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In this work we present a simulation of the semiconductor electrodes of photoelectrochemical (PEC)
water-splitting cells based on the nonequilibrium Green’s function (NEGF) formalism. While the per-
formance of simple PEC cells can be adequately explained with semiclassical drift-diffusion theory, the
increasing interest towards thin-film cells and nanostructures, in general, requires theoretical treatment
that can capture the quantum phenomena influencing the charge carrier dynamics in these devices. Specif-
ically, we study a p-type Cu,O electrode and examine the influence of the bias voltage, reaction kinetics,
and the thickness of the Cu,O layer on the generated photocurrent. The NEGF equations are solved in
a self-consistent manner with the electrostatic potential from Poisson’s equation, sunlight-induced pho-
ton scattering and the chemical overpotential required to drive the water-splitting reaction. We show that
the NEGF simulation accurately reproduces experimental results from both voltammetry and impedance
spectroscopy measurements, while providing an energy-resolved solution of the charge carrier densities
and corresponding currents inside the semiconductor electrode at nanoscale.
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I. INTRODUCTION

Photoelectrochemical (PEC) water splitting offers sub-
stantial potential for carbon-free hydrogen generation. An
accurate understanding of the underlying physics is cru-
cial for educated design and optimization of future cell
designs. PEC cells have been successfully modeled on
multiple different levels ranging from full device-level
models to ab initio models of the chemical catalyst oper-
ation. The operation of the semiconductor electrode, the
key light-absorbing component of the cell, has been simu-
lated using the well-established drift-diffusion theory [1,2].
However, the drift-diffusion model is limited by its under-
lying assumptions as the electrode designs move into
the nanoscale, with more complex materials and thin-
film structures. In nanoscale electronics, the nonequilib-
rium Green’s function (NEGF) approach has been widely
applied in transistor design [3—5], and in general nanoscale
conductance [6] and more recently in solar-cell model-
ing [1,7—10]. It offers an excellent compromise between
the limiting assumptions included in classical transport
equations and computationally heavy atomic level ab ini-
tio quantum chemical simulations, while providing an
energy-resolved picture of the charge dynamics in the
semiconductor. The ability to resolve the energy spectrum
of the generated current is especially critical for simulating
electrochemical water-splitting devices, as the efficiency
depends on its ability to drive an endothermic chemical
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reaction, and the reaction rate is directly tied to the energy
that the charge carriers have available.

Various metal oxides such as TiO,, FeO,, Cu,0, have
been extensively studied due to their relatively high effi-
ciency and low cost giving them potential to scale up
to industrial-scale hydrogen production [11-13]. As these
materials are commonly used as thin films with thicknesses
below 1pum, all the way down to just a few nanometers
[14—-16], a microscopic description of the carrier dynamics
allows resolving the nonequilibrium behavior of the elec-
trode at nanoscale. In this work we apply NEGF formalism
to simulate the operation of the light-capturing semicon-
ductor electrode of a thin-film device. We consider a 50-
nm-thick Cu,O electrode acting as a photocathode driving
the hydrogen evolution reaction in a water-splitting PEC
cell. We demonstrate that the NEGF formalism with proper
treatment of the boundary conditions can be applied to
simulate PEC systems. The simulation is shown to repro-
duce the typical current-voltage behavior as well as the
Mott-Schottky relationship between the measured voltage
and the surface capacitance that is observed in experimen-
tal studies. Furthermore, the impact of the semiconduc-
tor thickness and the reaction kinetics on the generated
photocurrent is examined.

II. COMPUTATIONAL MODEL

A. The Green’s functions

The energy band diagram of the PEC cell is shown in
Fig. 1. The controlled voltage Vi is defined against the
reversible hydrogen electrode (RHE), which directly gives

© 2023 American Physical Society
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FIG. 1. Schematic of a photoelectrochemical cell and the
energy band diagram of the water-splitting photocathode. Sun-
light enters the cell through a glass window and the liquid
electrolyte, with some light lost to reflection and absorption. The
reference potential is the hydrogen evolution reaction potential as
measured by a RHE. The simulation controls Vi, and solves the
quasi-Fermi-levels for both carriers and the band-edge shape. Vy
is the Helmholtz potential in the electric double layer on the elec-
trolyte side of the interface, n the overpotential for the hydrogen
evolution, and ¢ the distance of the Fermi level from the valence
band edge at equilibrium.

the reaction potential of the hydrogen evolution reaction.
At the semiconductor electrolyte interface (SEI) the band-
edge potentials are fixed versus the reference potential by
the electron affinity y and the Helmholtz potential Vy.
In practice, however, the Helmholtz potential is gener-
ally unknown and the band-edge positions are determined
by measuring the flat-band potential Vgg of the electrode
[17,18]. The flat-band potential defines the value of Vi at
which the electrostatic potential drop across the semicon-
ductor is zero, and therefore the conduction and valence
bands are flat. Fixing the value of the flat-band potential,
therefore, also defines the band-edge potentials at the SEI.

In this work, we consider the two-band effective mass
approximation for simulating the band structure of the
Cu,O electrode. The material parameters are shown
in Table I. The noninteracting Hamiltonian describing
the carrier dynamics in the semiconductor electrode is

TABLE I. Material parameters used for the simulation.
Symbol Parameter Value
d Sample thickness 50 nm
E, Band gap 2.17eV
hw Optical phonon energy 88.4 meV
Jo Exchange current density 5%107% A m?
m} Electron effective mass 0.98
mj, Hole effective mass 0.58
N, Doping density 5%10'7 cm=3
Vo Flat-band potential 1.15V versus RHE
& Relative permittivity 6.0
o Photon absorption coefficient 1.2x10° cm~'2

2Fitted to the absorption from the computation of the photon-
scattering self-energy.

given by

2 P h?

—eU@) + —L +E,, (1)

Hypy = —2— —
YT 2y d2? 2m}

where m; is the effective mass of the charge carrier in band
b, z is the position in real space in the normal direction of
the semiconductor surface, e the elementary charge, U the
electrostatic potential, & the transverse momentum, and
E} the band-edge potential at the SEI. In this formalism
the effective mass of the valence-band holes is negative.
In the tight-biding approximation only the neighboring
spatial elements are coupled, and the Hamiltonian has a
tridiagonal finite-difference matrix representation

Tb,k” -ty - 0 0
—tp Tb,k” ce 0 0
0 0 cee Tb,ku —1
0 0 el =1 Tb,ku
where
h2
th = ——, 3
b 2mjAz? ®)
27,2
Tppy = —eU(z) + 2m’! + Ep + 2ty 4)
b

The Green’s functions describing the steady-state charge-
carrier distribution are obtained from the Dyson equation

by = LBl — Hypy = Tp, 17, (5)

where Gg’k” is the retarded Green’s function, E is the
energy, / is the identity matrix, and X} i the retarded self-
energy term describing the scattering processes present in
the simulated system and the boundary conditions from the
electrical contacts. The lesser and greater components of
the Green’s function can then be solved form the Keldysh
equation

s _ o S ot
Goky = Gopy Ziky Obiy» ©)
< .
where Zb>k” are the lesser and greater self-energies.

B. Scattering processes

For scattering processes, we apply the local self-energy
approximation. This has the consequence that the self-
energy terms in Eq. (5) are diagonal matrices, which
preserves the tridiagonal form of the right-hand side and
offers considerable savings in the computation time needed
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to solve the linear systems. The primary scattering mech-
anism to consider in a PEC cell is the photon scattering
from the incident solar radiation. As solar radiation is a
wideband light source, the photon scattering self-energies
must be integrated over the energy range of the incoming
photons, limited by the band gap of the semiconductor and
atmospheric absorption of UV radiation.

=5, (E) = ( f d(hv)M?p, G, (E — hv)) .

25, (E) = iJm( / d(hv)M?p, Goy (E — hv)) (8)

where the subscripts ¢ and v stand for conduction and
valence band, v is the photon frequency,

el | 1
M = 9
2m*\ g,e0hv ©)

is the photon-electron coupling factor and

—az Py
Py = ae - (10)

the photon density. Here, « is the absorption constant for
the semiconductor material and @ the incident AM1.5G
spectral photon flux attenuated by the glass window and
the water-based electrolyte found in typical experimental
PEC cells. The optical attenuation is computed using a
transfer-matrix method accounting for both reflection and
absorption losses [2,19]. With 2 mm of glass and 2 cm of
water, the transmission efficiency for photons with energy
above the band gap of the Cu,0 electrode studied in this
work is 90%. After reaching the semiconductor, the pho-
ton flux is absorbed by the semiconductor material via the
scattering process defined by the self-energies in Egs. (7)
and (8). The optical absorption coefficient « is matched
to the simulation so that the absorption rate implied by
Eq. (10) matches with the carrier generation rate found in
the converged solution. It is noteworthy that even though
the local approximation of the scattering self-energies is
known to underestimate the scattering rates [9,20-22], the
value of the absorption coefficient in Table I resulting from
the absorption model in Egs. (7) and (8) is on the high end
of reported experimental values for Cu,O [23,24]. Nev-
ertheless, for precise quantitative results of the scattering
rates the nonlocal nature of the scattering processes should
be accounted for either directly or via a compensation fac-
tor like described in Ref. [25]. For phonon scattering, we
include a rudimentary model of polar optical phonon scat-
tering with the assumption of a constant phonon energy of
88.4meV [26]. The phonon scattering self-energies can be

calculated as

YT
S5 k1, E) = m/danp(lkPlH)
X (NLOG§(1||,E + ha))
+ (Npo + DGE(),E £ ho)), (1)

where y is the Frolich coupling constant [27]
h 1 1
y =2 (— - —) (12)

and V), in the local scattering approximation

Vp (k) =

1 2
——\1- % ’ (13)
/kﬁ + qu 2(k” +4qp)

where ¢p is the inverse Debye screening length. The
Green’s function computed from the Dyson equation in
Eq. (5) is solved self-consistently with the scattering func-
tions in the self-consistent Born approximation (SCBA)
scheme. The self-consistent solution ensures current con-
servation along the spatial dimension, even when the
spectral current density changes as it is influenced by the
scattering.

C. Boundary conditions

Boundary conditions are required for both the electro-
static potential in Poisson’s equation, and for the electro-
chemical potentials for both electrons and holes to find
the boundary self-energies. For the Poisson equation, at
the SEI the potential of the conduction and valence band
edges are fixed with respect to the RHE by using a Dirich-
let boundary condition. At the rear contact, a Neumann
condition is used instead to maintain zero electric field
and the equilibrium carrier concentration. The boundary
conditions for the Dyson equation are all Dirichlet condi-
tions, fixing the electrochemical potentials and the carrier
densities at the boundaries. They are defined by boundary
self-energies, which describe the interaction between the
simulated device and electrical contacts at the boundaries.
These boundary self-energies depend on the electrochemi-
cal potential of the charge carriers in the contact reservoir
and the Fermi-Dirac distribution at the operating temper-
ature [28,29]. For the simulation in this study, we do not
consider any impurity states in the band gap. The self-
energies for both the left (SEI) and right (metal contact)
are given by

<(L R) (L, R) (L R)
bk” lf‘([,L bk” > (14)
S = =i = f ()Y, (15)

054003-3



LASSI HALLSTROM and ILKKA TITTONEN

PHYS. REV. APPLIED 20, 054003 (2023)

where the superscripts L and R refer to the left and right
contact, f/ is the Fermi-Dirac distribution at electrochem-
ical potentials i, and standard temperature and Ly, are
the broadening functions

rd =i - 2. (16)
The electrochemical potentials at the rear contact are
directly defined by the applied voltage versus the refer-
ence electrode, V., which is the reference voltage that is
measured in experimental studies, giving a natural choice
for a variable to control the external applied bias voltage.
The electrochemical potentials at the electrolyte contact,
however, require a more detailed description taking into
account the selectivity of the contact and the kinetics of
the chemical reaction. Assuming a perfectly selective con-
tact, for a p-type electrode the hole flux through the SEI
is always zero. Therefore, the electrochemical potential of
the holes in the electrolyte contact has no influence on the
simulation. The electrochemical potential of the electrons,
on the other hand, depends on the reaction potential of the
chemical reaction driven by the electrode. In the case of p-
type semiconductor electrode, the relevant reaction is the
hydrogen evolution reaction

2¢ — +2H" — Hy, (17)

for which the reaction potential is by definition equal to the
reference potential given by the RHE. The reaction kinet-
ics relate the overpotential 1 to the total current density
flowing through the device. In this work, we use a simpli-
fied form of the Butler-Volmer equation, which neglects
the contribution of the reverse reaction

0.5y
J = joe’sT, (18)
where the constant j, is the exchange current density at the
surface of the electrode. The total current density gener-
ated in the semiconductor is calculated directly from the
Green’s functions

e < -
Ji = Z Z ﬁtf Gb;i,i+l(k\|aE) - Gb;;,i_,_l(k”,E)dE.
bk

19)

As the total current density is a conserved quantity, the
value of J is constant for all values of the spatial position
index i. The kinetic relation in Eq. (18) couples the total
current density to the overpotential 1, which is defined as
the difference between the electrochemical potential of the
electrons at the SEI inside the semiconductor and the reac-
tion potential of the half reaction driven by the electrode,

in this case the hydrogen evolution reaction:
0
n=Eype sy, — nd. (20)

Since the electrochemical potential at the SEI defines the
boundary self-energy via Eq. (15) and therefore influ-
ences the Green’s functions and the current density, a
self-consistent solution scheme for the reaction kinetics
is required. This is implemented by adjusting the Fermi
level of the electron reservoir at the SEI boundary dur-
ing the Poisson iteration until the current density given by
Eq. (19) also fulfills Eq. (18). Correcting the Fermi level at
the boundary simultaneously with the electrostatic poten-
tial offers considerable savings in computation time, as the
self-consistent solution of the Green’s functions, electric
potential and the scattering self-energies already involves
two nested iterative loops. Consequently, the Green’s func-
tions computed from the SCBA loop are self-consistently
solved with both Poisson’s equation for the electrostatic
potential and the Butler-Volmer equation describing the
kinetics of the hydrogen evolution reaction at the SEIL

In addition to the electrical current response, photo-
electrochemical devices are commonly characterized by
measuring the surface capacitance at the SEI. An ideal
planar electrode with no surface states follows the well-
established Mott-Schottky theory, where the interface
capacitance at the SEI is measured as a function of the bias
voltage [30-32]. The capacitance is commonly measured
using electrochemical impedance spectroscopy (EIS), and
should present a linear relationship between the inverse
square of the capacitance and the bias voltage. As the
simulation results give direct access to the carrier den-
sity distribution in the device at any given bias voltage,
the Mott-Schottky response can be computed from the
results as well. Unlike the experimental setting where
frequency-domain measurements are needed to measure
the capacitance, the simulation directly reveals the charge
density. The carrier densities for both electrons and holes
can be directly computed from the Green’s functions

1 <
n=>y / — Gloyik, E)AE, 1)
Kl z
1 >
pi=) / =i Ol EVE. (22)

Kll

When the carrier densities are known, the surface capac-
itance as a function of the bias voltage can be calculated
directly from the definition of differential capacitance

905
0 Vref ’

C( Vref) = (23)
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where pj is the total excess charge density at the SEI, given
by the sum of the excess hole and electron densities

d

d
po (V) = /0 p(d) —p()dz — /0 n(d) — n(2)dz. (24)

III. RESULTS

The simulation reproduces the typical /-7 behavior of
a p-type photoelectrochemical cell as seen in Fig. 4. As
the chemical reaction in a homogeneous PEC cell is driven
by the minority carriers, in a p-type cell the hole current
across the SEI is zero. In order for the electrons to have
sufficient energy to drive the hydrogen evolution reaction,
the rear contact Fermi level must be increased, which in
terms of applied voltage means a more negative value
measured versus RHE. Since the device is a photocath-
ode driving a reduction reaction, the reaction involves the
transfer of electrons from the semiconductor into the elec-
trolyte and the sign of the current density is negative.
The simulated photocurrent onset potential is at 1V as
seen in Fig. 4, which is just slightly below the theoretical
minimum of 1.23 V that would be required for unassisted
water splitting. The required overpotential to drive the
current depends on the kinetics of the hydrogen evolu-
tion reaction, which in the case of the presented model is
described by the exchange current density jo. Faster kinet-
ics, meaning larger value of the exchange current density,
result in lower overpotential n needed for the reaction.
Consequently, the the /-V curve is shifted towards more
positive voltages, signifying that less external voltage is
required to drive the water-splitting reaction. This result is
in line with previous studies using drift-diffusion models
and experimental results showing that improved photocur-
rent onset potential can be achieved by utilizing more
efficient catalysts that reduce the overpotential needed for
the chemical reaction [2,33]. It is notable that faster kinet-
ics do not increase the maximum current density. At high
enough bias voltage the current density saturates at a con-
stant value just above —2.5mA/cm? independent of the
exchange current density, as the photocurrent density is
ultimately limited by the photogeneration rate, which in
turn is defined by the incident AM1.5G radiation and the
efficiency of the photon-electron coupling given in Eq. (9).
With the optical losses caused by the glass window and
the electrolyte, a perfect cell that would convert all pho-
tons above the Cu,O band gap of 2.17eV with unity
external quantum efficiency would generate 9 mA/cm?.
The external quantum efficiency (EQE) of the simulated
device is therefore approximately 0.28. In the simulated
case the saturated photocurrent is reached at approximately
0.7V versus RHE, which would therefore be the opti-
mal operating point for the simulated device. Given all
the approximations used in the simulation, the simulated

E versus RHE (eV)
log,,LDOS (m= eV-)

0 10 20 30 40 50
Position (nm)

FIG. 2. Local density of states integrated over the transverse
momentum at 1 V versus RHE. Due to the homogeneous struc-
ture of the device the band structure is also uniform with the
exception of the band bending caused by the Schottky-like
contact at the SEI.

photocurrent density is a surprisingly good match to exper-
imental results achieved with electrodeposited Cu,0O films
[34-37].

One of the advantages of the NEGF formalism is that
all of the underlying physical quantities such as carrier
and current densities can be directly extracted from the
converged Green’s functions. Since the device is a sim-
ple homogeneous semiconductor, the local density of states
(LDOS) is mostly uniform over position. Figure 2 shows
the LDOS integrated over the transverse momentum k;
at 0.5V versus RHE, with the typical band bending of
the Schottky-like contact at the SEI clearly visible. As
the metal contact at the backside is defined by apply-
ing a boundary condition enforcing zero electric field, the
electrostatic potential and consequently the band edges
are flat close to the rear contact, beyond the depletion
region at the SEI. Inside the depletion region the deple-
tion of the holes is accompanied with increased electron
density, which leads to higher electrochemical potential
for the electrons, eventually exceeding the hydrogen evo-
lution reaction potential. Once sufficient overpotential is
provided, the device starts generating current and driving
the hydrogen evolution reaction. Figure 3 shows the carrier
density integrated over the transverse energy kj at vary-
ing bias voltage values, clearly revealing the high electron
density close to the SEI at 0 V versus RHE.

It is noteworthy that the electron current spectrum
shown in Fig. 3 is mostly located between 1-2 V versus
RHE, which corresponds to energy of 0.5eV above the
conduction band edge at the SEI regardless of the bias
voltage. The mean energy level of the current is signifi-
cantly higher than the electrochemical potential at the SEI,
signifying that only the high-energy photoexited electrons
participate in the chemical reaction. While the spectrum of
the current density varies across the length of the device
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FIG. 3.

(a)Hd) Color surface charts show the k-integrated, energy-resolved current density J as a function of the applied voltage

Vier. Positive current is defined as positive charge flowing away from the SEI (left to right). The line charts show the same current
densities, also integrated over energy. (e}—(h) Like (a)~d), but for carrier density n. Larger bias voltages force the rear contact Fermi
level to lower energy, eventually stopping the current flow at the SEI and all photogenerated carriers recombining at the rear contact.

due to the scattering processes, the total current is always
conserved. Figure 3 also shows that even at high bias volt-
ages, carriers generated close to the rear contact are lost
due to the electrons flowing to the metal contact instead
of the SEI. This loss mechanism is well known in solar
cells, and could be mitigated with the use of a heterojunc-
tion providing a selective barrier preventing the flow of
electrons to the rear contact [1]. However, the main loss
factor reducing the EQE of the electrode is that a signifi-
cant fraction of the incident light is not being absorbed in
the thin 50-nm Cu,O layer. This can also be seen clearly
in the line plots of the current density in Fig. 3, as both
the electron and hole currents still increase in magnitude at
the rear contact. In a region with no photon scattering, the
currents in each individual band should be reducing due
to spontaneous recombination, or be conserved if the car-
rier concentrations are in equilibrium. As seen in Fig. 5,
increasing the thickness to 100 nm helps to absorb more
of the incident photons, but not all of the gained current
is converted to useful photocurrent. While increasing the
thickness does increase the useful photocurrent, it also
increases the fraction of the photogenerated electrons that
are lost to recombination at the rear contact, leading to
diminishing returns. The current spectrum of the 100-nm
electrode in Fig. 5 shows that only a small fraction of the
electrons generated in the region beyond 50-nm flow to the
SEIL

While the current spectrum mostly varies in magnitude,
staying at the same energy at all voltages, the spectral
carrier density follows the band-edge shape with highest

0 | Jy =5x107 A/m?- - - )
o |j=5x10"°A/m3- - - e
e | d=63nm )/ p
o 1 7
5‘1' d=75nm--- ’ ’ ]
£ 4 - _Faster
> [ d=100nm--- 7 . . .
%_2 | Table 1 s ! kinetics |
© Drift-diffusion !
= | i
o
S '

A i
_4 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1.0 1.2 1.4

Voltage versus RHE (V)

FIG. 4. Total current as a function of the rear contact volt-
age versus RHE. The magnitude of the current increases towards
more negative voltages as expected for a p-type device. Continu-
ous line shows the /-7 response with the parameters from Table 1.
The dashed lines show the effect of either increasing or decreas-
ing the exchange current density by one order of magnitude, or
increasing the sample thickness to 100 nm.
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FIG. 5. Top left: spectral current density at 0.5 V versus RHE.
Bottom: spectral current density at the same voltage, but with
100-nm-thick electrode. Top right: fraction of conduction band
current Jcg at both contacts of the total useful incident pho-
ton flux. Increasing the sample thickness to 100 nm absorbs
more light, but the increase in useful photocurrent is reduced
as the majority of the electrons generated in the rear part of the
device flow to the back surface and recombine. Loss includes
nonabsorbed photons and recombination in the semiconductor.

electron concentration found in the depletion region at the
SEI Increasing the voltage reduces the size of the poten-
tial well that is formed at the SEI due to the band bending,
and eventually at 1 V the flat-band potential is reached, and
the carrier densities are constant across the device. At the
rear contact, the hole density is always equal to the doping
density at 5x10'7 cm™3, and the electron density depends
on the photogeneration rate of the carriers. At higher volt-
ages the excess electron concentration and hole depletion
at the SEI is reduced, eventually resulting in the hole den-
sity across the semiconductor being in equilibrium with
the rear contact and zero net current. While electron-hole
pairs are still being generated by the incoming photons, all
carriers flow to the rear contact and their energy is lost to
recombination.

The result of the simulated Mott-Schottky response in
Fig. 6 shows the expected linear relation between the
inverse square of the surface capacitance and the applied
voltage versus RHE. Using the analytic model based on the
full depletion approximation the effective doping density
of the semiconductor can be estimated

1 2
‘ |k| 808rq’

(25)

where & is the slope from the linear fit in Fig. 6. The
fit gives a doping density of 4.65x10'7 cm™3, which
is an excellent match to the simulation input value of
5.0x10'7 ecm™3. Furthermore, the value for the flat-band
voltage found by extrapolating the fit in the Mott-Schottky
plot at 1.15V versus RHE matches the actual zero-
potential voltage, shown in the inset of Fig. 6, indicating

7 x10°
6l * S.imulat?on results 0.4 |
= = Linear fit
N ~ 00
x g
? 5} ) -0.4 4
E < 3
o *\- -0.8
Lal P -1.2 1 1
('Vm 0.0 04 08 1.2 1.6
e Voltage versus RHE (V)
I3t 1
= N
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N 4 .
N
1t N .
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0 ; ; ; ; LN
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Voltage versus RHE (V)

FIG. 6. Simulated result of Mott-Schottky analysis. The slope

is linear in the voltage range where the device generates
current, with a slope corresponding to a doping density of
4.65x10" cm™3. The inset, bottom left, shows the commonly
used Randles equivalent circuit, where C is the modeled capac-
itance. The top-right inset shows the electrostatic potential drop
in the Cu, O, with zero potential at 1.15'V.

that the relation between the surface charge at the SEI and
the bias voltage is reproduced accurately by the simulation.

IV. CONCLUSION

We have demonstrated that a quantum transport model
based on the NEGF formalism can offer a detailed picture
of the carrier dynamics in the semiconductor electrode of a
PEC cell. Even though numerous simplifying assumptions
were used to reduce the complexity of the model and the
computational cost, the simulation reproduces the correct
current-voltage and Mott-Schottky behavior that are exper-
imentally observed in PEC systems. Compared to com-
monly used drift-diffusion models, the NEGF simulation
offers considerable advantages as it requires less empiri-
cal parameters, and provides an energy-resolved solution.
The results shown in this work provide insight into the car-
rier dynamics in photoelectrochemistry and offer a way to
accurately model the influence of nanoscale design choices
on the efficiency of the electrodes.
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