 6.99 11.77 16.16
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Supplementary Figure 4. Thermal diffusion coefficient of perovskite and traditional
optoacoustic materials at different temperatures: The MAPDbI3z and carbon powder was
pressed into wafer-like samples with a diameter of 12.7 mm and then we measured the
thermal diffusion coefficient of the MAPDIz and carbon samples by a laser heat
conductor. The thermal diffusion coefficient of the MAPbI3 is 0.143 mm?s at 25 °C,
0.132 mm?s™ at 50 °C, 0.09 mm?s at 75°C and 0.06 mm?s™ at 100 °C. The thermal
diffusion coefficient of the carbon is 0.286 mm?s? at 25 °C, 0.262 mm?s* at 50 °C,
0.365 mm?s? at 75°C and 0.366 mm?s™ at 100 °C.



Supplementary Note 3. The calculation of temperature change(47) of the interface
between perovskite and PDMS.

Based on the assumption of local thermal equilibrium, the temperature change (A7) at
the interface between perovskite and PDMS could be estimated as the temperature
change of perovskite layer. Thereby AT can be described as:

Eoptical (1_ e—ad ) —-H pAd - QO
CpAd

AT =

(S4)

where Eqprical 1 the energy of incident laser, a is the absorption coefficient, d is the film
thickness (MAPDI3: 323 nm), H is the latent heat coefficient of phase change (MAPDI;:
4.16 J g'! for the transition from tetragonal phase to cubic phase at 330.4 K), 4 is the
area of laser facula (~0.196 cm?), p is the absorber density (MAPbIs: 4.16 g cm™), C'is

the specific heat capacity of the absorber layer, and Oy is the heat loss at the interface.



Supplementary Note 4. Analytical solution of acoustic pressure at different
medium of optoacoustic transducer
In linear, non-viscous medium, the diffusion equation of heat wave can be

expressed as: '

v LI (S5)
a; ot

where x, o, t, T, and § are the thermal conductivity, the thermal diffusivity, the time, the
temperature, and an arbitrary thermal source, respectively. The PDMS I (thickness: £),
perovskite (thickness: d) and PDMS II (thickness: /) are labeled as 1, 2 and 3,

consecutively (Supplementary Figure 5).

Backward(B) @ Forward(F)
Laser
Glass : f\} f\) Water

PDMS II
[

PDMS I

Perovskite(thickness:d)
Supplementary Figure 5. Structure diagram of optoacoustic transducer.
Because the pulse width of the laser is ns level, the thermal diffusion during the
acoustic generation can be neglected, yielding the equation,

T, 135,
ot pC, ot

(S6)

where p is the density and Cp is the thermal capacity which equals Cp, = k;/p;a;.

Therefore, the thermomechanical coupling equation in the medium can be

expressed by the following equation.

1 0°P T
_2

VR - e P .ﬂr (S7)

where P is the pressure, S is the thermal volume expansion constant, and c is the
acoustic speed in the medium.
Substituting the Eq. (S6) into Eq. (S7), We can obtain the equation of thermally

induced mechanical vibration (pressure).
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The spatial and temporal distribution of heat generated in the form of radiation-
free transition after the heat source (2nd medium) absorbs light can be expressed

as the following equation.
S, =yle e (S9)
where y is the light absorption coefficient, /s is the intensity of the incident light,
o 1s the angular frequency, x is the time, and x is the coordinate. The time-dependent

harmonic pressure response can be expressed as P = p.e'”, and the acoustic wave

equation becomes

?;(E‘ ~k?’P :—jcg—fﬂsi (S10)
where k; = ja)/Ci’ S,=yl,e”™and S, =§,.
The acoustic pressure amplitude in each medium can thus be solved as
P =De 9
P, = D, + Do ~ 3% (7o (S11)

c,

y2-k:

P, = Dsek3x

where D;, Dz;, D2 and D;3 are constants related to the optical and thermal
properties of materials and can be determined by the boundary conditions. Due to the
continuity of the acoustic medium at the interfaces 1 and 2, and 2 and 3, the acoustic
pressure and sound velocity (amplitude) of the boundary medium can be expressed by

the following equation.

p| =

l|x:d 2|x—d} (812)
P2|x:0 - P3|X:0

V1|X:d :V2|X:d

Val, o = Val, g (S13)

with the pressure and the velocity related by Vv, =—(1/ jwp,)dP, / dX. A set of equations

for the undetermined constants is attained as
10
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It can be expressed by the following equation.

ZZIBTZyIO (<73 2(7/+ szzs) _(7+ kz)(1+ st)e(k2_7)d _(7_ kz)(l— Rza)e_(k2+7)d

D, =
' —k; (1+ Ry ) (1+ Ry )8 — (1— Ry, )(1— Ry )™

(S16)

Based on the equation above, the acoustic pressure at the PDMS I can be expressed as:
P(x,t) = D™ ® (S17)

Since the thickness of perovskite layer (d =~ 300 nm) is much smaller than the
wavelength of 30 MHz ultrasound (4 =~ 36 pum) in PDMS, its influence on the
ultrasonic delay can be ignored. Therefore, the forward-propagating (F wave) in PDMS
I and back-propagating (B wave) in PDMS II can be expressed as:’
P.(x,t) = D/

P,(xt)= Dlei”“W} (19)
The back-propagating (B wave) sound wave was totally reflected at the interface with
the glass substrate after passing through the PDMS II layer. At this time, the sound

pressure of the incident sound wave and the reflected sound wave have the same

magnitude and the same polarity.

11
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Supplementary Figure 6. Reflection and transmission of plane sound waves
Supplementary Figure 6 shows the reflection and transmission of sound waves at the
acoustic boundary. The acoustic pressure in PDMS 1I is Pz (x, f), and the acoustic
pressure in glass is Pguss (x, £). The magnitude of the reflected and transmitted acoustic
pressure is now determined by the acoustic boundary conditions. The incident, reflected
and transmitted acoustic pressure amplitude are represented by pz, pz” and pgiass,
respectively. According to the acoustic boundary (x=0) conditions, the acoustic pressure

should be continuous at the acoustic boundary.

Poows (X 1), = Pyass (X% 1),20 (S19)

pB = pglass + pB (SZO)
The ratio of reflected acoustic pressure to incident acoustic pressure is 7, which can be

expressed by the following formula.

!

_p_B_RZ_Rlzl_RllRZ (821)

" p, R,+R 1+R/R,

Where R; is the acoustic impedance of PDMS, R; is the acoustic impedance of glass. It

can be seen that the magnitude of the acoustic pressure reflected at the interface depends
on the acoustic impedance of the medium. For glass substrates (very hard), R2 >> R1,

it can be obtained from Eq. (S21), 7, =~ 1 > 0. The results show that the Pp (x, ¢) and

the P,(X,t)"have the same amplitude and polarity.’

After the B acoustic wave is reflected by the glass, the acoustic pressure in PDMS 11

can be expressed as

P (x,t) =Ry (—x,t+1/c) (S22)

12



Therefore, F wave and B wave acoustic pressure in the PDMS I can be expressed as
PF (X,t) — Dle ja)t-le
P,(x,t) =D p jo(t+2lle)-kx (523)
B\ 1
At time ¢, the F wave and B wave at point x in PDMS I are overlay in time and
space. According to the superposition principle, the synthesized acoustic pressure is

expressed as:®
P.(x,t) = P-(X,t) + P, (x,t)" = D, (e !* 4 glett2/a)kx) (S24)

Ignore the attenuation of sound waves in PDMS and the difference with water, so

acoustic pressure in water (x=/) can be expressed as:
P(X,t) — D(ejwtka +eja)(t+2|/cl)—k><) (825)

Where k=j @/ cwater, cwaer (1500 m/s) is the speed of sound in the water, ¢; (1076 m/s)
is the speed of sound in PDMS.

Where the function of PDMS 1I is to delay the B wave’s, thereby controlling the
superposition of the B wave and the F wave. The sound wavelength in PDMS can is
about 36 um (f~30 MHz). When F wave and B wave delay distance 2/ < /2 ~ 18
um, they can obviously be superposition enhancement (Supplementary Figure 7). When
[ =5 pum, 2/ < /2, 2l/c; < T/2 (T=1/f, f: ultrasound frequency), where F wave and B
wave superposition effect is the strongest to form unipolar wave. However, when /=10
um, 15 um, 4/2 <2/ <A, T/2 < 2l/c; < T, the superposition of F wave and B wave is
weakened and no unipolar wave was formed; when /=30 pm, A < 2/, 7< 2//c;, F wave

and B wave are separated, so there is no superposition.

13



10 10
| (a) Experimental-30 pm (b) Experimental-15 um
o - = = Theoretical-30 pm S - - —Theoretical-15 um
2 5t S
g 2
=
2 o 7]
£ 6
o %
k7 =
8 S5F 2 5L
o Q
< <
-10 L L 4 L L -10 ! 1 ! ! '
-300n  -200n  -100n 0 100n  200n  300n -300n  -200n  -100n _ 0O 100n  200n  300n
Time (s) Time (s)
10 10
- (C) Experimental-10 um = (d) Experimental-5 um
e - - ~ Theoretical- © - - ~Theoretical-5
o eoretical-10 pm a eoretical-5 um
2 5 S s}
o o
2 2
Joa g 0 prmamrmmspime e (P RS i
o o |
£ L [
2 ®
3 5f 2 5r
2 Q
< < i
L]
_‘]0 1 1 1 1 1 _10 1 1 1 1 1
-300n  -200n  -100n 0 100n 200n 300n -300n  -200n  -100n 0 100n 200n 300n

Time (s) Time (s)

Supplementary Figure 7. Theoretical (red dotted line) and experimental (black solid
line) results of acoustic pressure for PDMS II layer with different thickness, /=30 um
(a), =15 pm (b), /=10 pm (c¢), and /=5 pm (d).

However, 2/=0 is also superposition enhancement. But when /=0, the heat
generated by the photothermal effect will be lost through the glass substrate, thereby
reducing the optoacoustic conversion efficiency. There is a problem of thermal
diffusion when heat is propagated in the medium, and the thermal diffusion length L

can be expressed by the following equation:”*

L =2az ~40 nm (S26)
Where a (110 um?/s) is thermal diffusivity of PDMS, 7 (6 ns) is the duration of pulse
laser. It can be known that the / >> L, and the heat decays exponentially in the PDMS,
almost no heat is lost from the glass substrate. When /=5 pm, the peak to peak acoustic
pressure is 24.89 MPa (3 ml/pulse), #=2.97x102. When /=0, the peak to peak acoustic
pressure is 14.14 MPa (3 ml/pulse), #=0.84x1072,

14



Supplementary Figure 8. Schematic diagram of sound wave superposition.
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Supplementary Figure 9. Effect of PDMS 1 (/) layer on photo thermal loss. (a)
Schematic diagram of the process of heat loss. (b) When / = 0, the acoustic pressure
under different laser energy. (¢) Peak-to-peak acoustic pressure and optoacoustic

conversion efficiency under different laser energies (black line /=5 pum, red line /=0 pm).
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Supplementary Figure 10. Comparison of different ultrasonic transducer sizes.
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Supplementary Figure 11. The optical images of the end face of the optical fiber:
Applying nothing (a), pure perovskite (b) and perovskite/15% PVP (¢) to the fiber end

face.
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Supplementary Figure 12. SEM images of MAPbI; (a) and MAPbI:;/PDMS (b) at the

fiber end face.
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Supplementary Figure 13. The longitudinal resolution is given by enveloped axial line

spread function (red dashed curve) of the optoacoustic wave (black solid curve).

The longitudinal resolution of ultrasound imaging is determined by the bandwidth of
the optoacoustic transducer, as documented in previous studies.”!! As stated by Paul C.
Beard and co-workers, the longitudinal resolution could be evaluated through the
enveloped axial line spread function of the optoacoustic wave.* The enveloped
longitudinal line full width at half-maximum (FWHM) is ~36 um, as shown in

Supplementary Figure 13.
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