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Zn3P2-TiO2 selective contact-based
thin-film solar cell device design
6.1. Abstract
Electricity generation via photovoltaic energy conversion has just reached a deployed
capacity of 1 TW. The majority of commercial solar panels is based on Si. For some applications that involve flexible photovoltaics Si is not well-suited, as Si solar cells are
roughly 100-times thicker than the more versatile thin-film solar cells. However, most
thin-film absorbers suffer from drawbacks such as material scarcity, bad stability, toxicity, or a low efficiency potential and so the ideal candidate for thin-film solar cells has
not been determined yet. In this work we present a solar cell design that addresses these
issues by using Zn3 P2 as the absorber. By combining optical and electronic simulations,
we investigate the energy band level requirements for the front and rear layers of a Zn3 P2
solar cell. We identify Au as an ideal candidate, and Ni as a potential low-cost alternative
for the back contact. TiO2 is identified as the ideal electron extraction layer at the front,
with ITO serving as the front electrode on top of it. Overall, the proposed device could
achieve 20% power conversion efficiency, with room for further improvements via light
management, suggesting a bright perspective for Zn3 P2 as a thin-film absorber.
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6.2. Introduction
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The exponentially growing interest and installation of photovoltaics (PV) in recent years,
especially of silicon-based PV, has led to an increasing demand in resources and energy
by the PV industry. With these new scales of PV, the impact and requirements of the
PV industry with regards to earth abundance, fabrication speed, energy intensity, and
material efficiency becomes increasingly important. Thus, while high solar cell efficiencies are still a prime requirement for many applications, it is increasingly important how
these are achieved, considering invested processing energy, manufacturing speed and
materials consumption. While silicon is efficient and abundant, the typical thickness
that is required for absorption of most of the incident light is about two orders of magnitude larger than for other PV materials, such as CIGS 196 , GaAs 284 , CdTe 198 and perovskite 285 . Such thin films excel with their potential of high fabrication speed 286 , lower
manufacturing energy requirements 287 , and low demand in absorber material. However, these thin-film materials in turn suffer from components that are scarce in the
earth’s crust or difficult to mine.
Zinc phosphide (Zn3 P2 ) is a material that has potential in this respect, as it is fully
composed of earth-abundant elements 288 . Zinc phosphide has a large absorption coefficient 289,290 , comparable to GaAs, and carrier diffusion lengths as high as 5 to 10 µm 117
have been demonstrated. However, limited work has been performed on Zn3 P2 solar
cells, and the record solar cell efficiency so far is only 6.0% 291 , which is far from the
31.5% 292 theoretical efficiency for Zn3 P2 . Until recently, device designs have been constrained by the fact that high-purity Zn3 P2 could only be grown on a limited range of
substrates, mainly gallium arsenide 293 or indium phosphide 294,295 , which are parasitically absorbing and from which a clean separation of the absorber is difficult. Thanks to
recent developments 296 , it is now possible to separate the grown Zn3 P2 from its growth
substrate, which means that the back and the front of the absorber can be freely accessed
to add carrier collection layers, opening up many opportunities to optimize the solar cell
design.
In Zn3 P2 the diffusion length is large compared to the absorption depth, which means
that most generated carriers can reach the interface to the bottom/top layer, as the absorber can be made relatively thin. However, it is not clear what the ideal top and bottom layers for charge extraction should be. Zn3 P2 is intrinsically p-type, and no suitable
n-type doping strategy for Zn3 P2 has been reported yet, which eliminates homojunctions as a possibility. This is also confirmed by density functional theory (DFT) calculations, which have found that most of the common dopants yield p-type 297–299 Zn3 P2 .
Studies of interfaces between Zn3 P2 and potential carrier-selective layers and/or heterojunction partners 300,301 are also scarce. This means that there is little existing knowledge
on the charge extraction from Zn3 P2 .
In the following, we introduce a zinc phosphide p-n heterojunction solar cell design 302 , by using an intrinsically p-type 299 Zn3 P2 layer together with an n-type selective
contact, sandwiched between a transparent front contact (ITO) and a metal back contact. We use electronic drift-diffusion simulations to derive the requirements for energy
band levels and work functions to optimize the solar cell efficiency, and identify materials that fit within these optimized parameters.

6.3. Design
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6.3. Design
We have chosen a selective contact-based cell design, that allows for charge carrier selectivity at the interface between Zn3 P2 and a n-type window layer (Figure 6.1). A 100nm-thick n-type window layer is placed on top of the 300-nm-thick Zn3 P2 absorber
(1.51 eV). We investigate a range of n-type window layer materials and use their conduction band (C B ) and valence band (V B ) energy levels to calculate the cell output
parameters, varying the thickness of the Zn3 P2 layer and taking into account the work
function (φ) of a metal back contact. We use indium-tin-oxide (ITO) as a transparent top
electrode. ITO is the most commonly used transparent electrode in photovoltaics 303 ,
but it should be noted that alternatives exist such as fluorine-tin-oxide (FTO) 304 , or Ag
nanowire grids 305 , that have comparable transparency and conductivity.

6

Figure 6.1: Layer stack of a solar cell with Zn3 P2 as the absorber layer. Known specifications in black, properties
investigated in this work in white. Light comes from the top. C B =conduction band, BG=band gap, W F =work
function.

The simple solar cell design presented here enables fundamental insight into the
parameters that determine the optimized cell design. A further optimized design may
include additional barrier and contact layers, such as a highly doped p+-type layer (p+Zn3 P2 or another material) between the metal back contact and the Zn3 P2 to improve
selectivity at the back interface. Furthermore, additional light trapping can be achieved
with an antireflection layer (e.g. MgF 306,307 , LiF 307 ) on top of the ITO, and by structuring the solar cell either at the front 308,309 or the back 310,311 , as commonly done in other
thin-film solar cell designs 309–311 .

6.4. Methods
In order to determine the appropriate ranges for the energy levels of the n-type layer and
the metal back contact, we use a combination of optical and electronic simulations for
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the solar cell device. In a first step, we obtain the charge-carrier generation profile within
the device from optical simulations. This is used as an input for the electronic simulations, where we simulate the charge carrier dynamics in the device for a range of applied
voltages, and then obtain a current-voltage (I V ) curve for the solar cell. From these
curves we calculate the short-circuit current density (J sc ), open-circuit voltage (Voc ), fill
factor (F F ), and power conversion efficiency (η). These simulations are iterated for different parameters to evaluate their impact on the device efficiency.
We use a finite-difference time-domain (FDTD)-based solver (Ansys Lumerical FDTD)
to solve Maxwell’s equations for the layer stack and calculate the light field intensities
inside the device. We start by using ZnO as the n-type carrier collection layer and simulate the following device stack (top to bottom): ITO (200 nm), ZnO (100 nm), Zn3 P2
(300 nm), Au (500 nm); The used optical constants and a detailed description of the simulation setup can be found in the Appendix. For simplicity we use the optical constants
of ZnO and Au when studying alternative carrier collection layers and metal back contacts. This is justifiable as the n-type layers have similarly large bandgaps as ZnO, and
thus are also transparent. Slight differences in parasitic absorption and reflection are
negligible in comparison to the impact of the band alignment on the electronic output
parameters. Similarly, using Au as a highly reflective back contact serves as a reference
for the reflection of light at the back of the solar cell.
A finite element method-based drift-diffusion equation solver (Ansys Lumerical
CHARGE) is used to calculate the electronic device performance. Metals (back contact,
ITO) are parameterized by their work function, while the Zn3 P2 absorber layer and the
n-type collection layer are parameterized by a wider range of properties, summarized in
the Appendix.
We define the ideal ranges for the energy levels of the n-type semiconductor and the
metal back contact in the proposed device and find that the ideal design is composed of
a Type-II heterojunction, with a slight conduction band offset (TiO2 : 0.4 eV), as well as a
metal back contact with a work function of 5.1 eV or higher.

6.5. Results & discussion
6.5.1. Impact of back contact work function on device performance
First we determine the ideal material for the metal back contact by finding the best range
for the metal work function (φ). Figure 6.2 shows the solar cell characteristics (J sc , Voc ,
F F , and η) for a metal-Zn3 P2 -ZnO-ITO solar cell stack as a function of the metal work
function. Note that we assume that the relative energy level alignment at the Zn3 P2 n-type layer interface does not affect the charge extraction at the metal-Zn3 P2 interface,
as long as the energy levels for the C B and bandgap (BG) are within a sensible range (ntype layer: C B = 3.6 eV, BG = 3.3 eV). Note that we refer to a “higher” energy level if the
magnitude of the energy level is larger, irrespective of the sign.
The J sc (Figure 6.2a) increases moderately with φ, while the Voc (Figure 6.2b) increases more strongly, for φ up to around 5.2 eV, at which point the Voc saturates. The
F F (Figure 6.2c) also levels off above φ = 5.2 eV. These trends lead to an overall strong
dependence of η on φ (Figure 6.2d); it gradually increases until it levels off at φ = 5.2 eV.
Figure 6.2e shows the I V -curves for three specific cases (4.6 eV, 5.0 eV, 5.4 eV) and it be-
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Figure 6.2: (a-d) J sc , Voc , F F , η for a metal-Zn3 P2 -ZnO-ITO layer stack as function of the metal back contact work function (φ). (e) Current-voltage (I V ) curves for three values of the metal work function (φ). (f-h)
Band diagrams at the metal-Zn3 P2 interface for three values of φ indicated in the graphs. Energy levels are
shown with respect to the hole quasi-Fermi-level (QF h ) at the hole-extracting interface (back contact). The
lines correspond to conduction band (C B , solid-blue), electron quasi-Fermi-level (QF e , dashed-blue), QF h
(dashed-red), and valence band (V B , solid-red).

comes clear from their shapes that the F F decreases for smaller work functions due to a
shunting effect, while the series resistance does not change with φ. Figures 6.2b-d show
the band diagrams for those three cases at the J sc condition (V =0) under illumination.
We observe band bending across the full range in the Zn3 P2 that is plotted. Towards
higher metal work functions, very strong band bending occurs within the vicinity of the
metal-semiconductor interface (10 nm), bringing the hole-quasi-fermi level (QF h ) closer
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to the V B of the Zn3 P2 layer. At the same time, the energetic barrier for electrons flowing
towards the back contact increases.
The interface between Zn3 P2 and the metal back contact corresponds to the interface
of a p-type semiconductor and a conductor, as described by Dittrich 90 . The direction of
the band bending depends on the difference between the metal work function and the
Fermi level of the semiconductor. In Figure 6.2b-d we can see how the band bending
changes with the metal work function, and that the band bending at higher φ benefits extraction of holes. The semiconductor bands bend upwards in the vicinity of the interface,
which promotes hole migration towards the back contact and limits carrier losses, and
at the same time the matching Fermi-level of the metal and the holes in the semiconductor limits energetic losses. On the other hand, strong band bending prevents electrons
from reaching that interface, reducing the recombination current and increasing charge
carrier separation at the rear interface. It appears that 5.2 eV is a critical threshold above
which there is negligible influence of φ on the electronic device performance. This value
is slightly above the Zn3 P2 V B at 5.11 eV.
The relations between the band diagrams and the I V curves are the following: We
observe upward band bending in the vicinity ( 10 nm) of the rear interface for the 5.4 eV
case compared to the 4.6 eV case. This corresponds to a decrease in potential energy
for the holes towards the interface, which promotes hole flow towards and electron flow
away from the rear interface, benefitting the J sc . The Voc increases towards larger work
functions, as extraction of holes at the energy of the V B means that there is no additional
loss in potential energy, and because of improved charge separation at the rear interface.
Lastly, the F F benefits from strong band bending because this limits electron flow in the
wrong direction, which manifests itself as shunting behavior in an I V curve (Figure 6.2e).
These calculations show that any back contact metal with a work-function of 5.1 eV
or higher is worth considering. We note that the back contact should ideally be highly
reflective, and hence Au (φ = 5.10–5.40 eV) 312,313 is a good candidate for an initial device,
albeit expensive. Nickel (φ = 5.04–5.35 eV) 314 is an interesting alternative. We note that
these results show a general trend based on the work function, and that the effect of
interface defects that can sometimes occur at an interface between two materials is not
taken into account here.

6.5.2. Conduction band energy as the critical parameter for the n-type
window layer
So far, we have established the lower boundary for the work function of the metal back
contact. Setting φbc =5.3 eV, we now investigate the energy bands that are desirable for
the n-type window layer. As parasitic absorption should be avoided as much as possible,
wide-bandgap semiconductors are the most interesting candidates. The n-type layer
should function as a charge carrier selective contact and at the same time it constitutes
a heterojunction with the absorber layer. We consider Type-I and Type-II heterojunctions 315 . Type-I heterojunctions pair the absorber with a wide-bandgap material that
has a lower C B level and a higher V B level than the absorber itself. In a Type-II heterojunction, the C B and V B levels of the wide-bandgap material are both either higher
or lower (for n-type: higher), than the C B and V B levels of the paired absorber, but the
bandgaps overlap. We note that the C B is synonymous with the often used electron
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affinity (χe ), and that for semiconductors, φ refers to the energy level in the middle of
the bandgap (undoped).
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Figure 6.3: (a-d) Cell parameters (J sc , Voc , F F , η) as function of the n-type layer BG energy (BG) and the
conduction band level (C B ). In te panel of the F F , the ranges for the type-I and type-II heterojunctions are
indicated. In the panel for the efficiency (d), the conduction band of Zn3 P2 is also indicated, along with values
of a range of potentially interesting materials. ZnS(e) compounds in black, oxides in red.

Figure 6.3 shows the dependence of the cell characteristics on C B and BG energies.
As expected, the cell characteristics do not depend strongly on the BG within the investigated range. The J sc (Figure 6.3a) is slightly higher towards low C B levels that correspond
to a Type-I heterojunction. The Voc increases moderately towards high C B levels (Figure 6.3b). The F F shows peaks at 4.0 eV, and decreases again towards larger C B levels
(Figure 6.3c). The overall efficiency follows the trend of the F F , as this parameter shows
the strongest dependence on the C B level (Figure 6.3d).
By looking at the shape of the I V curves (Figure 6.4a), it becomes clear that the dependence of the F F on the C B level arises from a change in the series resistance of the
cell. Furthermore, for very high C B levels, the I V curve becomes S-shaped around the
Voc . The band diagrams in Figure 6.4b-d show how the energy landscape at the p-n interface changes from Type-I (C B = 3.4 eV) to Type-II (C B = 4.0 eV & 4.6 eV). C B levels
below 3.6 eV correspond to a Type-I heterojunction geometry, for which electrons and
holes have to bridge an energy barrier to enter the n-type layer. In a Type-II heterojunction (above 3.6 eV) the photogenerated electrons in the absorber can freely flow into the
n-type layer. By contrast, photogenerated holes encounter a large barrier, making this
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Figure 6.4: (a) Current-voltage (I V ) curves for three conduction band levels (C B ), for bandgap BG = 3.2 eV.
(b-d) Corresponding band diagrams for the Zn3 P2 -n-type layer interface (left to right). The energy levels are
shown with respect to the electron quasi-Fermi-level (QF e ) at the extraction interface. The lines correspond to
C B (solid-blue), QF e (dashed-blue), quasi-fermi-level of the holes (QF h , dashed-red), and valence band (V B ,
solid-red).

architecture intrinsically carrier-selective, as desired. While we observe band bending in
the n-type layer for the Type-I heterojunction, the C B and V B are flat in the Type-II case.
The band bending in the Zn3 P2 layer is stronger for lower n-type C B levels. The V B and
QF h levels are otherwise unaffected in all three diagrams. The QF e level is matched at
both sides of the interface for C B levels of 3.4 eV and 4.0 eV, while a large step in the QF e
level is observed for C B = 4.6 eV.
A key feature we observe is that the large step in the C B causes an S-shaped I V curve
for C B = 4.6 eV. With increasing voltage, the band bending becomes weaker, until it is
inverted and prevents electrons from reaching the p-n interface. At the same time, the
applied voltage is not sufficient to push electrons in the reverse direction across the junction. This reduces the current density for the voltage range for which the band bending
in the absorber can be overcome, but the C B offset cannot. For larger applied voltages,
the energetic barrier can be overcome and the recombination current begins to dominate. This feature is not observed for lower C B energies because the voltage that overcomes the band bending is sufficiently large to overcome the C B offset. A more detailed
explanation based on band diagrams at different voltages can be found in the Appendix
(Figure 6.7).
We attribute the moderately higher J sc in the case of the Type-I heterojunction to im-
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proved extraction due to stronger band bending across the Zn3 P2 layer for lower n-type
C B levels (Figure 6.4b-d). The Voc does increase towards very large C B energies due
to the fact that with a larger C B offset it becomes more energy-intensive to push electrons in the reverse direction. The increased Voc goes hand-in-hand with an S-shaped
I V -curve (Figure 6.4a) as explained in the previous paragraph. In contrast to the case
for the metal back contact, where we found shunting behavior to dominate the F F dependence, the change in F F now mainly depends on the series resistance for electrons across the p-n junctions. We find that the F F is highest at the C B energy for which
Zn3 P2 and the n-type layer have matching quasi-Fermi energy levels for the electrons.
Overall, highest efficiencies are achieved at a C B offset of 0.4 eV in favor of a Type-II
heterojunction (C B = 4.0 eV).
Figure 6.3d also shows the approximate BG and C B values for some state-of-the art
n-type wide-bandgap oxides 301,316 , as well as n-type ZnS(e) compounds 301 that deserve
special attention in this context. We find that TiO2 (Anatase phase), ZnSe, WO3 , and ZnS
have parameters close to what our analysis suggests is the optimum, with TiO2 showing
best performance. TiO2 has been used as a n-type window layer in combination with
a wide range of absorber layers (perovskite, PbS QDs, dyes) in the past. Furthermore,
a wide range of deposition methods exists for it, ranging from solgel-deposition 317 to
atomic-layer deposition (ALD) 318,319 approaches. Considering these aspects, especially
in comparison to the other candidates, we deem TiO2 a promising option for combining
it with Zn3 P2 in a p-n heterojunction.

6.6. Proposed cell design and the impact of the absorber thickness
Having established the work function requirements for the metal back contact and identified TiO2 as a suitable n-type material, we calculate the full energy band diagram of our
solar cell device design under illumination, at the J sc condition (V = 0). The simulations
predict a photovoltaic efficiency of 15% and consists of the following layers, from bottom to top: Au (back contact), Zn3 P2 (absorber, 300 nm thick, acceptor doping level
(N A ): 1016 cm-3 ), TiO2 (n-type layer, 100 nm thick, donor doping level (ND ): 1018 cm-3 ),
and ITO (front contact). Starting at the back of the solar cell (φ Au = 5.1 eV), we find steep
band bending within the first 10-20 nm of the absorber, induced by the large φ of the
metal back contact. This favors hole extraction and blocks electrons. Furthermore, the
QF h and V B levels align well at the back contact interface, creating an Ohmic contact.
In the active layer (Zn3 P2 ) we see a steady decrease in the accumulation of holes until
similar charge carrier densities are reached for electrons and holes (indicated by QF h
and QF e ). At the p-n heterojunction interface electrons are transferred into the TiO2
layer, assisted by a shallow band bending slope that spans across most of the absorber.
The TiO2 layer blocks the holes and is strongly n-doped, as indicated by the proximity
of the C B and QF e levels. Holes can enter the Zn3 P2 from the TiO2 , while electrons are
blocked by a barrier of 0.4 eV. The TiO2 -ITO interface is set to be Ohmic throughout the
simulations.
While we have so far optimized the device performance for a thin absorber layer
(300 nm), the long diffusion lengths in Zn3 P2 allow for much thicker devices. Figure 6.6
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Figure 6.5: (a) Solar cell stack of a heterojunction solar cell with Zn3 P2 as the absorber layer. This work simulated an ideal architecture that contains TiO2 as the n-type window layer and ITO and Au (/Ni) as front and
back contacts, respectively. Light comes from the top. (b) Corresponding band diagram, light comes from the
right. The band diagram corresponds to the J sc condition (V =0), under illumination. Conduction band (C B ,
solid-blue), electron quasi-Fermi-level (QF e , dashed-blue), hole quasi-Fermi-level (QF h , dashed-red), and valence band (V B , red) are plotted for the full p-n heterojunction. The gray-dashed line marks the interface
between Zn3 P2 and TiO2 .
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shows how the efficiency can be increased significantly from 15% at a thickness of 300 nm
up to 20% at 2000 nm, beyond which the efficiency levels off. As the Voc and F F are not
impacted on this length scale, we find that this significant increase in efficiency can be
solely attributed to better light absorption leading to a higher J sc .

Figure 6.6: (a-d) Solar cell parameters (J sc , Voc , F F , η) for the Au-Zn3 P2 -TiO2 -ITO heterojunction design as
function of the Zn3 P2 thickness.

At this point it is important to note that while these simulations largely neglect the
impact of recombination losses, they do not serve as an upper bound. Simple light management strategies, such as an anti-reflection coating, or more advanced strategies, such
as texture, have not been considered in this work, and can improve the J sc significantly,
by minimizing reflection loss and increasing the average path length of light within the
absorber.

6.7. Conclusion
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6.7. Conclusion
We propose a novel p-n heterojunction thin-film solar cell design, based on Zn3 P2 as
an absorber. We numerically solve Maxwell’s equations and couple them to electronic
drift-diffusion equations, to investigate the performance of a range of device geometries. We identify work functions larger than 5.1 eV as ideal for the metal back contact,
and find suitable material candidates in Au and Ni. Analyzing the requirements for the
conduction band of the n-type window layer, we find that TiO2 is the best candidate for
the n-type layer. We predict a potential device efficiency of 20% in absence of significant
carrier recombination and without light management strategies, leaving room for further efficiency enhancement. Overall, these findings serve as a promising guide towards
the fabrication of earth-abundant and efficient Zn3 P2 based solar cell devices.

6.8. Appendix
6.8.1. Optical simulations
We use a finite-difference time-domain (FDTD) solver (Ansys Lumerical FDTD) for optical simulations. The following device stack was simulated (top to bottom): ITO (200 nm),
ZnO (100 nm), Zn3 P2 (300 nm), Au (500 nm); The mesh accuracy was set to “2” for a “auto
non-uniform” mesh type. The mesh refinement was set to “conformal variant 1”. The
simulations were done in 3D, with periodic boundary conditions along the plane of the
cell (500 nm range in x-/y-direction;), and perfectly matched layers (PMLs) at both ends
of the simulation region in z-direction. A plane-wave source at a distance of 2.2 µm from
the front of the solar cell was used as input, and dedicated “Transmission box” and “Solar
generation rate” analysis groups were used to obtain absorption spectra and generation
profiles, respectively.

6.8.2. Electronic simulations
A finite-element method-based drift-diffusion equation solver (Ansys Lumerical CHARGE)
is used to calculate the electronic device performance. The device stack is the same
as for the optical simulations. The mesh edge lengths are limited to a range between
10 nm and 1 µm via “Global Mesh Constraints”. The device is simulated in the steadystate solver mode, and in 2D, with a “norm length” of 1 cm for the 3rd dimension. To
simulate the device within an electric circuit, the front and back contacts are identified
as electronic connection points. The front contact (ITO, φ = 4.7) is set to “force ohmic
= true”, while the back contact (φ was tuned) is set to “force ohmic = false”, which is
necessary to evaluate the impact of the work function on the device performance. Surface/interface recombination is neglected, and the generation profile from the optical
simulations is imported via the designated import function. Band diagrams are recorded
with the dedicated “Band Structure Monitor”, and I V curves are directly extracted from
the “CHARGE”-solver window. A detailed listing of the parameter values used for the
semiconductors (Zn3 P2 , TiO2 ) can be found in Table 6.1.

6.8.3. Explanation of S-shaped I − V curves
The S-shaped I − V curve in Figure 6.4a is a consequence of the electrons getting stuck
inside the absorber, due to the barrier at the Zn3 P2 - n-type layer interface that prevents
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electron flow in the reverse direction. Figure 6.7 illustrates the band bending at the J sc
condition (0 V, Figure 6.7a), close to the maximum power point (0.7 V, Figure 6.7b), and
close to the Voc condition (1.1 V, Figure 6.7c). The comparison of the C B shows that
the electrons can be extracted via the n-type layer for low voltages, but with increasing
voltage, an energy barrier arises, and current flow in both directions is inhibited. Only
for very high voltages the barrier at the front interface becomes low enough to bridge
it, and electrons can flow in the reverse direction. This leads to the uncharacteristically
large Voc found in Figure 6.4a.
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Figure 6.7: Band diagrams for the Zn3 P2 solar cell at different voltages. Metal contact (W F =5.4 eV) at the
rear, n-type layer (C B =4.6 eV, BG=3.2 eV) at the front interface. (a) 0.0 V, (b) 0.7 V, and (c) 1.1 eV. The energy
levels are shown with respect to the electron quasi-Fermi-level (QF e ) at the front extraction interface. The lines
correspond to C B (solid-blue), QF e (dashed-blue), QF h (dashed-red), and V B (solid-red).

6.9. Author contributions
S.W. Tabernig performed the simulations. M. Dimitrievska provided feedback and data
for the simulations. M.D., E. Alarcón Lladó, A. Fontcuberta i Morral, and A. Polman supervised the project. All authors contributed to writing the manuscript and gave feedback.

6.9. Author contributions

101

Table 6.1: List of parameters 301,320–325 used for the semiconductors in the drift-diffusion simulations.

Quantity
DC permittivity
Work function
Electron affinity
High symmetry point
at the conduction
band minimum
Effective electron mass
Effective hole mass
Bandgap
Electron mobility
Hole mobility
Non-radiative
electron lifetime
Non-radiative
hole lifetime
Trap state
energy level offset
Donor doping density
Acceptor doping density

Label in software
DC permittivity
Work function
—

Unit
eV
eV

Ec valley

Zn3 P2
11 (lit. 322,325 )
4.355 (lit. 301 )
3.6 (lit. 301 )

TiO2
66
5.6
4.0

Γ

Γ

Effective mass mn
Effective mass mp
Eg
Mun
Mup

1/me
1/me
eV
cm2 /(Vs)
cm2 /(Vs)

0.268
1.069
1.51 (lit. 323 )
1000 (lit. 321 )
20 (lit. 324 )

0.24
0.59
3.2
100
25

Taun

s

2.7x10-8 (lit. 321 )

1x10-9

Taup

s

2.7x10-8

1x10-9

Ei offset

eV

0

1.1

ND:n
NA:p

cm-3
cm-3

0
1x1016 (lit. 320 )

1x1018
0
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