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This paper presents a comprehensive study on a compact model and the detailed balance limit for
a dual n-type direct Z-scheme heterojunction. The direct Z-scheme catalysis holds immense promise
in solar energy conversion due to its simple structure and potential for high efficiency. The compact
model developed in this work describes the current-voltage (IV) characteristics of the staggered
heterojunction under one-sided illumination.

The model incorporates fundamental principles including charge neutrality, surface recombination,
thermionic emission over the barrier, and surface potentials. By considering these factors, the
IV curve of the staggered heterojunction is captured, shedding light on the charge transfer and
separation processes within the device. The heterojunction device consists of two photosystems:
photosystem one (PSI) with a wide band gap, where the oxidation or consumption of electrons from
reactants take place and photosystem two (PSII) with a narrow band gap, where the reduction
reaction or supply of electrons to the reactants take place.

Furthermore, the paper establishes the detailed balance limit for the efficiency of the dual n-
type direct Z-scheme heterojunction. The maximum achievable efficiency, estimated to be 11.4%,
is determined by the interplay between the band gap of PSII and the empirical relation for the
maximum barrier for electrons leaving PSII. This detailed balance limit represents the highest
conversion efficiency that can be attained, accounting for carrier generation, recombination, and
charge transfer mechanisms. The compact model and the derived detailed balance limit provide
valuable insights for designing and improving the performance of direct Z-scheme heterojunctions,
with implications for artificial photosynthesis and renewable energy applications.

I. INTRODUCTION

The development of efficient and sustainable energy
conversion technologies has become increasingly crucial
in the face of global energy and environmental chal-
lenges. Artificial photosynthesis[1], inspired by natural
photosynthesis, offers a promising avenue for converting
solar energy into chemical fuels or electrical energy.[2]
Among the various strategies explored in this field, di-
rect Z-scheme heterojunctions have emerged as a promis-
ing approach due to their unique structural simplicity
and promising charge transfer properties.[3–5] Direct Z-
scheme heterojunctions mimic the electron transfer pro-
cess found in natural photosynthesis, where charge carri-
ers are transferred between different semiconductor ma-
terials to achieve efficient separation and utilization of
photogenerated charges. This mechanism holds great po-
tential for enhancing the performance of solar energy con-
version devices by minimizing recombination losses and
improving overall efficiency. In recent years, the develop-
ment of photovoltaic-electrolyzer (PV-electrolyzer) sys-
tems has gained significant attention as an efficient means
for solar fuel production. [6] These systems combine pho-
tovoltaic cells with electrochemical cells to directly con-
vert solar energy into chemical fuels such as hydrogen or
other value-added products. The use of direct Z-scheme
heterojunctions within PV-electrolyzer systems or stand

∗ Johan.Lauwaert@UGent.be

alone has shown promising results, offering enhanced per-
formance, improved energy conversion efficiencies or re-
duction of production cost. Despite the progress in the
field, understanding the fundamental limits and perfor-
mance characteristics of direct Z-scheme heterojunctions
remains crucial for further advancements. [7] By a com-
pact model for the device and investigating the detailed
balance limit, which sets an upper limit for the conver-
sion of both electric and chemical energy, researchers can
gain insights into the intrinsic capabilities and challenges
of these systems. In this paper, we present a comprehen-
sive study on a dual n-type direct Z-scheme heterojunc-
tion and explore its compact model and the associated
detailed balance limit. We propose a theoretical frame-
work that describes the essential features of the dual n-
type heterojunction, incorporating relevant physical pa-
rameters and charge carrier dynamics. Through calcu-
lation, we analyze the maximum electric power that can
be extracted from the system and demonstrate that it is
limited to 11.4%. Consequently, this value represents the
upper limit for the conversion of chemical energy within
the system. Our work contributes to the broader under-
standing of direct Z-scheme heterojunctions and their po-
tential in solar energy conversion. Furthermore, it sheds
light on the intricate balance between electric power ex-
traction and chemical energy conversion, offering valu-
able insights for the optimization and design of future
solar fuel production systems. By pushing the bound-
aries of energy conversion efficiency, we strive to pave
the way towards sustainable and economically viable ar-
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FIG. 1. Diagram showing the direct Z-scheme mechanism

tificial photosynthesis technologies.

II. THE DUAL N-TYPE DIRECT Z-SCHEME
BAND DIAGRAM

The dual n-type model for the direct Z-scheme, which
serves as the foundation of this research, was initially
proposed by Allen J. Bard [9]. Bard’s groundbreaking
work established the framework for comprehending and
harnessing the potential of direct Z-scheme heterojunc-
tions. In this model, two photosystems are identified
schematically shown in figure 1: PSI, corresponding to
the wide band gap material, and PSII, representing the
narrow band gap material. These photosystems play a
crucial role in the oxidation and reduction processes oc-
curring within the heterojunction. PSI acts as the ox-
idation site, where light-induced electron transfer from
PSI to an electron acceptor initiates the reduction of the
acceptor species. On the other hand, PSII serves as the
reduction site, where light absorption promotes electron
transfer to PSII, facilitating the oxidation of an electron
donor species. Such a model was also implemented in
a solar cell simulator by Jacob et al. to explore the im-
pact on the semiconductor properties on the performance
of the device [10]. Importantly, it should be noted that
while this study focuses on the dual n-type model, a dual
p-type model would lead to similar results and findings.

The Z-scheme staggered heterojunction, based on its
band diagram shown in figure 2, consists of two distinct
photosystems, namely photosystem one (PSI) and pho-
tosystem two (PSII), combined within a staggered archi-
tecture. The band diagram illustrates the energy levels
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FIG. 2. Band diagram for a direct Z-scheme, the reference for
the electron energy is the electron quasi-fermi energy at the
contact with PSI

and band alignments of the materials involved, providing
insights into the charge transfer and separation processes.

In this configuration, PSI, typically composed of a wide
band gap semiconductor material, is positioned in accu-
mulation, while PSII, composed of a narrow band gap
semiconductor, forms an inversion layer. These different
charge accumulation states are crucial for achieving effi-
cient charge transfer and separation at the heterojunction
interface.

At the interface of PSI and PSII, a staggered align-
ment is established. This means that the conduction
band (CB) of PSII is positioned higher in electron energy
compared to the CB of PSI, while the valence band (VB)
of PSII is positioned higher in electron energy compared
to the VB of PSI. This staggered alignment is intended to
facilitate the efficient transfer of photogenerated carriers
from PSI to PSII via interface recombination.

In PSI, under illumination, photons with energies
higher than the band gap of the material are absorbed,
exciting electrons from the VB to the CB. These excited
electrons accumulate in the accumulation layer in PSI,
creating a high concentration of negative charges. The
accumulation layer in PSI is not strongly influenced by
the generation of carriers and remains relatively unaf-
fected by the illumination intensity.

In PSII, with its narrower band gap, the material can
absorb photons with lower energies, including those in
the near-infrared range. When these photons are ab-
sorbed, electrons are excited from the VB to the CB,
resulting in the generation of electron-hole pairs. How-
ever, due to the n-type nature of PSII, the photogener-
ated holes are quickly trapped and recombine, while the
electrons are mobile and form an inversion layer near the
interface with PSI. The presence and extent of the in-
version layer depend more strongly on the illumination
intensity. Higher illumination intensities lead to a more
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pronounced and extended inversion layer, while lower in-
tensities result in a weaker inversion layer.

The staggered band alignment at the heterojunction
interface enables the transfer of photogenerated electrons
from the accumulation layer in PSI to the inversion layer
in PSII. This transfer occurs due to the difference in en-
ergy levels between the CBs of PSI and PSII. The pho-
togenerated electrons from PSI can migrate to the inver-
sion layer in PSII, where they can participate in further
energy utilization processes or be extracted as electrical
current.

Understanding the band diagram and the characteris-
tics of the dual n-type Z-scheme heterojunction, includ-
ing the accumulation layer in PSI and the illumination-
dependent inversion layer in PSII, provides valuable in-
sights into the fundamental mechanisms of charge trans-
fer and separation. This knowledge guides the design and
optimization of dual n-type Z-scheme heterojunction sys-
tems, aiming to maximize energy conversion efficiencies
in solar energy conversion technologies.

III. A COMPACT MODEL FOR THE
CURRENT-VOLTAGE CHARACTERISTICS

A compact model for a staggered heterojunction can
be developed to describe the current-voltage character-
istics of the device. This model incorporates key prin-
ciples such as charge neutrality, surface recombination,
and thermionic emission over the barrier. By consider-
ing the charge densities, current densities, and surface
potentials in each photosystem, the voltage behavior of
the heterojunction can be calculated.

The charge neutrality of the device is a fundamental
requirement, ensuring that the charge densities per unit
area in both photosystem one (PSI) and photosystem two
(PSII) are equal. This principle reflects the balance be-
tween the accumulation of negative charges in PSI and
the inversion layer in PSII. By maintaining charge neu-
trality, the model can accurately represent the overall
charge distribution in the heterojunction.

The space charge per unit area in PSI (Q1) in accu-
mulation can be written as:

Q1 =
√
2ϵ1ϵ0kBTND1 (eβ1 − 1− β1) (1)

with β1 = Ψs1

kBT , ϵ0 is the permittivity of the vacuum, ϵ1
is the dielectric constant of PSI , kB is the Boltzmann
constant, T is the temperature and Ψs1 is the surface
potential induced in PSI by bringing it in contact with
PSII. The space charge per unit area in PSII (Q2) in
depletion containing an inversion layer can be written
as:

Q2 =
√
2ϵ2ϵ0kBT (ND2(β2 + e−β2 − 1) + p20(eβ2 − 1− β2))

(2)
with β2 = Ψs2

kBT , ϵ2 is the dielectric constant of PSII,
Ψs2 is the surface potential induced in PSII and p20 is

the minority carrier concentration in the neutral part of
PSII. To ensure charge neutrality in the heterojunction
the Q1 +Q2 = 0 condition should be met.
The current density in the staggered heterojunction

arises from two primary contributions: surface recombi-
nation and thermionic emission over the barrier for elec-
trons in PSII. Surface recombination refers to the pro-
cess where photogenerated electrons and holes recombine
at the heterojunction interface, resulting in current loss.
Thermionic emission over the barrier describes the phe-
nomenon where electrons overcome the energy barrier at
the heterojunction interface and contribute to the overall
current flow. These two mechanisms play significant roles
in determining the current density and the efficiency of
charge transfer in the heterojunction.
To calculate the voltage behavior of the staggered het-

erojunction, the surface potentials in both PSI and PSII
are considered. The surface potential reflects the energy
difference between the Fermi level and the vacuum level
at the surface of the material.
The surface potentials induced in both photosystems

are connected via:

Ψs2 = (Ec1−Efn1)− (Ec2−Efn2)−∆χ−V −Ψs1 (3)

with V the voltage over the structure. In figure 2, which
also illustrates Eq. 3, the voltage is chosen V = 0.3V .
This value, chosen for illustration, is an arbitrary posi-
tive value, likely in the vicinity of a potential working
point. ∆χ is the absolute difference in the electron
affinities of the systems and Ec1/2 − Efn1/2 the differ-
ence between the majority carrier fermi-level and the
conduction band edge in the corresponding photosystem.

Evaluating the current density at the interface enables
the calculation of the current-voltage characteristics. At
the interface the maximal positive current from PSII to
PSI is a recombination current (JRJ ) of electrons from
PSI with holes from PSII via surface state with a density
NTs.

JRJ =
qNTscn1n1cp2p2
cn1n1 + cp2p2

(4)

Herein is n1 the electron concentration at the PSI side,
p2 the hole concentration at the PSII side, cn1/p1 the
capture cross-section multiplied by the thermal velocity
of these electrons and holes respectively. It can be noted
that due to the staggered gap and the prerequisite to
have a Z-scheme that the capture rates of electrons from
PSI and holes from PSII have the strongest contribution
to the Shockley-read-hall recombination current density.
In other words, the capture rates for holes from PSI and
electrons from PSII and the emission rates can be ne-
glected and as discussed above these mechanisms will re-
duce the efficiency. Eq. 4 is therefore equal to the hole
current from PSII to PSI. Unfortunately, the electrons
from PSII, although preferentially contribute to the re-
duction reaction, they can also enter PSI, lowering the
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total current. Luckily, the depletion of PSII at the inter-
face forms a barrier for these electrons. The thermionic
emission current density is an underestimate for this elec-
tron current and can be written as:

JThermionic = qvth

(
n1e

−∆χ
kBT − n2

)
(5)

with vth the thermal velocity for electrons and n2 the
electron concentration at the PSII side of the interface.
It could be noted that the hole current from PSI to PSII
is also lower the efficiency and due to the specific banddi-
agram will be smaller than the electron current from PSII
to PSI. The total current with contains the contribution
of the recombination current (Eq. 4) and the thermionic
emission current (Eq. 5) is therefore dependent on the
carrier concentrations n1, n2 and p2 at the interface. As-
suming flat quasi-fermi levels in favor of the maximal re-
combination current at the interface these concentrations
can be written as:

n1 = ND1e
β1 (6)

n2 = ND2e
−β2 (7)

p2 = p20e
β2 (8)

It is remarkable that the hole concentration in PSI (p1)
is absent in these equations describing the available
carriers for the chemical reactions, while a hole current
at the interaction with electrolyte might match the oxi-
dation reaction better. However, the estimated current
at the PSI/ PSII interface forms an upper limit for the
available charges. Moreover the electron current in PSI
can be converted to a hole current via recombination
and generation in the bulk or via preferential selection
of carriers in contact with the oxidation reaction.
The maximum power available for the chemical reaction
is the maximum of the current density multiplied by the
voltage over the structure (i.e. the electrical power).
For each illumination condition a certain concentration
of holes p20 in the neutral part of PS II are created.
For each p20, Eq. 3 and the charge neutrality (Eqs.
1 and 2) can be used to calculate the current voltage
characteristics.

IV. DETAILED BALANCE LIMIT

The detailed balance limit of the compact model for
the staggered heterojunction involves understanding the
maximum achievable efficiency of the device. This limit
is determined by several factors, including the generation
of minority carriers in PSII, the recombination interface
between PSI and PSII, and the barrier for electrons leav-
ing PSII.

When photons with energies above the band gap of
PSII are absorbed, they generate minority carriers (holes)
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FIG. 3. Graphical representation of the method to calculate
p20 for different voltages. p20 as a function of the hole current
density difference |∆jh| (full lines). Determined p20 for ideal
collection (dotted lines). Inset: determined p20 as a function
of voltage.

in PSII. These minority carriers contribute to the over-
all photocurrent in the device. However, to achieve the
detailed balance limit, it is essential to minimize the re-
combination of these minority carriers before they can
contribute to the electrical current. To idealize this sit-
uation and to estimate the theoretical limit of artificial
photosynthesis via a Z-scheme we assume that the total
generated minority carriers in PSII either recombine in
the bulk or contribute to the recombination current at
the interface with PSI.

JRJ = q

∫ t2

0

G(x)dx− q
p20t2
τ2

(9)

the point x = 0 is for the simplicity chosen at the in-
terface, t2 is the thickness of PS II and τ2 the minority
carrier life time in PS II. The longest life time of the
minority carriers τ2 is obtained when only radiative re-
combination is present. For radiative recombination this
life time can be written as:

τ2 =
1

βradND2
(10)

with βrad the radiative recombination coefficient . Equa-
tion (9) allows to determine the concentration of minor-
ity carriers in the neutral part PS II (p20). The graph in
Figure 3 visually illustrates the calculation of p20. The
horizontal axis represents |∆jh|, which signifies the abso-
lute difference between the majority carrier current gen-
erated in the material (equation 9) and the collected cur-
rent through recombination at the interface (equation 4).
When this difference in current density reaches zero, in-
dicating complete carrier collection, it defines the ideal
scenario for determining p20—shown by the dotted line
on the graph. The inset depicts the hole concentration in
the neutral part of PSII as a function of voltage, denoted
as p20.
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The maximum carrier generation rate in PSII corre-
sponds to the photon flux for photons with an energy
above the energy gap of PSII (Eg2) of the solar spec-
trum. Both the generation and recombination in the
bulk of PSII can be calculated equivalent to the Shockley-
Queisser limit for solar cells. Shockley and Queisser pro-
vide an in-depth explanation of the detailed equilibrium
between generation and radiative recombination in refer-
ence [11]. Additionally, reference [12] conducts a compre-
hensive investigation, encompassing free carrier absorp-
tion and auger recombination, specifically tailored for a
single-junction Silicon-based solar cell.

The recombination interface between PSI and PSII
serves as an ideal current collector for the holes gener-
ated in PSII. This means that the holes can efficiently
transfer from PSII to PSI maximizing the collection of
charge carriers. As a result, the recombination interface
plays a crucial role in enhancing the overall performance
of the heterojunction.

On the other hand, the barrier for electrons leaving
PSII is a limiting factor for the electrical current. While
the recombination interface is efficient in collecting holes,
the barrier for electrons leaving PSII is never ideal. This
non-ideal barrier restricts the flow of electrons, resulting
in a limited electrical current and reducing the overall
efficiency of the device. Based on the theory of Bethe
[13] this current density can be written as:

JThermionic = A∗T 2 exp

(
−qϕbn

kBT

)(
exp

(
qV

kBT

)
− 1

)
(11)

with A∗ = 1.2 × 105 mA
cm2K the Richardson constant and

ϕbn the barrier height. To estimate the maximum ef-
ficiency, the empirical relation of Mead and Spitzer[14]
can be utilized, connecting the band gap of PSII with
the maximum barrier that can be achieved for electrons
leaving PSII.

ϕbn =
2

3
Eg (12)

This relationship has been ascribed to the fact that a
high peak density of surface states is present at the semi-
conductor. Surface states that in a Z-scheme need to
be present to maximize the recombination current to ex-
tract the carriers from PSII. We therefore propose that
this relationship defines a realistic maximum for this bar-
rier preventing electrons to contribute to the reduction
reaction.

In this approach, we first examine how minority car-
riers, specifically holes within PSII generate and recom-
bine. An important aspect of our model is the ideal re-
combination interface, which efficiently gathers all the
holes. This allows to calculate the minority carrier con-
centration in the neutral part p20 as discussed above.
However, the presence of a non-ideal electron barrier cre-
ates a current loss by allowing some electron current,
ultimately reducing the overall efficiency. This limit
critically defines the efficiency boundaries of the com-

FIG. 4. Maximal efficiency as a function of the band gap
energy of PSII for different band gap energies of PSI. The
curves for Eg1 = 4.0eV and Eg1 = +∞eV match exactly.

pact model for the staggered heterojunction, particu-
larly as both the hole and electron currents are voltage-
dependent. These currents collectively form the total
current-voltage (IV) characteristics of the system. This
limit represents the maximum achievable efficiency of the
device, considering the fundamental constraints of the
band gap of PSII. Figure 4 shows the efficiency as a func-
tion of Eg2, demonstrating a peak efficiency of 11.4%
when the PSI band gap exceeds 4.0 eV. Our model in-
tegrates the PSI band gap by simulating the parasitic
absorption of photons above this threshold. The opti-
cal generation of carriers in PSI prompts a Fermi level
split, notably enhancing carrier concentration p1 at the
interface. This increased hole concentration diminishes
efficiency by emittion of holes over the hole barrier, akin
to the electron barrier in PSII. Consequently, our depic-
tion of maximum achievable efficiency solely considers
the results of parasitic absorption.

V. CONCLUSION

In conclusion, this paper presented a comprehensive
analysis of a compact model for the current-voltage (IV)
curve of a staggered heterojunction in the context of
a direct Z-scheme. The model incorporated key prin-
ciples such as charge neutrality, surface recombination,
thermionic emission over the barrier, and surface poten-
tials to accurately describe the behavior of the hetero-
junction under illumination from one side.
By considering the unique characteristics of the stag-

gered heterojunction, including the accumulation layer in
photosystem one (PSI) and the illumination-dependent
inversion layer in photosystem two (PSII), the compact
model provided valuable insights into the charge transfer
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and separation mechanisms within the device.
Furthermore, the paper established a detailed balance

limit for the efficiency of the staggered heterojunction.
This limit was estimated to be 11.4%, based on the em-
pirical relation between the band gap of PSII and the
maximum barrier for electrons leaving PSII. This effi-
ciency limit represented the maximum achievable conver-
sion efficiency for the device, taking into account factors
such as carrier generation, recombination, and charge
transfer processes.

The compact model and the derived detailed balance
limit offer a solid foundation for understanding and op-
timizing the performance of staggered heterojunctions
in solar energy conversion applications. By accurately
characterizing the IV curve and identifying the efficiency
limit, this research provides important guidelines for en-
hancing the design and operation of direct Z-scheme het-
erojunctions.

Future studies can build upon this work by explor-
ing strategies to minimize recombination losses, optimize
material parameters, and improve charge transfer kinet-

ics within the staggered heterojunction. Additionally, in-
vestigating alternative device architectures may further
push the efficiency limit and enable even higher perfor-
mance in direct Z-scheme heterojunctions.

Overall, this research contributes to the broader field
of artificial photosynthesis and solar energy conversion by
providing a compact model that captures the essential as-
pects of a staggered heterojunction and by establishing
a detailed balance limit for its efficiency. These findings
pave the way for the development of more efficient and
sustainable energy conversion technologies based on di-
rect Z-scheme heterojunctions.
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