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A1l Drift-diffusion Simulations
All simulations were carried out using SCAPS — a Solar Cell Capacitance Simulator,! which
numerically solves three coupled differential equations in one dimension. These differential
equations are the Poisson equation
82
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where the space charge density is given by p = g(p-n-Na+Np), where ™ and P are the densities
of electrons and holes, N, is the density of ionized acceptor- like defects and Np the density of
ionized donor-like defects. At steady state (dn/d¢f = 0 and dp/dt = 0), the continuity equations
are given by
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for holes. In equations S2 and S3, D, , = kT, ,/q are the diffusion coefficients for electrons and
holes, t4,, are the mobilities of electrons and hols, R is the recombination rate, G is the
generation rate and F is the electric field. Equations S1 to S3 are numerically solved using
suitable boundary conditions for each differential equation. The electrolyte was modelled as a
metallic contact whose Fermi level corresponds to the water oxidation potential (+1.23 V vs
RHE). The electron and hole currents at the respective interfaces with the collecting contact and
electrolyte are modelled using the equation

j=k(n—n0), (S4)

where k is a charge transfer velocity and 7 and ™o are the non-equilibrium and equilibrium
electron/hole densities respectively. The slow kinetics of holes at the photoanode/electrolyte
interface was thus modelled by choosing a low value of ¥ for the holes at this interface (see table
S1, S2 and S3). The voltage was applied to the electron contact. Further information on drift-
diffusion simulations can be found in references 2.



Table S1 Parameters used for the SCAPS simulations in figure 1.

parameter electron photoanode (Bismuth electrolyte
contact Vanadate)

thickness (nm) 500 nm

relative permittivity 68

bandgap (eV) 2.4

electron affinity (eV) 4.15

effective DOS CB (cm) 2 x 1018

effective DOS VB (cm?) 2 x 1018

radiative recombination 6 x 10

coefficient (cm3/s)

injection barrier (eV) 0.05 1.05

electron mobility (cm?/Vs) 0.02

hole mobility (cm?/Vs) 0.02

doping density (cm) 3 X 107

workfunction (eV) 4.2 5.5

electron  charge transfer 107 1010

velocity (cm/s)

hole charge transfer velocity 10! 10!

(cm/s)

Table S2 Parameters used for the SCAPS simulations in figure 2.

parameter electron photoanode (Bismuth electrolyte
contact Vanadate)

thickness (nm) 500 nm

relative permittivity 68

bandgap (eV) 2.4

electron affinity (eV) 4.15

effective DOS CB (cm) 2 x 1018

effective DOS VB (cm™) 2% 1018

radiative recombination 6 x 101

coefficient (cm?¥/s)

injection barrier (eV) 0.05 1.05

electron mobility (cm?/Vs) 0.02

hole mobility (cm?/Vs) 0.02

doping density (cm-3) 5 X 10V

workfunction (eV) 4.2 5.5

electron  charge transfer 107 1010

velocity (cm/s)

hole charge transfer velocity 10'° 10!

(cm/s)




Table S3 Parameters used for the SCAPS simulations in figure 3.

parameter electron photoanode (Bismuth electrolyte
contact Vanadate)

thickness (nm) 500 nm

relative permittivity 68

bandgap (eV) 2.4

electron affinity (eV) 4.15

effective DOS CB (cm) 2 x 1018

effective DOS VB (cm?) 2x10'8

radiative recombination 6 x 10

coefficient (cm3/s)

injection barrier (eV) 0.05 1.05

electron mobility (cm?/Vs) 0.02

hole mobility (cm?/Vs) 0.02

doping density (cm) 0

workfunction (eV) 4.2 55

electron  charge transfer 107 1010

velocity (cm/s)

hole charge transfer velocity 10! 10!

(cm/s)

A2 Discussion of the parameters
Bandgap: Since a BiVO, photoanode was considered, the bandgap was chosen from ref.>.
Relative permittivity: The relative permittivity of BiVO4 was chosen from ref.5.

Electron affinity and injection barriers: The electron affinity was chosen based on the
workfunction of the metal contact, to make a small injection barrier for the electrons at the
electron contact. The hole injection barrier (distance between valence band and water oxidation
redox level) was chosen from ref 7.

Density of states: The density of states was chosen arbitrarily.

Radiative recombination coefficient: The radiative recombination coefficient was chosen
arbitrarily.

Workfunction: The electron contact was assumed to be Ag and hence, a workfunction of 4.2
eV was chosen. The energetic distance of the water oxidation redox level to surface vacuum
level was chosen based on ref’.

Mobility: The electron mobility was reduced by one order from that reported in ref.® to account
for the fact that we consider an undoped BiVO, photoanode. We assumed electron and hole
mobilities to be the same for simplicity. For the doped BiVO, simulations, we assume that the
mobilities remain the same as that of the undoped case for simplicity.

Charge transfer velocities: For the electron and hole transfer rates, we assume that the
interfaces are blocking for the opposite carrier. This means that all the excess holes at the



electron contact/photoanode interface recombine and are lost, and all the excess electrons at the
photoanode/electrolyte interface recombine and are lost. Thus, the charge transfer velocity for
holes at the electron-contact/photoanode interface and for electrons at the
photoanode/electrolyte interface was set very high, to a value of 10" ¢m/s. We also assumed
that the metal contact is a good extractor of electrons and hence set the electron charge transfer
velocity at this interface to 107 ¢cm/s. For the hole transfer velocity from the photoanode to the
electrolyte, we set the value very low — to 10" cm/s to account for the slow kinetics of hole
transfer.% 1> While the value itself is not obtained from literature, it was chosen demonstratively
to simulate the band diagram under such a condition of slow hole transfer.
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Figure S1 Capacitance calculated from SCAPS simulations using two methods — from a small-
perturbation of voltage (small-perturbation) and from the ratio of the differential of the average

net charge density ss in the photoanode at steady-state and the differential voltage. The average

1
Qs = qd(a) |n - pldx
net steady-state charge density is calculated as 0
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Figure S2 Simulated Mott-Schottky behaviour of a doped photoanode (1V a=10 cm) in the

dark, with the same parameters as table S1. In this situation, the capacitance at equilibrium and
deep reverse bias is dominated by the depletion capacitance, which means the linear Mott-
Schottky region should be clearly visible at (and hence can be fitted at) deep reverse or anodic
biases, as shown using the black line.
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Figure S3 Simulated band diagrams of a doped photoanode (N a=10 cm?) in the dark at (a)



deep reverse bias, (b) equilibrium, (c) forward bias and (d) flatband conditions. (e) shows the
corresponding total concentration |n-p| as a function of position in the photoanode for the
different situations in (a)-(d). (f) shows the capacitance step and corresponding Mott-Schottky
plot from a simulated small-perturbation capacitance-voltage measurement (103 Hz). Also
shown in (f) is the Mott-Schottky plot generated by an undoped (intrinsic) absorber layer.
Simulation parameters are shown in Table S1. The Mott-Schottky plot due to the existence of
a doping density is still very difficult to distinguish experimentally from that generated by an
undoped absorber layer.
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Model exp_capacitance (User)
Equation A+B*exp((x)/(M*0.026))
Plot Capacitance

A 1.21285E-7 + 7.44848E-11
B 1.00438E-10 + 8.28525E-12
M 7.18175+0.10614
Reduced Chi-Sqr 3.30399E-19
R-Square (COD) 0.99549

Adj. R-Square 0.99539
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Figure S4 Fitting (red line) of the rising capacitance step generated by an undoped, intrinsic
photoanode (figure 3(f) in the main text) to equation 8 in the main text. The "cv factor obtained
from the fit is also shown.
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Figure SS Calculated doping profiles of the literature data points in figures 4(b) and 4(d). A
relative permittivity value of 32 for haematite, 68 for bismuth vanadate and 12.5 for indium
phosphide was assumed to calculate the doping profiles. The doping densities were obtained
from the plateau regions of the doping profiles. The numbers of the references in the main paper
corresponding to these doping profiles are shown in the label.
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