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S1. Hot-electron generation calculation 

The optical model aims at calculating the optical response and hot electron generate rate in the 

device. Based on the refractive index from Palik [S1], the finite element method (FEM) 

simulations are conducted using Comsol to solve Maxwell’s equations [S2]. The periodic 

boundary conditions on the sides, perfect match layers for the top and bottom layers, and 

scattering boundary conditions for the top and bottom boundaries are set. The optical absorption 

efficiency (A) by in the metal layers is calculated using [S3]: 

 𝐴(ω) =
∰ 𝑄rh(𝑥,𝑦,𝑧,𝜔)𝑑𝑉𝑉

𝑃𝑖𝑛
 (S1) 

where  is the angular frequency, Pin is the incident power, and Qrh is the local Ohmic loss in 

the metal as a function of the local electric field intensity: 

 𝑄rh(𝑥, 𝑦, 𝑧, 𝜔) =
1

2
𝜀𝑖𝜔|𝐸(𝑥, 𝑦, 𝑧, 𝜔)|2   (S2) 

where εi is the imaginary part of the material permittivity and E(x, y, z) the electric field at 

position (x, y, z). For the low photon energy considered here, the higher-order hot electron 

transition processes such as multiple electron-hole pairs or multiple photons are forbidden, so 
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one absorbed photon generates only one hot electron-hole pair [S4]. Taking into account the 

wavelength dependent resistive loss (ηres) of the absorbed energy, which is dissipated without 

the generation of the hot electrons, the local generation rate (G) can be obtained: 

 𝐺(𝑥, 𝑦, 𝑧, 𝜔) = 𝜂𝑒ℎ𝑄rh(𝑥, 𝑦, 𝑧, 𝜔) (ℏ𝜔)⁄ = 𝜂𝑒ℎ𝜀𝑖|𝐸(𝑧, 𝜔)|2 (2ℏ)⁄   (S3) 

where ħ is the reduced Planck constant and ηeh = 1 − ηres is the efficiency of plasmonic decay 

into hot electrons. 

 

S2. Energy distribution and flux of hot electrons reaching the M/S interface 

The initial hot-electron energy distribution D(E) is described by the simplified expression of 

the electron distribution joint density of states and normalized as [S5–S8]: 

 𝐷(𝐸) =
𝜌(𝐸−ℎ𝜐)𝑓(𝐸−ℎ𝜐)𝜌(𝐸)[1−𝑓(𝐸)]

∫ 𝜌(𝐸−ℎ𝜐)𝑓(𝐸−ℎ𝜐)𝜌(𝐸)[1−𝑓(𝐸)]𝑑𝐸
∞

0

  (S4) 

where E is the excited hot electron energy, hν the photon energy, (x) the parabolic electron 

density of states at energy level of x, and f(x) the corresponding Fermi distribution function at 

temperature T = 300 K. Based on the assumption of an isotropic momentum distribution and 

using the exponential attenuation model, the probability of an electron with energy E arriving 

at the M/S interface under the diffusing angle θ is evaluated by [S9]: 

 𝑃𝑒𝑡𝑟(𝐸, 𝜃, 𝑧) = {
1

2
exp (−

𝑑(𝑧)

𝑙𝑀𝐹𝑃(𝐸)cos𝜃
) ,    𝑖𝑓 −

𝜋

2
< 𝜃 <

𝜋

2
              

0,                                            𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                   
  (S5) 

where d is the distance from the hot-electron generation position to the M/S interface and lMFP 

the energy-dependent mean-free path of hot electrons accounting for electron–electron and 

electron-phonon contributions in Au. The transport efficiency (ηetr in the main text) of hot 

electrons with excess energy E to reach Schottky interface is linked by Petr: 

 𝜂𝑒𝑡𝑟(𝐸) =
∫ ∫ 𝐺(𝑧)×𝐷(𝐸)×𝑃𝑒𝑡𝑟(𝐸,𝜃,𝑧)𝑑𝜃𝑑𝑧

𝜋
2

−
𝜋
2

𝑑𝐴𝑢
0

∫ 𝐺(𝑧)×𝐷(𝐸)
𝑑𝐴𝑢

0
𝑑𝑧

  (S6) 

The flux of electrons Nint (E, θ) with excess energy E to reach the interface under an angle θ is: 

 𝑁𝑖𝑛𝑡(𝐸, 𝜃) = ∫ 𝐺(𝑧) × 𝐷(𝐸) × 𝑃𝑒𝑡𝑟(𝐸, 𝜃, 𝑧)𝑑𝑧
𝑑Au

0
  (S7) 

Then, the overall transport efficiency ηtrans is defined as the fraction of the electron flux arrived 

at the interface to all generated electrons: 

 𝜂𝑡𝑟𝑎𝑛𝑠 =
∫ ∫ 𝑁𝑖𝑛𝑡(𝐸,𝜃)𝑑𝜃𝑑𝐸

𝜋
2

−
𝜋
2

∞
0

∫ 𝐺(𝑧)𝑑𝑧
𝑑𝐴𝑢

0

  (S8) 

 

S3. Injection efficiency of hot electrons into semiconductor 

With a simple, parabolic free-electron dispersion relation for the electrons and a well-defined 
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effective mass, the kinetic energy of electrons in metal (𝐸𝑘,𝑚) is: 

 𝐸𝑘,𝑚 =
ℏ2

2𝑚𝑒,𝐴𝑢
∗ (𝑘𝐴𝑢

2 )                                       (S9) 

The kinetic energy of electrons upon entering the semiconductor (𝐸𝑘,𝑠) is: 

 𝐸𝑘,𝑠𝑖 =
ℏ2

2𝑚𝑒,𝑠
∗ (𝑘𝑠𝑖

2 )                                       (S10) 

where 𝑚𝑒,𝐴𝑢
∗  (𝑚𝑒,𝑠𝑖

∗ ) is the effective mass of electrons in Au (Si) and 𝑘𝐴𝑢 (𝑘𝑠𝑖) the hot electron 

momentum of electrons in Au (Si). 

For electrons to inject into the semiconductor, the kinetic energy corresponding to the normal 

electron component of the electron momentum should be larger than the Schottky barrier, which 

defines an escape cone of angle Ω1 [S10]: 

 𝐸𝑘,𝑚 cos(Ω1) =
ℏ2

2𝑚𝑒,𝐴𝑢
∗ [𝑘𝐴𝑢 cos(Ω)]2 = 𝜑𝑆𝐵  (S11) 

 𝑘𝐴𝑢 cos(Ω1) = √2𝑚𝑒,𝐴𝑢
∗ 𝜑𝑆𝐵/ ℏ (S12) 

Moreover, for the translation invariance of the planar M/S interface, the momentum 

component parallel to the interface (ky) is conserved during the charge transfer process. The 

continuity of the ky sets a limit of the possible momentum parallel to the interface in the Au side 

[S11]: 

 𝑘𝐴𝑢 sin(Ω2) = 𝑘𝑠𝑖  (S13) 

The escape angle Ω is the minimum of Ω1 and Ω2. 

With the consideration of the highly anisotropic distribution of electron momenta at the 

interface, the fraction of electrons with sufficient magnitude of kinetic energy corresponding to 

normal components of the momentum determines the emission probability: 

 𝜂𝑒𝑠𝑐(𝐸) =
∫ 2𝜋𝑠𝑖𝑛𝜃𝑑𝜃×𝑁𝑖𝑛𝑡(𝐸,𝜃)

Ω
0

∫ 2𝜋𝑠𝑖𝑛𝜃𝑑𝜃×𝑁𝑖𝑛𝑡(𝐸,𝜃)
𝜋
2

0

  (S14) 

To more accurately calculate the injection efficiency, the possible reflection at the M/S 

interface arising from the momentum mismatch in both media has to be considered. The 

transmission probability under the diffusing angle θ across the interface is given by [S11]: 

 𝑇 =
4√(𝑘𝐴𝑢

2 −𝑘𝑦
2)(𝑘𝑠

2−𝑘𝑦
2)

(√𝑘𝐴𝑢
2 −𝑘𝑦

2+√𝑘𝑠𝑖
2 −𝑘𝑦

2  )2
  (S15) 

where 𝑘𝑦 = 𝑘𝐴𝑢 sin(𝜃). Then the injection efficiency is obtained as: 

 𝜂𝑖𝑛𝑗(𝐸) =
∫ 2𝜋𝑠𝑖𝑛𝜃𝑑𝜃×𝑁𝑖𝑛𝑡(𝐸,𝜃)×𝑇

Ω
0

∫ 2𝜋𝑠𝑖𝑛𝜃𝑑𝜃×𝑁𝑖𝑛𝑡(𝐸,𝜃)
𝜋
2

0

  (S16) 

It is noted that the upper limits of the integral in the denominators of Equation S14 and 

Equation S16 is /2 due to the fact that all the electrons arrived at the interface are moving 
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forward to the M/S interface, so only half space is considered. The energy distribution F(E) of 

the collected hot electrons is: 

 𝐹(𝐸) =
∫ 𝑁𝑖𝑛𝑡(𝐸,𝜃)𝑑𝜃×

𝜋
2

−
𝜋
2

𝜂𝑖𝑛𝑗(𝐸)

∫ ∫ 𝑁𝑖𝑛𝑡(𝐸,𝜃)𝑑𝜃×

𝜋
2

−
𝜋
2

𝜂𝑖𝑛𝑗(𝐸)
∞

𝜑𝑆𝐵
𝑑𝐸

  (S17) 

Finally, the photocurrent density can be expressed as: 

 𝐽 = 𝑒 ∫ ∫ 𝑁𝑖𝑛𝑡(𝐸, 𝜃)𝑑𝜃 ×
𝜋

2

−
𝜋

2

𝜂𝑖𝑛𝑗(𝐸)
∞

𝜑𝑆𝐵
𝑑𝐸  (S18) 

 

S4. More information on hot electron energy collection and loss contribution 

The detailed optical and electrical models have been elucidated in the above section from 

S1−S3, where the processes about the energy collection and loss distribution in Figure 3f and 

Figure 4f can be obtained. For clarity, we show how the data of the collection and loss 

contribution can be calculated with the optoelectronic model in detail. 

From the optical model, we get the optical absorption (A) in the metal and reflection (R) of 

the hot-electron device.  

1) Considering the incident photon flux of Nph, the optical reflection loss (Nph_ref) is:  

 𝑁ph_ref = 𝑁ph × 𝑅 (S19) 

2) The resistive dissipation loss (Nph_resis) is:  

 𝑁ph_resis = 𝑁ph × 𝐴 × 𝜂𝑟𝑒𝑠 (S20) 

where ηres is the efficiency of resistive loss of the absorbed energy.  

The hot-electron generation flux (Nph_excited) is:  

 𝑁ph_excited = 𝑁ph × 𝐴 × 𝜂𝑒ℎ (S21) 

where ηeh is the efficiency of plasmonic decay into hot electrons.  

3) The thermalization loss (Nph_therm) is the flux difference of hot electrons excited and 

reaching the interface: 

 𝑁ph_therm = 𝑁ph_excited − ∫ ∫ 𝑁𝑖𝑛𝑡(𝐸, 𝜃)𝑑𝜃𝑑𝐸
𝜋

2

−
𝜋

2

∞

0  (S22) 

where Nint is the flux of electrons with excess energy E to reach the interface under an angle θ, 

as shown in the Eq. S7 in the section of S2. 

4) The barrier loss (Nph_barrier) is the flux of hot electrons reaching the interface with excess 

energy E < φSB: 

 𝑁ph_barrier = ∫ ∫ 𝑁𝑖𝑛𝑡(𝐸, 𝜃)𝑑𝜃𝑑𝐸
𝜋

2

−
𝜋

2

𝜑𝑆𝐵

0  (S23) 
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5) The flux of collected hot electrons (Ntot_succ) can be obtained from Eq. S18 in the supporting 

information: 

 𝑁tot_succ = ∫ ∫ 𝑁𝑖𝑛𝑡(𝐸, 𝜃)𝑑𝜃 ×
𝜋

2

−
𝜋

2

𝜂𝑖𝑛𝑗(𝐸)
∞

𝜑𝑆𝐵
𝑑𝐸 (S24) 

6) The momentum loss (Nph_momen) is the flux difference of hot electrons reaching the interface 

with excess energy E > φSB and collected: 

 𝑁ph_momen = ∫ ∫ 𝑁𝑖𝑛𝑡(𝐸, 𝜃)𝑑𝜃𝑑𝐸
𝜋

2

−
𝜋

2

∞

𝜑𝑆𝐵
− ∫ ∫ 𝑁𝑖𝑛𝑡(𝐸, 𝜃)𝑑𝜃 ×

𝜋

2

−
𝜋

2

𝜂𝑖𝑛𝑗(𝐸)
∞

𝜑𝑆𝐵
𝑑𝐸 (S25) 

Then each hot-electron collection and loss contribution can be obtained by dividing by Nph. The 

above are the details on how to calculate the hot-electron collection and loss contribution in 

Figure 3f and Figure 4f. 

 

S5. More information about hot electron relaxation mechanisms 

The lifetimes (τ) of the three relaxation mechanisms under room temperature are shown in Table 

S1.  

Table S1. The lifetimes (τ) of the electron-electron (e-e) scattering, electron-phonon (e-ph) 

scattering, and phonon-phonon (ph-ph) thermalization. 

 e-e e-ph ph-ph 

τ 40 fs[S12,S13] 800 fs[S14,S15] 86 ps[S13] 

Below, we show these quantities as a function of temperature. 

1. Electron-electron scattering: According to the Fermi liquid theory,[S16] the quasiparticle 

lifetime of an electron with energy ε interacting with electrons having a Fermi distribution of 

temperature T is, 

 
1

𝜏𝑒−𝑒
= 𝐾

(𝜋𝑘𝐵𝑇)2+𝜀2

1+exp [−𝜀/(𝑘𝐵𝑇)]
 (S26) 

where K is the characteristic e-e scattering constant, kB is Boltzmann constant. 

2. Electron-phonon scattering: The experimental data and the calculated average electron-

phonon energy relaxation time are shown in Figure S1.[S16] 
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Figure S1. Comparison between experimental data and the calculated average electron-phonon 

energy relaxation time τE using a Boltzmann equation that accounts for both electron-electron 

and electron-phonon scattering. Electron-electron scattering rate: solid line, K = 0.1 fs-2 eV-1
; 

long-dashed line, K = 0.2 fs-2 eV-1; short-dashed line, K = ∞ (thermalized limit). For Ag and Au 

the electron-phonon coupling constant is g∞ = 3.5 and 3.0 × 1016 W m-3 K-1, respectively. Dots: 

experimental data. 

3. Phonon-phonon scattering: The phonon relaxation times are shown in Figure S2.[S17] 

 

Figure S2. Longitudinal acoustic phonon relaxation times. Longitudinal acoustic phonon 

relaxation times extracted from normal mode decay times in the (a) [1,0,0] (b) [1,1,0] and (c) 

[1,1,1] directions at ten different temperatures. 
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