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Supplementary Figure 1| Group index and effective refractive index of the optical 
waveguides. a, The waveguide geometry used in the simulation. The silicon waveguide core 

has the size of 950 × 220 nm2, and the thickness of silicon nitride membrane is 130 nm. b, 
Computed Ex fields of the guided optical mode in the silicon waveguide. c, Computationally 

calculated group index and effective refractive index of the waveguide. 
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Supplementary Figure 2| Spectrum of photon-phonon emitter-receiver 
responses. The measured RF power spectrum is displayed through the dual 

channel PnC-BAM waveguides for Wo = 5.7 µm and 𝑁 −𝑁𝑐 − 𝑁 = 6 – 4 – 6. 
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Supplementary Figure 3| Spectra of photon-phonon emitter-receiver 
functionalities over the stopband range. The normalized RF responses 
produced by the signal field are displayed through the dual channel PnC-BAM 
waveguides for Wo = 5.7 µm  (red) and Wo = 5.2 µm  (green). The highlighted 
(yellow) region represents the fundamental phononic stopband (2.6 – 4.5 GHz). 
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Supplementary Note 1 
Wavelength and laser linewidth insensitivity.  
The generation and detection of coherent phononic waves are proportional to the magnitude of the optical 
power modulation1. This indicates that laser linewidth of the waves in either optical waveguides does not 
limit the performance of the PPER system. For instance, the laser linewidth of the probe beam under our 
experimental conditions is about 5 MHz, however we observed much narrower spectrum features than the 
laser linewidth. In addition, the use of traveling-wave schemes requires that the group-velocity mismatch 
between two optical waves in either port should be less than the signal modulation period to reduce the 
temporal walk-off and to achieve effective photon-phonon coupling.  

where 𝑛𝑔,𝑗 represents the group index in waveguide j, 𝐿 is the length of waveguides, 𝑐 is the speed of 

light, and ω0 indicates the resonant frequency of a PPER system. The group index and effective refractive 
index of the waveguide are calculated from its geometry as in Supplementary Fig. 1 using 2-D vector-
field mode solver.  

As seen in Supplementary Fig. 1c, the group index variance of the optical waveguides (950 ×
220 nm2) is less than 0.2 % over 1.4 µm to 1.7 µm while the effective refractive index changes by about 
9%. This result indicates that the information transfer is largely insensitive over wide range of wavelength 
with the typical length-scale of the optical waveguides. From these results, we believe that even 
incoherent light sources (e.g. light emitting diode) can be used which could be a tremendous asset of the 
PPER system for practical applications in optical signal processing. 

 

Supplementary Note 2 
Power handling capability.  
We theoretically predict the power handling capability of the silicon waveguide using its propagation loss. 
In this article, we consider the propagation loss contributed by linear absorption (material absorption and 
scattering effects) and nonlinear absorption (two photon absorption (TPA) and TPA induced free-carrier 
absorption) which has been well studied in silicon2,3. Then the total absorption coefficient, 𝛂, can be given 
by 

where αo and βTPA represent the linear absorption and TPA coefficients, respectively. 𝑃 is the internal 
optical power in the waveguide, and 𝐴 is the effective mode area of silicon waveguide. σ represents the 
free-carrier absorption cross-section, and ∆N = τβTPA/2ℎν is the free-carrier number density in steady 

state conditions. τ is the free-carrier lifetime in silicon waveguide, and ℎν = 1.28 × 10−19 [ J ] is the 
photon energy of the pump light at 1550 nm. The values of βTPA = 0.5 × 10−11 [m W−1]  and σ =

 �𝑛𝑔,𝐴 − 𝑛𝑔,𝐵�𝐿 < 2𝜋𝜋 �ω0𝑛𝑔,𝐴�⁄ , (1)  

 α = αo + βTPA
𝑃
𝐴

+ σ∆N �
𝑃
𝐴
�
2

, (2)  
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1.45 × 10−21 [m2]  in silicon are well studied2,3. The effective mode area, 𝐴 = 1.3 × 10−13 [m2],  is 

numerically solved using COMSOL multi-physics simulations using the physical size of silicon 
waveguide of 950 × 220 nm2 . We measured the free-carrier lifetime of τ = 2 ns  in our silicon 

waveguide with a pump-probe experiment, and the linear absorption coefficient, αo = 1 [dB cm−1] =
23 [m−1], is extracted from a cut-back measurement.  Using the parameters above, the total absorption 
coefficient of Eq. S1a in the silicon waveguide can be rewritten as, 

In this article, we define the power handling capability of the silicon waveguide as the power yielding 
the total absorption coefficient of α = 3 [dB cm−1] = 69 [m−1], which was chosen to be consistent with 
the length-scale of propagation on silicon chips. Hence, the internal optical power of 𝑃 = 110 mW is the 
power handling of our silicon waveguide. This power in the silicon waveguides can be easily achievable 
with better fiber-to-waveguide coupling method.  

 
Supplementary Note 3 
Temporal coupled mode theory.  
The analytical expression of the photon-phonon emitting-receiving functionalities can be achieved using 
temporal coupled-mode theory4,5. As discussed in the main context, we consider two pump fields 𝑬𝟏𝒂(ω1) 

and 𝑬𝟐𝒂(ω2) in Wg-A and probe as well as signal fields 𝑬𝟑𝒃(ω3) and 𝑬𝐬𝒃(ωs) in Wg-B. Here, 𝑬𝒋𝒂�ω𝑗, 𝑡� ≡

𝒉𝒂(𝑥,𝑦)𝐴𝑗(𝑧)𝑒𝑖(𝑘𝑗𝑧−ω𝑗𝑡)  and 𝑬𝒋𝒃�ω𝑗� ≡ 𝒉𝒃(𝑥,𝑦)𝐵𝑗(𝑧)𝑒𝑖�𝑘𝑗𝑧−ω𝑗𝑡� , where 𝒉𝒂  (𝒉𝒃 ) represents the field 

mode distribution in Wg-A (Wg-B), and 𝐴𝑗 and 𝐵𝑗 are power-normalized mode amplitudes such that �𝐴𝑗�
2 

(�𝐵𝑗�
2) is the modal power, 𝑃𝑗𝑎 (𝑃𝑗𝑏) carried in Wg-A (Wg-B).  

By the existence of optical fields in waveguide, the optical forces mediated by electrostriction and 
radiation pressure can yield elastic displacement within the silicon core. The optical force induced by an 

optical wave 𝑬𝒋𝒂�ω𝑗� can be written as, 𝐟𝒂 = 𝐟𝒏𝒂(𝑥,𝑦) �𝐴𝑗�
2 = 𝐟𝒏𝒂(𝑥,𝑦) 𝑃𝑗𝑎 , where 𝐟𝒏𝒂(𝑥,𝑦) is the force 

density normalized to the modal power in Wg-A under continuous-wave excitation. The optical force 
density distribution induced by two optical fields (𝑬𝟏𝒂(ω1) and 𝑬𝟐𝒂(ω2)) in Wg-A consists of a constant 

dc term and an oscillating term as, 𝐟𝐚 = 𝐟𝐃𝐃 + 𝐟𝐀𝐀 = 𝐟𝒏𝒂(𝑥,𝑦)(|𝐴1|2 + |𝐴2|2) + 𝐟𝒏𝒂(𝑥,𝑦)2𝐴1𝐴2∗𝑒𝑖(𝐾𝐾−Ωt), 
where Ω = (ω1 − ω2) is the beating frequency and 𝐊 = 𝐤1 − 𝐤2 is the phonon wave-vector. Note that 
we ignore the phase difference between two optical fields. 

The oscillating optical force of 𝐟𝒏𝒂(𝑥,𝑦)2𝐴1𝐴2∗𝑒−𝑖Ωt  yields elastic displacement field, 𝒖𝒂 =

𝒆𝒂(𝑥,𝑦)𝑐𝑎(𝑡) = 𝒆𝒂(𝑥,𝑦)𝐶𝑎𝑒−𝑖Ωt, in Wg-A. Note that the optical cross-talk between Wg-A and Wg-B is 
negligible, but phonons can transfer to Wg-B through the central PnC region, creating phononic defect 

 α = 23 + 38.46 × 𝑃 + 3352 × 𝑃2  [m−1]. (3)  
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mode in Wg-B, 𝒖𝒃 = 𝒆𝒃(𝑥,𝑦)𝑐𝑏(𝑡) = 𝒆𝒃(𝑥,𝑦)𝐶𝑏𝑒−𝑖Ωt. In the limit of small signal amplitudes, 𝐵𝑠, the 
phonon dynamics at any position (𝑧) along the length of the waveguides can be expressed as, 

using temporal coupled-mode theory5,4. Here, Ω0 is the natural frequency of the uncoupled phonon modes, 

𝜇 represents the phononic modal coupling rate, and τnet−1  is the net decay rate of phonon mode, which is 
related to the external decay (τ𝑒−1) through either side of PnC cladding and internal (τ𝑜−1) decay rates as 

τnet−1 = τ𝑒−1 +  τ𝑜−1. Above, η(𝑡)𝐴1𝐴2∗  is the driving term, of the form η(𝑡) = ηoexp (−𝑖Ω𝑡). From Ref. 

[6], the coupling amplitude, ηo, becomes 𝜂𝑜 = 〈𝐟𝒏𝒂,𝒆𝒂〉 × 〈𝒆𝒂,𝜌𝒆𝒂〉−1(Ωo)−1, where 〈𝑿,𝒀〉 ≡ ∫ 𝑿∗ ⋅ 𝒀𝑑𝑑 
over the waveguide cross-section and 𝜌(𝑥,𝑦) is the mass density of the elastic medium. Solutions of Eq. 
S2a and Eq. S2b yield a set of hybridised (symmetric and anti-symmetric) phonon modes with wave 
amplitudes  𝐶𝑎 = 𝑖ηo(Ω− Ωo + i/τnet)𝐴1𝐴2∗  [Γ−(Ω) Γ+(Ω)]−1 ,  and 𝐶𝑏 = 𝑖µηo𝐴1𝐴2∗  [Γ−(Ω) Γ+(Ω)]−1, 
where Γ±(Ω) ≡ [Ω − (Ω0 ± 𝜇) + 𝑖 𝜏net⁄ ] . Hence, optical wave-mixing in Wg-A drives an elastic 

displacement field (𝒖𝒃(𝒕)) in Wg-B.  
Now we consider the impact of elastic deformation induced by the phonon field on optical waves 

propagating in Wg-B. Since light guided in the core of the waveguide produces a force distribution within 
the core of the waveguide, any elastic displacements will perform work against these optical forces, 
changing the energy of the guided electromagnetic fields. Using the principle of virtual work, the change 
in guided electromagnetic energy per unit length in Wg-B produced by a small elastic deformation of 

amplitude 𝛿𝒖𝒃 can be expressed as δUME/𝐿 = 〈𝜹𝜹𝒃, 𝐟𝒃〉 = 〈𝒆𝒃, 𝐟𝒏𝒃〉𝛿𝛿𝑏𝑃3𝑏. Following Refs. [1,7], one can 

show that this change in electromagnetic energy is equivalent δUEM = (𝑃3𝑏 ω3)⁄ 𝛿𝛿 where 𝛿𝛿 represents 
the phase induced by variation in the mechanical degree of freedom 𝛿𝛿𝑏. Hence, the phase change per unit 

length imparted on wave 𝐵�3  by elastic wave displacement, 𝒖𝒃(𝒕) , can be expressed as  δ𝜙 𝐿⁄ =

(1/𝐿)(𝛿𝛿/𝛿𝛿𝑏)𝐶𝑏 = 〈𝒆𝒃, 𝐟𝒏𝒃〉𝐶𝑏ω3. Using this result, we have the phonon mediated coherent coupling 
from Wg-A to Wg-B, γ𝑎→𝑏(Ω), as 

Then phonon mediated signal field change per unit length in Wg-B can be rewritten as, 

In low gain regime, the output signal power, 𝑃𝑠𝑏, is given by 𝑃𝑠𝑏 = |γ𝑎→𝑏(Ω)|2𝑃1𝑎 𝑃2𝑎  𝑃3𝑏 𝐿2.  

 
𝑑𝑐𝑎(𝑡)
𝑑𝑑

= −�𝑖Ω0 +
1
τnet

� 𝑐𝑎(𝑡) + 𝑖µ𝑐𝑏(t) + η(𝑡)𝐴1𝐴2∗ , (4)  

 
𝑑𝑐𝑏(𝑡)
𝑑𝑑

= −�𝑖Ω0 +
1
τnet

� 𝑐𝑏(𝑡) + 𝑖µ𝑐𝑎(𝑡), (5)  

 γ𝑎→𝑏(Ω) = �
𝜔3τnet

2Ω0
 
〈𝐟𝒏𝒂,𝒆𝒂〉 〈𝒆𝒃, 𝐟𝒏𝒃〉

〈𝒆𝒂,𝜌𝒆𝒂〉
2𝜇 τnet⁄   

�Ω−Ω0 − �𝜇2 − 1/𝜏net2��Ω− Ω0 + �𝜇2 − 1/𝜏net2�
�. (6)  

 𝜕𝐵S
𝜕𝜕

= 𝑖[|γ𝑎→𝑏(Ω)]𝐴1∗𝐴2𝐵3 (7)  
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Supplementary Note 4 
Spectrum of PPER responses with enhanced conversion efficiency.  
We repeated the experimental measurement of the response of a PPER system with higher internal optical 
power to enhance the conversion efficiency. The pump and probe beams are coupled into and out of the 
PPER system using grating couplers having the fiber-to-waveguide coupling efficiency of 18% per each 
coupler. The estimated pump and probe powers internal to the waveguides are 72 mW and 30 mW, 
respectively. Supplementary Fig. 2 shows the measured RF power from the heterodyne measurement. The 
peak RF power is -15 dBm corresponding to the signal conversion efficiency of 1%. Note that, with the 
10 times higher internal pump power, the conversion efficiency increases by a factor of 100 compared to 
the data in Fig. 3 as signal power increases quadratically with pump power (∝ 𝑃1𝑎𝑃2𝑎). 

 
Supplementary Note 5 
Spectra of photon-phonon emitter-receiver responses over the stopband frequency range.  
We also investigate the responses of the photon-phonon emitter-receiver systems over the stopband 
frequency range (2.6 – 4.5 GHz, yellow region in Supplementary Fig. 3). Note that this stopband 
frequency range in Supplementary Fig. 3 matches well with the fundamental phononic stopband from the 
computed phononic dispersion curves in Fig. 2g.  The dual channel PnC-BAM waveguides for Wo =
5.7 µm and Wo = 5.2 µm are tested under identical experimental conditions. As seen in Supplementary 
Fig. 3, the normalized RF power for Wo = 5.7 µm (Wo = 5.2 µm ) shows a strong peak at 2.93 GHz 
(3.18 GHz) and flat response over the stopband range. The response for Wo = 5.7 µm displays a narrow 
feature at 4.44 GHz which is a higher order resonant mode. Several signatures produced by complicated 
phononic modes are also shown at around 3.7 GHz for Wo = 5.7 µm , but not for Wo = 5.2 µm , 
indicating that these complicated features can be removed by engineering the phononic supermodes and 
the PnC structures. 
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