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Supplementary Figures

Figure S1. PEC CO2R performance of TiO2/p-Si and Cu/TiO2/p-Si
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Figure S2. Estimation of onset potential of EC CO2R on Cu layer.
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Figure S3. Modeled tunneling probability for electrons (blue) and holes (orange) against TiO2 thickness.
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Figure S4. Modeled ideal photovoltage ( ), quasi-Fermi levels, and electron concentration. (A) quasi-𝑉 𝑜
𝑝ℎ

Fermi level at the semiconductor surface for electrons (blue) and holes (orange) and (B) surface electron 
concentration as a function of insulator thickness. 
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Figure S5. Modeled tunneling and surface recombination rate. Electron (blue) and hole (orange) (A) tunneling 
rate and (B) surface recombination rate as a function of insulator thickness. 
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Figure S6. Band Bending Near Si Surface at Various TiO2 Thicknesses. Band energy diagram for Cu/TiO2/p-
Si photoelectrode at varying insulator thicknesses at 0 mA cm2. Ec, Efn, Efp, and Ev are the semiconductor 
conduction band, quasi-Fermi level of electrons, quasi-Fermi level of holes, and the semiconductor valence band, 
respectively.
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Figure S7. Impact of Quantum Confinement on Simulation Results is Negligible. Photovoltage as a function 
of insulator thicknesses at 0 mA cm2 with and without the effects of quantum confinement on the bandgap of 
TiO2 (3.5 eV and 3.8 eV without and with quantum confinement (QC), respectively)1. 
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Figure S8. Optimal thickness of Cu layer for PEC CO2R under wet-side illumination. Effect of Cu thickness 
on a light transmission and b PEC CO2R performance under wet-side illumination. PEC CO2R performance was 
evaluated using 0.1M CsHCO3 electrolyte at -0.9 V vs RHE.



S10

We deposited a thin layer of ionomer on the Cu catalyst of the MIS structure with the aim of determining 
the optimal loading of both Sustainion and Nafion for ethylene production (see Figure S7). As the 
loading of Sustainion on the MIS (S/MIS) increased up to 1.8 μg/cm2, the photocurrent increased but 
the ethylene selectivity remained nearly identical to that obtained in the absence of the ionomer layer, 
indicating an increased rate of ethylene production. However, when the loading amount was greater 
than 4.5 μg/cm2, HER dominated, likely due to limited mass transport of CO2 through the thick ionomer 
layer. Thus, the optimal loading of Sustainion was 1.8 μg/cm2. Similarly, for a Nafion loading greater 
than 1.8 μg/cm2 on the MIS (N/MIS) HER dominated once again probably due to the limited CO2 mass 
transport.

Figure S9. Optimal loading amount of ionomer for PEC CO2R using MIS photocathode under wet-side 
illumination. Effect of Sustainion loading on PEC CO2R using Sustainion coated MIS during a CV and b CA at 
-0.9 V vs RHE in the presence of 0.1M CsHCO3 electrolyte. Effect of Nafion loading on PEC CO2R performance 
using Nafion/Sustainion/MIS during c CV and d CA at -0.9 V vs RHE in the presence of 0.1M CsHCO3 
electrolyte. 
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Figure S10. Light absorption by ionomer bilayer.
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Figure S11. Stability of Product Selectivity. Sequential PEC CO2R with or without light irradiation using 
Naf/Sus/MIS photocathode.
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Figure S12. Characterization of MIS sample. (a) Scanning transmission electron microscopy (STEM) image 
of fresh Cu/TiO2/p-Si sample. (b) Elemental energy map. (c) Energy filtered STEM (EFSTEM) images for Si, O, 
Ti, C, and Cu. 
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Figure S13. Characterization of MIS sample. (a) Scanning transmission electron microscopy (STEM) image 
of fresh Cu/TiO2/p-Si sample with the thicknesses of the various layers. (b) STEM energy dispersive x-ray 
spectroscopy (EDS) for Ti, O, Si, Cu, and C.
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Figure S14. Characterization of Nafion/Sustanion/MIS sample. EDS map of the edge of a Si wafer on to which 
TiO2 has been deposited followed by Cu, Sustainion, and Nafion. The TiO2 layer is identified by the Ti K series 
data, Sustainion by the Cl K series data, and the Nafion by the F K series data, providing clear evidence for the 
presence of the Nafion over the Sustainion layer.
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Table S1: List of model parameters.

Reaction Constant Units Ref.

Semiconductor 

𝐸𝑠
𝑔 1.12 𝑒𝑉 2

𝜒𝑠 4.05 𝑒𝑉 2

𝜀𝑠 11.9 ‒ 2

𝐿𝑠 300 𝜇𝑚

𝑚𝑠
𝑛/𝑚𝑜 0.33 ‒ 2

𝑚𝑠
𝑝/𝑚𝑜 0.55 ‒ 2

𝜇𝑛 1450 𝑐𝑚2 𝑉 ‒ 1 𝑠 ‒ 1 3

𝜇𝑝 500 𝑐𝑚2 𝑉 ‒ 1 𝑠 ‒ 1 3

𝐷𝑛 4.58 ×  10 ‒ 11 mol L−1 3

𝐷𝑝 56.281 s−1 3

𝑁 ‒
𝑎 0.5 × 1019 𝑐𝑚 ‒ 3 4

𝑁𝑐 2.8 × 1019 𝑐𝑚 ‒ 3 3

𝑁𝜈 1019 𝑐𝑚 ‒ 3 3

𝜏𝑛 10 𝜇𝑠 3

𝜏𝑝 10 𝜇𝑠 3

𝐶𝑛 2.8 × 10 ‒ 31 𝑐𝑚6 𝑠 ‒ 1 3

𝐶𝑝 9.9 × 10 ‒ 32 𝑐𝑚6 𝑠 ‒ 1 3

𝐶𝑟𝑎𝑑 1.1 × 10 ‒ 14 𝑐𝑚3 𝑠 ‒ 1 3

Interfacial

𝜀𝐼 38 ‒ 5
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𝑚𝐼
𝑛/𝑚𝑜 0.6 ‒ 6

𝑚𝐼
𝑝/𝑚𝑜 0.6 ‒ assumed

𝜙0 0 eV assumed

𝜙𝑜
𝑛 1.2 eV 7

𝜙𝑜
𝑝 1.18 eV 7

𝜙𝑚 4.75 eV 2

𝜃𝑛 10 ‒ 19 𝑐𝑚2 8

𝜃𝑝 10 ‒ 19 𝑐𝑚2 8

𝜈𝑡ℎ 105 𝑚 𝑠 ‒ 1 9
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Although good agreement between theory and experiment exists at low to moderate TiO2 
thicknesses, discrepancy occurs in the absence of a TiO2 layer (0 nm) and at large TiO2 
thicknesses (≥ 4 nm). With no insulating layer, significant Fermi-level pinning can occur 
between Cu and Si.2 This effect likely leads to the low photovoltages measured experimentally, 
as seen in Figure 2d in the main text; the current model neglects such Fermi-level pinning 
because it is not expected to occur once there is an insulating film.10–12At large thicknesses, a 
high density of trap states, likely from defects in TiO2, may partially pin the semiconductor 
Fermi level,2 leading to the slightly lower photovoltages measured experimentally than that 
predicted by theory. We neglect Fermi-level pinning in the model because it is not prevalent 
near the optimum TiO2 thickness and is not expected to change the conclusions drawn.2,10–12 
Other mechanisms, such as Fowler-Nordheim tunneling and Frenkel-Poole emission,2 may also 
become significant at large insulator thicknesses. Alternative transport mechanisms are 
neglected because they are not expected to occur at the TiO2 thicknesses relevant to this study; 
~ 5 nm is the approximated thickness where contributions of other mechanisms may occur.2 
We also note that beyond ~ 4 nm of TiO2 the theoretically predicted photovoltage is 
independent of TiO2 thickness because the interfacial trap recombination dominates over 
tunneling, due to the large tunneling resistance at such large insulator thicknesses; see Figure 
S5b. Thus, increasing the TiO2 thickness past ~ 4 nm has negligible impact on the electron 
concentration and quasi-Fermi level at the semiconductor surface.

We used the measured photocurrent, open circuit photovoltage, and the insulator 
thickness (presented in Figure 1) with MIS tunnel diode theory equations to approximate the 
density of interface trap states at the semiconductor-insulator interface (Dit).2 

𝑖 = 𝑖𝑠𝑐 ‒ 𝑖𝑜[exp ( 𝑞𝑉
𝑛𝑘𝐵𝑇) ‒ 1] (S1)

𝑖𝑜 = 𝑘𝑝exp ( ‒ 𝛼𝑝𝑑 𝜙𝑝)exp ( ‒
𝑞𝜙𝑏

𝑘𝐵𝑇) (S2)

All variables are defined in the model description, except for n, which is the ideality factor. Dit 
modifies n and  approximately, as given by eqns. S3 and S4:2 𝜙𝑏

𝜙𝑏 ≈
𝜀𝑖

𝜀𝑖 + 𝑞2𝑑𝐷𝑖𝑡

𝜙𝑜
𝑏 + (1 ‒

𝜀𝑖

𝜀𝑖 + 𝑞2𝑑𝐷𝑖𝑡
)(𝐸𝑔 ‒ 𝜙𝑜) (S3)

𝑛 ≈ 1 +
𝑑𝑞𝐷𝑖𝑡

𝜀𝑖
(S4)

Combining eq S1S4 and evaluating them at open-circuit conditions with a root finding 
algorithm yields the value of Dit for a given insulator thickness, photocurrent density, and open 
circuit photovoltage. The values of all other parameters are defined in Table S1. For a 5 nm 
TiO2 thickness, the calculated Dit is 4E13 eV1 cm2 for a photocurrent of 2.0 mA cm2 and a 
photovoltage of 275 mV. This photocurrent density and photovoltage are approximated from 
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data presented in Figure 1. This analysis shows that a high density of trap states exists at large 
TiO2 thicknesses.13 Although this method is approximate, it provides a reasonable estimation 
of the value of Dit.2
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An overview of the model is presented here. Readers interested in further details are directed 
to our previous work.14 The equations governing steady-state charge carrier transport within 
the bulk of the semiconductor are given by

(∇ ∙ 𝑁𝑛) = 𝑈 (S5)

(∇ ∙ 𝑁𝑝) =‒ 𝑈 (S6)

where , , and  are the electron flux, hole flux, and net carrier generation/recombination 𝑁𝑛 𝑁𝑝 𝑈
rate, respectively. The flux of the charge carriers is specified by the drift-diffusion equations

𝑁𝑛 =‒ 𝑛𝜇𝑛∇𝑉 + 𝐷𝑛∇𝑛 (S7)

𝑁𝑝 =‒ 𝑝𝜇𝑝∇𝑉 ‒ 𝐷𝑝∇𝑝 (S8)

where n, p, , , , and  are the electron concentration, hole concentration, electron 𝜇𝑛 𝜇𝑝 𝐷𝑛 𝐷𝑝

mobility, hole mobility, electron diffusivity, and hole diffusivity, respectively.  is the electric 𝑉
potential, which is calculated by Poisson’s equation, 

∇ ∙ ( ‒ 𝜀𝑠
𝑟∇𝑉) = 𝑞(𝑝 ‒ 𝑛 + 𝑁 +

𝑑 ‒ 𝑁 ‒
𝑎 ). (S9)

where , , , and  are the relative permittivity of the semiconductor, fundamental 𝜀𝑠
𝑟 𝑞 𝑁 +

𝑑 𝑁 ‒
𝑎

charge of an electron, donor doping density, and acceptor doping density. In this study, we 
consider a p-type semiconductor so the donor doping density is set to zero.

The net rate of charge generation/recombination is a summation of the Shockley-Reed-
Hall, Auger, and direct radiative recombination mechanisms subtracted the by the position-
dependent generation rate, 

𝑈 = 𝑅𝑆𝑅𝐻 + 𝑅𝐴𝑢𝑔𝑒𝑟 + 𝑅𝑅𝑎𝑑 ‒ 𝐺(𝑥). (S10)

The expressions for calculating the various recombination rates are as follows:

𝑅𝑆𝑅𝐻 =
𝑛𝑝 ‒ 𝑛2

𝑖

𝜏𝑝(𝑛 + 𝑛𝑖) + 𝜏𝑛(𝑝 + 𝑛𝑖)
, (S11)

𝑅𝐴𝑢𝑔𝑒𝑟 = (𝐶𝑛𝑛 ‒ 𝐶𝑝𝑝)(𝑛𝑝 ‒ 𝑛2
𝑖), (S12)

𝑅𝑅𝑎𝑑 = 𝐶𝑟𝑎𝑑(𝑛𝑝 ‒ 𝑛2
𝑖), (S13)

where , , , , and  are the electron lifetime, hole lifetime, electron recombination 𝜏𝑛 𝜏𝑝 𝐶𝑛 𝐶𝑝 𝐶𝑟𝑎𝑑

rate constant, hole recombination rate constant, and carrier recombination rate constant, 
respectively. Moreover,  is the intrinsic carrier concentration, 𝑛𝑖

𝑛𝑖 =  𝑁𝑐𝑁𝑣exp ( ‒
𝑞𝐸𝑠

𝑔

2𝑘𝐵𝑇). (S14)
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The carrier generation rate (G) is calculated by integrating over the AM 1.5G solar spectrum 
(simulated by NREL).

The conduction and valence band energy are determined by

𝐸𝑐 =  ‒ (𝜒𝑠 + 𝑉), (S15)

𝐸𝑣 =  ‒ (𝜒𝑠 + 𝐸𝑠
𝑔 + 𝑉). (S16)

The quasi-Fermi level levels can be determined through Boltzmann’s relation:

𝐸𝑓𝑛 =  E𝑐 +  
𝑘𝐵𝑇

𝑞
ln ( 𝑛

𝑁𝑐
) (S17)

𝐸𝑓𝑝 =  E𝑣 -  
𝑘𝐵𝑇

𝑞
ln ( 𝑝

𝑁𝑣
), (S18)

where , , and  are Boltzmann’s constant and the effective density of states of electrons 𝑘𝐵 𝑁𝑐 𝑁𝑣

and holes, respectively.  is defined as the difference in quasi-fermi levels at the 𝑉𝑝ℎ

semiconductor surface subtracted by the potential drop across the insulator ( ),Δ

𝑉𝑝ℎ = (𝐸𝑠𝑠
𝑓𝑛 ‒ 𝐸𝑠𝑠

𝑓𝑝) ‒ |Δ|. (S19)

At the MIS interface, charge carriers must either tunnel into the metal or recombine at 
interfacial trap sites when at steady state. The tunneling current density is determined through 
MIS Tunnel Diode Theory initially developed by Card and Rhoderick15,16

𝑖𝑛 =  ‒ 𝑘𝑛𝑃𝑇,𝑛(𝑛𝑠𝑠 ‒ 𝑛 𝑜
𝑠𝑠) (S20)

𝑖𝑝 =  𝑘𝑝𝑃𝑇,𝑝(𝑝𝑠𝑠 ‒ 𝑝 𝑜
𝑠𝑠) (S21)

𝑖𝑛𝑒𝑡 = 𝑖𝑛 + 𝑖𝑝 (S22)

, , , , , and  are the electron and hole tunneling rate coefficient, tunneling 𝑘𝑛 𝑘𝑝 𝑃𝑇,𝑛 𝑃𝑇,𝑝 𝑛𝑜 𝑝𝑜

probability, and equilibrium concentration, respectively. The subscript  is to denote they are 𝑠𝑠

values at the semiconductor surface. Moreover, , , and  are the electron, hole, and net 𝑖𝑛 𝑖𝑝 𝑖𝑛𝑒𝑡

tunneling current density, respectively. The electron and hole tunneling rate coefficients are 
calculated as 

𝑘𝑛 =
4𝑚𝑠

𝑛𝜋𝑞(𝑘𝐵𝑇)2

ℎ3𝑁𝑐

, (S23)

𝑘𝑝 =
4𝑚𝑠

𝑝𝜋𝑞(𝑘𝐵𝑇)2

ℎ3𝑁𝑣

. (S24)
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The tunneling probabilities are determined by assuming a rectangular potential tunneling 
barrier:

𝑃𝑇,𝑛 = exp ( ‒ 𝛼𝑛𝑑 𝜙𝑛) (S25)

𝑃𝑇,𝑝 = exp ( ‒ 𝛼𝑝𝑑 𝜙𝑝) (S26)

where , , and  are the electron and hole tunneling coefficients and the insulator thickness,  𝛼𝑛 𝛼𝑝 𝑑

respectively. The tunneling coefficients are calculated by

𝛼𝑛 =
4𝜋 2𝑚𝐼

𝑛

ℎ
, (S27)

𝛼𝑝 =
4𝜋 2𝑚𝐼

𝑝

ℎ
, (S28)

where  and  are the effective electron and hole masses of the insulator. The equilibrium 𝑚𝐼
𝑛 𝑚𝐼

𝑝

carrier concentrations (  for electrons and  for holes) are related to the Schottky barrier as 𝑛𝑜
𝑠 𝑝𝑜

𝑠

follows. 

𝑛𝑜
𝑠 = 𝑁𝑐exp ( ‒

𝑞𝜙𝑏

𝑘𝐵𝑇) (S29)

𝑝𝑜
𝑠 = 𝑁𝑣exp ( ‒

𝑞(𝐸𝑠
𝑔 ‒ 𝜙𝑏)

𝑘𝐵𝑇 ) (S30)

The recombination current density due to interfacial trap sites (  for electrons and 𝑖𝑛,𝑅

 for holes) is approximated by discrete energy levels and are assumed to be of donor type. 𝑖𝑝,𝑅

𝑖𝑛,𝑅 = 𝑞𝜃𝑛𝜈𝑡ℎ𝑁𝑡(𝑛 ‒ 𝑛𝑓𝑡 ‒
𝑛𝑖

𝑔𝐷
𝑓𝑡) (S31)

𝑖𝑝,𝑅 = 𝑞𝜃𝑝𝜈𝑡ℎ𝑁𝑡(𝑝𝑓𝑡 + 𝑔𝐷(𝑛𝑖𝑓𝑡 ‒ 𝑛𝑖)) (S32)

where , , , , , and  are the average electron and hole capture cross-section, thermal 𝜃𝑛 𝜃𝑝 𝜈𝑡ℎ 𝑁𝑡 𝑓𝑡 𝑔𝐷

velocity, total number of trap sites, trap site occupation fraction, and the degeneracy factor 
(assumed to be one), respectively.  is calculated by using experimentally measured trap 𝑁𝑡

densities ( ),15 which changes with insulator thickness,𝐷𝑖𝑡

𝑁𝑡 =
𝐷𝑖𝑡(𝑑)(𝜓 + 𝑉𝑝 ‒ 𝜙0)

𝑓𝑡
, (S33)

where  is the band bending potential,  is the difference in quasi-fermi level of holes and the 𝜓 𝑉𝑝

valence band energy, and  is the neutral energy level. At steady state, the trap site occupation 𝜙0

fraction is determined by enforcing the following constraint.
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𝑖𝑛,𝑅 = 𝑖𝑝,𝑅 (S34)

The potential drop across the insulator ( ) is calculated in a similar manner as Δ
previously reported.17 The difference we make is in calculating the interfacial capacitance ( ), 𝐶

since we take into account the native oxide layer capacitance ( ). 𝐶𝑜𝑥

𝐶 =
1

𝑑
𝜀𝐼

+
1

𝐶𝑜𝑥

(S35)

 is the insulator permittivity and  is the capacitance of the native oxide, which is a fitted 𝜀𝐼 𝐶𝑜𝑥

parameter (1.8 µF cm2) in the model because its thickness nor permittivity are well defined. 
This potential drop reduces the photovoltage driving catalysis and the tunneling and Schottky 
barrier heights.18 

𝜙𝑏 = 𝜙𝑜
𝑏 ‒ Δ (S36)

𝜙𝑛 = 𝜙𝑜
𝑛 +

Δ
2

(S37)

𝜙𝑝 = 𝜙𝑜
𝑝 ‒

Δ
2

(S38)

where , , and  are the idealized barrier heights. The simulation parameters are provided 𝜙𝑜
𝑏 𝜙𝑜

𝑛 𝜙𝑜
𝑝

in Table S1. 

The governing equations (species material balances, drift-diffusion, and Poisson’s 
equation) were used within the Semiconductor Module and solved with the MUMPS general 
solver in COMSOL Multiphysics 6.0 with a relative tolerance of 0.0001. The modeling domain 
was discretized with a nonuniform mesh with refinement near the MIS interface and was 
comprised of 791 elements. A sensitivity analysis on the mesh size was performed, and the 
results were found to be independent for meshes greater than the 150 elements.
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