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A B S T R A C T   

Zinc phosphide (Zn3P2) has been lauded as a promising solar absorber material due to its functional properties 
and the abundance of zinc and phosphorous. In the last 4 decades, there has not been any significant 
improvement in the efficiencies of Zn3P2-based solar cells. This is vastly due to the limited understanding of how 
to tune its optoelectronic properties. Recently, significant progress has been made in the growth and charac
terization of the material, which has shed light on its potential. In this study, we report an energy conversion 
efficiency as high as 4.4% for a solar cell based on a polycrystalline Zn3P2/InP heterojunction. This device 
presents an open circuit voltage of 528.8 mV, 7.5% higher than the Zn3P2 homojunction record. We investigate 
the dominant recombination mechanisms within the film using different techniques to identify the key factors 
underpinning our device efficiency. In particular, we pinpoint that reduced carrier collection at the front of Zn3P2 
is responsible for the reduced collection of high-energy photons. This allows us to suggest the design rules for 
next-generation Zn3P2-based heterojunction solar cells, which should allow us to go beyond the current con
version values.   

1. Introduction 

The need for sustainable electric power generation is strongly 
pushing the research on novel materials suited for high-performing solar 
devices [1–4]. Zinc phosphide (Zn3P2) is a highly suitable candidate for 
the large-scale deployment of photovoltaic technology [5]. It has a 
direct bandgap at 1.5 eV, which places it close to the optimum bandgap 
energy value required to reach the Shockley-Queisser limit [6]. In 
addition, it has been demonstrated that Zn3P2 exhibits a high absorption 
coefficient (>104-105 cm− 1) in the visible range [7,8] and a long mi
nority carrier diffusion length (5–10 μm), which are both essential 
criteria for achieving high-efficiency solar cells. Additionally, zinc and 

phosphorous are earth-abundant elements with a low cost and high 
extraction volume. However, despite these promising material charac
teristics, there has only been incremental improvement in the efficiency 
values related to Zn3P2-based solar cells. The record for highest effi
ciency was reported in 1981 and has remained for the past few decades 
at 5.96% for Mg/Zn3P2 Schottky junction solar cells [9]. 

One of the shortcomings of Zn3P2 is the lack of understanding of how 
to engineer its carrier density by doping. Zinc vacancies and phospho
rous interstitials exhibit relatively low formation energies (which are 
between 14 meV and 90 meV for phosphorous interstitials and 190 
meV–290 meV for zinc vacancies) [10–12], and both act as acceptors in 
Zn3P2. Consequently, Zn3P2 is naturally p-type. Doping the material 
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n-type has proven to be challenging due to the self-compensation effect 
[13]. This has hindered the fabrication of p-n homojunction solar cells. 
Instead, the majority of the Zn3P2-based solar cells are either hetero
junction or Schottky junction solar cells. The Schottky junction solar 
cells with the highest recorded efficiencies were fabricated on 
multi-crystalline large grain Zn3P2 wafers with Mg as the Schottky 
contact [9]. While similar Schottky junction solar cells fabricated on 
polycrystalline Zn3P2 thin films have demonstrated efficiencies close to 
4.3% [14]. The reduced efficiency associated with polycrystalline Zn3P2 
thin films is due to the reduced fill factor arising from higher series 
resistance. Alternatively, heterojunction device architectures have been 
proposed to overcome the inherent limitations of the Schottky junction 
solar cells. Some commonly used n-type emitters for Zn3P2 hetero
junction solar cells are ZnO, ZnSe, ZnS, and CdS [15–19]. Even though 
Zn3P2 p-n heterojunction solar cells have not shown efficiencies greater 
than the Schottky junction solar cells, they did demonstrate higher 
open-circuit voltage and short-circuit current values. For instance, 
p-Zn3P2/n-ZnSe solar cells showed an efficiency of 0.8% but demon
strated record high open-circuit voltage of 810 mV [19]. Similarly, an 
efficiency of 1.1% was obtained with p-Zn3P2/n-ITO heterojunction 
solar cell with a short-circuit current value of 18.4 mA/cm2 [20]. Prior 
studies on Zn3P2 heterojunction solar cells indicate the possibility of 
efficiency enhancement by combining high-quality single-crystalline 
Zn3P2 with an optimal heterojunction device design. However, 
improvement in the crystallinity has so far not translated into 
enhancement in the efficiency of Zn3P2-based solar cells [17,21]. 
Epitaxial Zn3P2 thin film grown on a GaAs (001) substrate by Bosco et al. 
showed a low short-circuit current density (<0.1 mA/cm2 under 1 Sun 
simulated illumination) [17]. This hints toward the need for an efficient 
device architecture capable of harnessing the full potential of Zn3P2 as a 
solar absorber material. 

In this work, we demonstrate a minimally processed Zn3P2-based 
solar cell, by employing an ITO top contact on a polycrystalline Zn3P2 
thin film, we were able to achieve 4.4% efficiency. We analyze the 
illumination-dependent electronic behaviour, as well as the external 

quantum efficiency to determine the dominant limiting factors of the 
device. Additionally, we propose a working principle for the device, 
highlight the role of ITO, and investigate the contribution of Zn3P2 to the 
overall working of the device. Finally, we provide an overview of the 
prospects associated with the next generation of Zn3P2-based solar cells. 

2. Experimental 

2.1. Materials and device fabrication 

Molecular beam epitaxy (MBE) was used for the growth of micron- 
thick Zn3P2 films on undoped InP (100) substrates. The growth 
method is described in detail in Ref. [22]. Under optimal growth con
ditions, we are able to tune the crystallinity of the Zn3P2 thin films by 
controlling the degassing time of the substrate [22]. Short degassing 
times of 10–20 min result in polycrystalline growth, whereas degassing 
times of 30–60 min ensure monocrystalline growth. The presence of 
oxide at the interface determines the crystalline quality of the Zn3P2 thin 
film. The schematic representation of the process flow used for fabri
cating Zn3P2-based solar cells is shown in Fig. 1a. A polycrystalline 
Zn3P2 thin film was grown on an InP substrate at 265 ◦C for 240 min. 
Prior to the device fabrication, the Zn3P2 surface was cleaned using 
argon milling in the sputtering chamber for 30–45 s (at an Ar flow of 50 
sccm and 100 W power) to remove the native oxide. Subsequently, a 
transparent conductive oxide (ITO = In2O3:SnO = 90%:10%) electrode 
was sputtered on top. The nominal thickness of the sputtered ITO elec
trode was ~100 nm, however, depending on the reactor conditions this 
value could fluctuate by ± 10%. Before the deposition of the top grid, 
100 nm of Au was sputtered onto the rear of the InP substrate to act as 
the back contact. Finally, the top Ag finger grid was deposited by 
sputtering using a shadow mask. Fig. 1b shows the schematic repre
sentation of the fabricated device and Fig. 1c shows the photograph of a 
completely fabricated device, having a total surface area of ~0.65 cm2 

and an active area available for photon absorption of 0.467 cm2. 

Fig. 1. (a) Schematic representation of the process employed for the fabrication of Zn3P2 solar cell: ITO is deposited on the surface of the as-grown Zn3P2 thin film 
with sputtering; followed by the deposition of Au as the back contact; and Ag is sputtered using a mask to form the top contact. (b) Schematic representation of the 
final device containing the Au back contact, InP substrate, Zn3P2 thin film, sputtered ITO layer, and the Ag top contact. (c) Photograph of a fully fabricated cell. 
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2.2. Characterization methods 

To first characterize the composition of the Zn3P2 thin films, Ruth
erford backscattering spectrometry measurements were performed by 
EAG Laboratories. A nearly-normal-incident beam of 2.275 MeV alpha 
particles was used for the measurements, where the normal detector 
angle collected particles scattered by 160◦ and the grazing detector was 
set at 104◦. The atomic concentration uncertainty is ±1%, and an 
assumption of 6.61 x 1022 atoms/cm3 in the Zn3P2 layer and 5.26 x 1022 

atoms/cm3 in the InP substrate was used. 
Following this, optical-pump terahertz-probe spectroscopy was per

formed to determine the optoelectronic properties of the thin films. 
These measurements were performed using a spectrometer with an ul
trafast Ti:Sapphire amplifier (Newport Spectra Physics Spitfire Ace, 13 
mJ, 1 kHz, 40 fs), which is described in detail in another study [23]. An 
optical pulse centered at 750 nm (E = 1.65 eV) was used to photoexcite 
the sample with a pulse duration of 40 fs at fluences between 12 and 128 
J μcm− 2. The terahertz probe was generated by optical rectification in 
GaP crystal and was directed to the sample at an angle of incidence <15◦

by a silver-coated prism, which was positioned near the focus of the 
optical-pump terahertz-probe spectrometer at the sample position. The 
terahertz beam reflected from the sample was then collected via the 
same prism and detected by electro-optic sampling in a ZnTe crystal. 

Finally, dark current-voltage (I–V) measurements were performed to 
assess the device performance using a Keithley 6487 voltage source and 
picoampmeter to apply voltage and measure the current. The mea
surements were performed in the voltage range of ± 1 V. The light 
measurements were conducted using a solar simulator with continuous 
illumination, composed of a Halogen lamp (IR + VIS) and Xenon lamp 
(VIS + UV) with a temperature-controlled chuck. Measurements were 
performed according to the standard testing procedure (1-sun (1000 W/ 
m2), AM 1.5 Global, 25 ◦C). For all the I–V measurements, one of the 
probes was placed on the Ag grid and the other on the rear contact. The 

external quantum efficiency measurements were carried out using a 
Newport Oriel QuantX 300 tool. The basic gain was set to “1 M”; the 
wavelength spacing to 5 nm; the measurement range to 330–1000 nm; 
and the voltage bias to 0 V. The system calibration was checked using 
the reference Si solar cell of the system (red curve in Fig. 5e). The 
illumination-dependent I–V curves were measured using a Newport 
Oriel Sol2A tool. The I–V curve was measured with a measurement delay 
of 0.009 s, voltage steps of 2 mV, and measured going from -1 V to 1 V 
and from 1 V to -1 V. The intensity was checked with the system’s power 
calibration solar cell. 

3. Results and discussion 

3.1. Characterization of as-grown Zn3P2 thin films 

We start by outlining the structural properties of the as-grown 
polycrystalline Zn3P2 thin film. Fig. 2a shows the scanning electron 
microscopy (SEM) image of the thin film. The 20◦-tilted SEM micro
graph shows the cross-section and the top surface of the sample. The 
growth is granulated and columnar in nature with a coarse top surface. 
The thickness of the thin film was estimated to be ~0.7 μm. Previous 
studies have shown that grain boundaries in polycrystalline Zn3P2 thin 
films are electrically passive with no detrimental effect on the photo
current collection and the open-circuit voltage [24,25]. The composition 
of the thin film across the depth was analyzed using Rutherford back
scattering spectrometry (RBS), as shown in Fig. 2b-c. In our previous 
work [26] we demonstrated the relation between the composition and 
the lattice constant of zinc phosphide. This work included 
cross-correlation between RBS, Energy dispersive X-ray spectroscopy, 
electron and X-Ray diffraction. The lattice of Zn3P2 has demonstrated a 
high tolerance for compositional variations [26]. Zn3P2 can maintain its 
crystalline structure even at large off-stoichiometric compositions; the 
RBS measurements show a uniform composition of ~57% zinc and 

Fig. 2. (a) SEM image of the as-grown Zn3P2 thin film on InP substrate. (b) Measured RBS spectrum in back-scattering (160◦) and the fit of the spectrum (c) RBS 
measurements from Zn3P2 thin film depicts a Zn/P ratio ≈ 1.32. (d) The decay of photoinduced charge carrier density plotted as a function of pump-probe delay time 
measured by OPTP spectroscopy at different pump fluences, the lifetime for the corresponding fluence value is indicated on the graph. 
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~43% phosphorous. The thin film is slightly phosphorous rich, with a 
Zn:P ratio of 1.32 in comparison to 1.5 at stoichiometry (Zn:P = 60:40). 
Previous studies have shown that changes in the Zn:P ratio have no 
significant impact on the crystalline structure of the material, however, 
it can impact the functional properties of the material [11,27]. For more 
details on the impact of composition on optical and electrical properties, 
please refer to Refs. [26,28] respectively. More importantly, the carrier 
concentration in the material can significantly vary as excess phospho
rous in the lattice acts as an acceptor-type impurity making the thin film 
p-type. To understand the temporal dynamics of the photoexcited car
riers in the as-grown polycrystalline Zn3P2 thin film, we used optical 
pump-terahertz probe (OPTP) spectroscopy. It is a versatile noncontact 
technique that is capable of measuring the photoconductivity and 
thereby the carrier mobilities, surface recombination velocities, carrier 
lifetimes, and doping levels of the material [29,30]. The measurements 
were conducted in reflection mode at room temperature and the sample 
was photoexcited with an optical pump with an FWHM of 1.2 mm, a 
centre wavelength of 750 nm, and with incident fluence values of 12, 28, 
57, and 128 μJ cm− 2. The higher photon energy of the optical pump (E 
= 1.65 eV) compared to the bandgap of Zn3P2 (Eg = 1.50 eV) provides 
above-bandgap photoexcitation, generating free electron-hole pairs in 
the Zn3P2 thin film. While the photon energy of the pump is also 
above-bandgap for the InP substrate, the thickness of the Zn3P2 film is 
greater than the absorption depth of photons with 750 nm wavelength. 
The majority of the optical pump photons are consequently absorbed 
within the Zn3P2 film, so the InP substrate can be considered to be in 
equilibrium (i.e. not excited by the optical pump) with a negligible 
response on the measured THz response (see SI, Fig. S1). The 
above-bandgap photoexcitation, therefore, generates free electron-hole 
pairs predominately in the Zn3P2 film, inducing a change in its dielec
tric function. This photoinduced change is measured by monitoring the 
change of the reflected electric field, Δ E, of the terahertz probe, E. The 
ratio of the differential change in the reflected THz field compared to the 
response in equilibrium, Δ E/E, is directly related to free carrier con
centration and photoconductivity in the sample. Monitoring the change 
Δ E/E, as a function of time after photoexcitation, therefore, provides 
information about the carrier recombination rates and carrier lifetimes 
of the thin film. Fig. 2d shows the variation in photoconductivity as a 
function of time after photoexcitation for different photoexcitation flu
ences. As the photoexcitation fluence was increased from 12 to 128 μJ 
cm− 2 the extracted photoinduced carrier densities also increased from 
0.47 x 1018 cm− 3 to 5.01 x 1018 cm− 3. For all fluences, a sharp increase 
in the photoconductivity was observed within 10 ps after photoexcita
tion followed by a monoexponential decay. The characteristic decay 
times of the monoexponential fits of the carrier decay data are shown in 
the inset of Fig. 2c. A carrier lifetime of 4.6 ns was observed for 12 μJ 
cm− 2, whereas an increase in the carrier lifetime is observed with an 
increase in the laser fluence. The monoexponential decay indicates that 
monomolecular recombination (or trap-assisted recombination) is the 

dominant recombination mechanism affecting the carrier lifetime. 
These values are consistent with the direct bandgap nature of the 
semiconductor. 

3.2. Analysis of Zn3P2/InP solar cells 

Having investigated the material properties of the as-grown poly
crystalline Zn3P2 thin film, we now turn toward the demonstration of the 
photovoltaic device. The current density-voltage (J-V) curves of the 
device measured in dark and under simulated AM 1.5G 1-sun solar 
illumination are shown in Fig. 3a. The inset in Fig. 3a shows the 
photograph of the most representative device, which has an active area 
of 0.467 cm2. The device is chosen accounting for the lower exposition 
of Zn3P2 to atmosphere with respect to other samples which is expected 
to prevent performance degradation due to surface oxidation. Under 
simulated solar radiance, the open-circuit voltage (Voc) and short-circuit 
current (Jsc) obtained from the device were 528.8 mV and 13.7 mA/cm2, 
respectively. A fill-factor (FF) of 60.7% was measured, resulting in a 
power-conversion efficiency (PCE) of 4.4%. In contrast to the previous 
study on the Mg/Zn3P2 Schottky junction solar cells [9], the Voc shows a 
7.5% improvement, whereas the Jsc is about 8% lower [9]. The series 
and shunt resistances are ~2.56 Ω cm2 and ~0.7 kΩ cm2, respectively. 
When comparing the J-V curves under illumination and in the dark, we 
observe that they do not superpose. There is a crossover behaviour at a 
voltage of around 537 mV [31]. One would need a higher voltage to 
achieve the same current density at the forward bias in the dark, 
compared to the curve obtained under illumination. Crossover is often 
associated with the presence of an electric barrier at the interface 
[32–36] as an illumination-dependent barrier height variation can lead 
to a crossover of dark and light J-V curves. Under illumination, this 
barrier height is reduced due to photodoping, thus resulting in a higher 
diode current [33,36]. The presence of a conduction band ‘‘spike’’ be
tween ZnS and Zn3P2 has shown similar crossover behaviour and it is 
known to hinder electron transport across the heterojunction interface 
in ZnS/Zn3P2-solar cells [37]. Another common reason for crossover 
behaviour is attributed to the high density of acceptor-like deep-level 
defects in the absorber near the interface region, which lead to a 
modification of the electric barrier. A strong potential drop associated 
with the large negative charge in the acceptor states leads to an electric 
barrier in the dark. Upon illumination, the acceptor states are filled with 
holes, resulting in a reduction in the acceptor charge and thereby 
decreasing the electric barrier [32,34,38,39]. Additionally, the 
illumination-dependent series resistance in solar cells is ascribed to 
photogating, which implies the excited carriers are captured in 
long-lived trap states, thereby increasing the conductivity [40,41]. This 
coincides with our OPTP measurements, which demonstrated that 
trap-assisted recombination was the dominant mechanism governing 
carrier transport in the Zn3P2 thin films. However, it should be noted 
that the distortion in the J-V curve could be a combination of these 

Fig. 3. (a) Representative J-V curves obtained in 
dark (denoted by black line) and under 1-sun illu
mination (denoted by red line), the inset shows the 
measured device that had an active area of 0.467 
cm2. (b) Dark J-V curve plotted in semi-logarithmic 
scale depicting the three distinct regions: region I 
corresponds to the voltage range <0.25 V; region II 
corresponds to the voltage range between 0.25 V and 
0.53 V; region III corresponds to the voltage range 
>0.53 V. The numerical fitting of this data is depicted 
by the green dotted line.   
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effects [32,39]. 
To identify the dominant form of carrier recombination, one can look 

at the ideality factor of the solar cell, which is typically obtained from 
the Shockley diode equation. The Shockley diode equation is derived 
from drift-diffusion theory [42], and it is expressed as: 

Jdark = J0

[

exp
(

V
VTnid

)

− 1
]

(1)  

where Jdark is the dark current density, J0 is the saturation current, nid is 
the ideality factor, and VT = kBT/q is the thermal voltage. The above 
equation does not take into account parasitic resistances. The ideality 
factor is described as a fitting parameter that determines how closely a 
diode behaviour matches the theory, ideally, nid = 1 for direct radiative 
recombination. However, when other types of bulk recombination 
dominate, the ideality factor is given by nid = 2/ γ where γ is reaction 
order. When γ = 1, it indicates first-order recombination (typically nid =

2 is associated with trap-assisted Shockley-Read-Hall (SRH) recombi
nation) [43]. A γ value of 2 signifies bimolecular band-to-band recom
bination, whereas a γ value of 3 suggests trimolecular Auger 
recombination [44–46]. 

Fig. 3b depicts the dark J-V characteristic in a semi-logarithmic scale 
along with the fitted data. The dark J-V curve shows a rectifying 
behaviour and the curve can be divided into three distinct regions (as 
shown in Fig. 3b). At low voltages (<0.25 V, region I), the selected 
device layout shows a low parasitical leakage current. In this low voltage 
region, the shunt resistance dominates the J-V characteristics. The 
presence of pinholes and micro-cracks in a device can serve as a shunt 
pathway [47]. A high shunt resistance is preferred to ensure a low 
leakage current, for the measured device the leakage current is low. A 
sharp increase in the current is observed at the intermediate voltage 
(0.25 < V < 0.53, region II) region. The sharp transition arises due to a 
diffusion-dominated current [48]. At high voltages (>0.53, region III), 
the dark J-V curve shows a shift to a less sharp current-voltage behav
iour, consistent with a drift-dominated current flow expected at voltage 
values above the built-in potential. The drift-dominated current is 
limited by either the charge injection or the formation of space charge 
[49]. Additionally, the series resistance determines the J-V character
istics at the high voltage region, a steep slope in this region typically 

indicates low series resistance [50]. It should be noted here that the 
ideality factor is determined from the regime below the built-in voltage, 
as solar cells operate below the built-in voltage. The ideality factor ob
tained from the numerical fit of the whole J-V curve was found to be 
~2.1. Additionally, the ideality factor can be obtained from the slope of 
the semi-logarithmic dark J-V plot using Eq. (1), which is valid only in 
the exponential region. The ideality factor obtained on fitting the plot 
was 2.07. We also plot the ideality factor as a function of the applied bias 
(as shown in Fig. S2), where the ideality factor is obtained from the 
plateau value [51]. This method prevents erroneous fitting, as the 
exponential region is clearly distinguishable. The ideality factor values 
obtained from all methods are significantly larger than unity, indicating 
trap-assisted recombination plays a dominant role in the recombination 
process. This corroborates the monomolecular recombination behaviour 
obtained from the OPTP spectroscopy. Even though the device consists 
of an additional ITO layer and was exposed to additional fabrication 
processes, the predominant recombination mechanism remains the 
same. 

Nonetheless, the interpretation of the ideality factor obtained from 
the dark J-V can be prone to errors. As the series and shunt resistance 
can influence the current dependence on voltage, it is difficult to attri
bute the variations in the estimated ideality factor as an influence of 
resistance (series and shunt) or recombination. Alternatively, we 
analyzed the Voc as a function of illumination intensity. This method is 
also known as the Suns-Voc method and it is deemed more reliable as the 
measurement is performed in open-circuit condition, which eliminates 
the dependence on the parasitic series resistance [52–54]. Fig. 4a shows 
the systematic variation of the J-V curve of the thin film solar cell with 
respect to the illumination intensity of the solar simulator, where the 
incident nominal power is varied between 0 and 1125 W/m2 (0–1.125 
suns). The Voc obtained at 1.125 suns was ~0.5 V for an aged device. The 
variation in the Jsc, Voc, and FF leads to a combined light-intensity 
dependence of the PCE. A sharp increase in the Jsc is observed, while 
the Voc shows a gradual increase with the increase in light intensity. 
Moreover, there is a slight variation in the FF as a function of the light 
intensity. The solar cell parameters are extracted from the J-V curve and 
plotted individually as a function of the illumination intensity in 
Fig. 4b–d. The Jsc shows a monotonic increase with the increase in the 

Fig. 4. (a) Light intensity dependence of J-V characteristics of the device, the measurements were performed at different illumination intensities ranging from 0 sun 
(dark) to 1.125 suns (which corresponds to 1125 W/m2). The different solar cell parameters are extracted from the light intensity dependent J-V curve and plotted as 
a function of the light intensity (b) short-circuit current density Jsc, (c) fill factor FF, (d) power conversion efficiency η, (e) open-circuit voltage Voc, the red dashed 
line denotes the part of the plot used for extracting the ideality factor from the semi-logarithmic plot of light intensity against the Voc. 
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illumination intensity and shows no sign of saturation over the measured 
range of optical power, as shown in Fig. 4b. The FF obtained from 
Pmax/(JscVoc) is plotted in Fig. 4c, where Pmax denotes the output at the 
maximum power point. We observe a small variation in FF as a function 
of illumination intensity and the maximum FF (~66%) is reached at 
1.125 suns. Additionally, the PCE is expressed as Pmax/Pin, where Pin is 
the input power. Fig. 4d shows the variation in the PCE against the 
illumination intensity. We observe a PCE value of 4 ± 0.1% throughout 
the range. It should be noted here that the J-V curve showing an effi
ciency of 4.4% (as shown in Fig. 3a) was obtained using a different 
setup, so a difference in the illumination input (power, spectrum, ho
mogeneity) could lead to a slight discrepancy in the measured effi
ciencies. Additionally, the illumination power-dependent studies were 
done several weeks after fabrication, which could have resulted in the 
degradation of the device. Finally, the Voc is plotted as a function of the 
light intensity, as shown in Fig. 4e. The Voc increases steadily with the 
increase in the light intensity until 0.8 suns, with a slight fluctuation at 
higher illumination intensities. The slope of the semi-logarithmic plot of 
Voc against the illumination intensity can be used for estimating the 
ideality factor, where the slope has the unit of kT/q. A change in the 
slope is observed at higher illumination intensities, which previous 
studies have attributed to the discrepancy in recombination mechanisms 
[53,55–59]. As mentioned previously, the ideality factor can be deter
mined more reliably from the illumination intensity and the Voc than the 
dark J-V curve. At the open-circuit and steady-state conditions, the in
tegrated generation and recombination rates must be the same to ensure 
net zero current flow [54]. As the photogeneration is proportional to the 
illumination intensity, the ideality factor under illumination can be 
expressed as: 

nid,l =

(
q

kBT
dVoc

dIn
(
Popt
)

)

(2)  

where nid,l is the ideality factor under illumination, and Popt is the illu
mination intensity. At open-circuit conditions, the ideality factor is 

affected by the shunt resistance, however, the voltage drop over the 
series resistance is zero, which allows a more accurate description of the 
recombination mechanism. The ideality factor obtained on fitting the 
plot was found to be in the range of 1.02–1.3 (depending on the number 
of points considered for determining the slope), it should be noted that 
as the slope changes over higher illumination intensities, the last two 
points are neglected (when included, we obtain an ideality factor of 
0.92). The results show a clear dominance of bimolecular recombination 
in presence of light. This shift from trap-assisted recombination in the 
dark (nid > 1) to band-to-band recombination under illumination (nid,l ≈

1) has been previously reported [55,60–62]. Cowan et al. hypothesized 
that a higher density of charge carriers under illumination could lead to 
the shift from monomolecular to bimolecular recombination [56], as 
these recombination mechanisms have different density dependencies 
[51,63]. Alternatively, the difference in the ideality factor obtained from 
two methods could arise due to poor conductivities, which could give 
rise to large gradient in quasi-Fermi levels at Voc [52]. 

Having assessed the recombination mechanism, we now turn to the 
contribution of Zn3P2 and InP to the working device. Fig. 5a-d show the 
simulated band alignment between the Zn3P2, the ITO (on the front side) 
and an intrinsic InP substrate. We present the band alignment under an 
applied bias ranging between 0 and 1 V. The simulated band alignment 
indicates that the electrons drift in the direction from the Zn3P2 to the 
InP and the holes in the opposite direction. This is in agreement with the 
polarity of the I–V curve given the direction of the applied bias. The 
collection of holes at the front of the device could be counterintuitive as 
ITO is traditionally used as an n-type contact and Zn3P2 is a p-type 
semiconductor [20]. This would suggest that electron collection is 
facilitated at the Zn3P2-ITO interface. However, the junction with i-InP 
dominates the behaviour of the device and electrons are actually 
collected at the rear side of the device. 

Fig. 5e presents the external quantum efficiency measurements 
(EQE) of the device as a function of wavelength. The EQE of solar cells 
corresponds to the conversion efficiency of the incident photons to 
collected electrons [64,65], which provides understanding of the charge 

Fig. 5 (a–d). Simulated band alignment between the Zn3P2 layer and ITO at the front side, and the Zn3P2 layer and InP at the back side, the blue solid line represents 
the conduction band (CB), the red solid line represents the valence band (VB), the blue dashed line depicts the quasi-fermi level for electrons (QFe), and the red line 
depicts the quasi-fermi level for holes (QFh), the simulation is done under different bias voltages (a) 0 V, (b) 0.4 V, (c) 0.8 V, and (d) 1 V. (e) The EQE obtained from 
the measured device (denoted with purple line) and the reference Si (denoted with red line). (f) Simulated absorption obtained from Zn3P2 (denoted by the solid 
orange line), InP (denoted by the green solid line), and ITO (denoted by grey line) for the wavelength range of 300 nm–1000 nm. (g) Simulated I–V diagram obtained 
from Zn3P2 generation (denoted by the solid orange line), from InP generation (denoted by the green solid line), and from the combined (Zn3P2 and InP) generation 
(denoted by the solid purple line). 
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collection behaviour as a function of the energy of an incident photon. 
We observe a maximum EQE of 85% at ~847 nm wavelength. A sharp 
rise in the EQE is observed at a wavelength of ~940 nm, which corre
sponds to ~1.32 eV. This value coincides with the absorption onset of 
InP (which has a bandgap of ~1.34 eV), although there might be a slight 
contribution from the Zn3P2 band tails [66–70]. The band gap of Zn3P2 is 
widely reported to be 1.5 eV, and thus cannot account for the EQE 
contribution at energies below its bandgap. Still, a recent study by Stutz 
et al. demonstrated the presence of band tails that lead to band gap 
narrowing in Zn3P2 (which gives rise to a high-intensity PL peak at 1.32 
eV) [66]. This observation gives room to an alternative explanation, in 
which the Zn3P2 already absorbs around the energy of the observed 
high-intensity PL peak. However, this would mean that the Zn3P2 has an 
effective bandgap of around 1.32 eV instead, but at the same time does 
not explain why the EQE is 0% for wavelengths of 550 nm and lower, as 
Zn3P2 demonstrates a high optical absorption coefficient in the visible 
spectral range [8]. To clarify the contribution of Zn3P2 and InP to the 
measured EQE, we simulated the absorption of InP (10 μm thick) and 
Zn3P2 (700 nm thick), as shown in Fig. 5f. It can be seen that a significant 
part of the incident light is absorbed by the InP substrate. Additionally, 
the measured EQE and the simulated InP absorption show a large 
spectral overlap, while the simulated Zn3P2 absorption spectrum cannot 
be recognized from the shape of the measured EQE curve. This suggests 
that the Zn3P2 layer contributes significantly less to the measured EQE 
than the InP. To simulate the contribution of InP and Zn3P2 to the overall 
current density, we selectively switched the charge carrier generation in 
the individual layers on and off, to obtain I–V curves for the different 
contributions, as shown in Fig. 5g. The orange line depicts the contri
bution from Zn3P2; the green line depicts the contribution from InP. The 
simulation in Fig. 5g predicts that combining the two materials gives a 
higher current density (purple line), where the 700 nm of Zn3P2 con
tributes only 3.3 mA/cm2 to the overall current density. It is interesting 
to note that the simulated absorption predicts there could be a contri
bution of up to 18.2 mA/cm2 from the 700 nm thick Zn3P2. In com
parison, the InP contributes ~12.4 mA/cm2 and almost the same 
amount (13.0 mA/cm2) is predicted from the simulated absorption. This 
indicates the internal quantum efficiency of InP is around 95%, whereas 
it is solely 18% for Zn3P2. The insufficient charge carrier extraction in 
the Zn3P2 can be explained in the following way: we note that there is a 
slight downward bending in the CB of Zn3P2 towards the ITO interface 
(as shown in Fig. 5a-d). This means that electrons that are generated 
within the first few hundreds of nanometers of the Zn3P2 layer can get 
stuck and recombine instead of being collected at the back. The 
photo-generated carriers further away from the surface and in the vi
cinity of the InP and Zn3P2 interface can be separated more efficiently. 
Thus, the reduced carrier collection from Zn3P2 in comparison to InP is 
due to unfavorable energy alignment at the Zn3P2-ITO interface, which 
must be addressed in the future. 

High energy photons are absorbed much closer to the surface, and 
hence are affected more strongly by the low extraction efficiency in the 
Zn3P2. This explains the EQE loss at shorter wavelengths. If the small 
Zn3P2 contribution predicted by the simulations indeed also occurs 
experimentally, then it is spectrally overlapping with the InP contribu
tion. Note that the comparison between experiment and simulation re
lies mainly on band alignment arguments, as the simulations assume 
fairly ideal bulk recombination parameters and no interface/surface 
recombination. Similar loss behaviour has been reported for Zn3P2/ZnSe 
heterojunction solar cells [19]. 

Here we propose an alternative device design to enhance the EQE 
and the overall efficiency of the device. Instead of ITO, a front contact 
with a larger work function could reduce the band bending at the front 
interface. Alternatively, to still utilize the transparency of the ITO, one 
could insert a dedicated hole-selective layer between the Zn3P2 and ITO 
which would have an equivalent function. Passivation of the Zn3P2 thin 
films has been shown to reduce the surface recombination velocity and 
could also be implemented [71] to reduce surface recombination effects. 

To ensure efficient absorption in the Zn3P2 layer, one should implement 
light trapping strategies with an antireflective coating, a back reflector 
and/or photonic design [72]. Realistically one could expect to increase 
the conversion efficiency to at least 10%. In the long term, a different 
substrate material has to be used along with the Zn3P2 absorber layer, to 
make sure that light is solely absorbed in the dedicated Zn3P2 layer. 

4. Conclusion 

We demonstrated an efficiency of 4.4% for a solar cell consisting of 
polycrystalline Zn3P2 thin film on an intrinsic InP substrate. The fabri
cation of the device only entails the deposition of a front ITO layer with 
metallic finger electrodes. We have identified some of the key limita
tions of the fabricated solar cell and the contribution of InP substrate to 
the photoconversion. These are poor carrier collection at the front 
electrode and a high series resistance. We believe the path toward high- 
efficiency Zn3P2 solar cells entails a strategic device design, including 
the addition of an electron blocking layer at the front and improvement 
of light absorption in the Zn3P2 by the implementation of antireflection 
and back-reflection layers as well as photonic structures. Ultimately, the 
InP substrate should be replaced by earth-abundant material like Si (for 
the nanostructure growth) or van der Waals substrates such as graphene 
[73]. 
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Methodology, Formal analysis. Julien Hurni: Investigation. Anja 
Tiede: Investigation. Xinyun Liu: Investigation. Djamshid A. Damry: 
Investigation. Vanessa Conti: Investigation. Mahdi Zamani: Investi
gation. Simon Escobar Steinvall: Investigation. Mirjana Dimi
trievska: Investigation. Esther Alarcon-Lladó: Writing – review & 
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J. Bolink, Trap-assisted non-radiative recombination in organic–inorganic 
perovskite solar cells, Adv. Mater. 27 (11) (2015) 1837–1841, https://doi.org/ 
10.1002/adma.201405372. 

[50] J.D. Servaites, M.A. Ratner, T.J. Marks, Organic solar cells: a new look at 
traditional models, Energy Environ. Sci. 4 (11) (Oct. 2011) 4410–4422, https:// 
doi.org/10.1039/C1EE01663F. 

[51] G.A.H. Wetzelaer, M. Kuik, H.T. Nicolai, P.W.M. Blom, Trap-assisted and Langevin- 
type recombination in organic light-emitting diodes, Phys. Rev. B 83 (16) (Apr. 
2011), 165204, https://doi.org/10.1103/PhysRevB.83.165204. 

[52] W. Tress, et al., Interpretation and evolution of open-circuit voltage, 
recombination, ideality factor and subgap defect states during reversible light- 
soaking and irreversible degradation of perovskite solar cells, Energy Environ. Sci. 
11 (1) (Jan. 2018) 151–165, https://doi.org/10.1039/C7EE02415K. 

[53] S. Ryu, N.Y. Ha, Y.H. Ahn, J.-Y. Park, S. Lee, Light intensity dependence of organic 
solar cell operation and dominance switching between Shockley–Read–Hall and 
bimolecular recombination losses, Sci. Rep. 11 (1) (Aug. 2021), https://doi.org/ 
10.1038/s41598-021-96222-w. Art. no. 1. 

[54] T. Kirchartz, F. Deledalle, P.S. Tuladhar, J.R. Durrant, J. Nelson, On the differences 
between dark and light ideality factor in polymer:fullerene solar cells, J. Phys. 
Chem. Lett. 4 (14) (Jul. 2013) 2371–2376, https://doi.org/10.1021/jz4012146. 

[55] L.J.A. Koster, V.D. Mihailetchi, R. Ramaker, P.W.M. Blom, Light intensity 
dependence of open-circuit voltage of polymer:fullerene solar cells, Appl. Phys. 
Lett. 86 (12) (Mar. 2005), 123509, https://doi.org/10.1063/1.1889240. 

[56] S.R. Cowan, W.L. Leong, N. Banerji, G. Dennler, A.J. Heeger, Identifying a 
threshold impurity level for organic solar cells: enhanced first-order recombination 
via well-defined PC84BM traps in organic bulk heterojunction solar cells, Adv. 
Funct. Mater. 21 (16) (2011) 3083–3092, https://doi.org/10.1002/ 
adfm.201100514. 

[57] V.V. Brus, Light dependent open-circuit voltage of organic bulk heterojunction 
solar cells in the presence of surface recombination, Org. Electron. 29 (Feb. 2016) 
1–6, https://doi.org/10.1016/j.orgel.2015.11.025. 

[58] R.A. Street, A. Krakaris, S.R. Cowan, Recombination through different types of 
localized states in organic solar cells, Adv. Funct. Mater. 22 (21) (2012) 
4608–4619, https://doi.org/10.1002/adfm.201200031. 

[59] J. Vollbrecht, V.V. Brus, On the recombination order of surface recombination 
under open circuit conditions, Org. Electron. 86 (Nov. 2020), 105905, https://doi. 
org/10.1016/j.orgel.2020.105905. 

[60] S.R. Cowan, A. Roy, A.J. Heeger, Recombination in polymer-fullerene bulk 
heterojunction solar cells, Phys. Rev. B 82 (24) (Dec. 2010), 245207, https://doi. 
org/10.1103/PhysRevB.82.245207. 

[61] G.-J.A.H. Wetzelaer, M. Kuik, P.W.M. Blom, Identifying the nature of charge 
recombination in organic solar cells from charge-transfer state 
electroluminescence, Adv. Energy Mater. 2 (10) (2012) 1232–1237, https://doi. 
org/10.1002/aenm.201200009. 

[62] G.a.H. Wetzelaer, M. Kuik, M. Lenes, P.W.M. Blom, Origin of the dark-current 
ideality factor in polymer:fullerene bulk heterojunction solar cells, Appl. Phys. 
Lett. 99 (15) (Oct. 2011), 153506, https://doi.org/10.1063/1.3651752. 

[63] M. Kuik, H.T. Nicolai, M. Lenes, G.-J.A.H. Wetzelaer, M. Lu, P.W.M. Blom, 
Determination of the trap-assisted recombination strength in polymer light 
emitting diodes, Appl. Phys. Lett. 98 (9) (Feb. 2011), 093301, https://doi.org/ 
10.1063/1.3559911. 

[64] S. Ravishankar, C. Aranda, Pablo P. Boix, J.A. Anta, J. Bisquert, G. Garcia- 
Belmonte, Effects of frequency dependence of the external quantum efficiency of 
perovskite solar cells, J. Phys. Chem. Lett. 9 (11) (Jun. 2018) 3099–3104, https:// 
doi.org/10.1021/acs.jpclett.8b01245. 

[65] O. Almora, C.I. Cabrera, J. Garcia-Cerrillo, T. Kirchartz, U. Rau, C.J. Brabec, 
Quantifying the absorption onset in the quantum efficiency of emerging 
photovoltaic devices, Adv. Energy Mater. 11 (16) (2021), 2100022, https://doi. 
org/10.1002/aenm.202100022. 

[66] E.Z. Stutz, et al., Showcasing the optical properties of monocrystalline zinc 
phosphide thin films as an earth-abundant photovoltaic absorber, Mater. Adv. 3 (2) 
(Jan. 2022) 1295–1303, https://doi.org/10.1039/D1MA00922B. 

[67] M. Dimitrievska, et al., The advantage of nanowire configuration in band structure 
determination, Adv. Funct. Mater. 41/2021, Adv. Funct. Mater. 31 (41) (2021), 
2170305, https://doi.org/10.1002/adfm.202170305. 

[68] P. Van Mieghem, Theory of band tails in heavily doped semiconductors, Rev. Mod. 
Phys. 64 (3) (Jul. 1992) 755–793, https://doi.org/10.1103/RevModPhys.64.755. 

[69] D. Shin, B. Saparov, D.B. Mitzi, Defect engineering in multinary earth-abundant 
chalcogenide photovoltaic materials, Adv. Energy Mater. 7 (11) (2017), https:// 
doi.org/10.1002/aenm.201602366. 

[70] S.K. Wallace, D.B. Mitzi, A. Walsh, The steady rise of kesterite solar cells, ACS 
Energy Lett. 2 (4) (Apr. 2017) 776–779, https://doi.org/10.1021/ 
acsenergylett.7b00131. 

[71] G.M. Kimball, et al., Passivation of Zn3P2 substrates by aqueous chemical etching 
and air oxidation, J. Appl. Phys. 112 (10) (Nov. 2012), 106101, https://doi.org/ 
10.1063/1.4765030. 

[72] P. Spinelli, M.A. Verschuuren, A. Polman, Broadband omnidirectional 
antireflection coating based on subwavelength surface Mie resonators, Nat. 
Commun. 3 (1) (Feb. 2012), https://doi.org/10.1038/ncomms1691. Art. no. 1. 

[73] R. Paul, et al., van der Waals epitaxy of earth-abundant Zn3P2 on graphene for 
photovoltaics, Cryst. Growth Des. 20 (6) (Jun. 2020) 3816–3825, https://doi.org/ 
10.1021/acs.cgd.0c00125. 

R. Paul et al.                                                                                                                                                                                                                                     

https://doi.org/10.1002/adma.201405372
https://doi.org/10.1002/adma.201405372
https://doi.org/10.1039/C1EE01663F
https://doi.org/10.1039/C1EE01663F
https://doi.org/10.1103/PhysRevB.83.165204
https://doi.org/10.1039/C7EE02415K
https://doi.org/10.1038/s41598-021-96222-w
https://doi.org/10.1038/s41598-021-96222-w
https://doi.org/10.1021/jz4012146
https://doi.org/10.1063/1.1889240
https://doi.org/10.1002/adfm.201100514
https://doi.org/10.1002/adfm.201100514
https://doi.org/10.1016/j.orgel.2015.11.025
https://doi.org/10.1002/adfm.201200031
https://doi.org/10.1016/j.orgel.2020.105905
https://doi.org/10.1016/j.orgel.2020.105905
https://doi.org/10.1103/PhysRevB.82.245207
https://doi.org/10.1103/PhysRevB.82.245207
https://doi.org/10.1002/aenm.201200009
https://doi.org/10.1002/aenm.201200009
https://doi.org/10.1063/1.3651752
https://doi.org/10.1063/1.3559911
https://doi.org/10.1063/1.3559911
https://doi.org/10.1021/acs.jpclett.8b01245
https://doi.org/10.1021/acs.jpclett.8b01245
https://doi.org/10.1002/aenm.202100022
https://doi.org/10.1002/aenm.202100022
https://doi.org/10.1039/D1MA00922B
https://doi.org/10.1002/adfm.202170305
https://doi.org/10.1103/RevModPhys.64.755
https://doi.org/10.1002/aenm.201602366
https://doi.org/10.1002/aenm.201602366
https://doi.org/10.1021/acsenergylett.7b00131
https://doi.org/10.1021/acsenergylett.7b00131
https://doi.org/10.1063/1.4765030
https://doi.org/10.1063/1.4765030
https://doi.org/10.1038/ncomms1691
https://doi.org/10.1021/acs.cgd.0c00125
https://doi.org/10.1021/acs.cgd.0c00125

	Carrier generation and collection in Zn3P2/InP heterojunction solar cells
	1 Introduction
	2 Experimental
	2.1 Materials and device fabrication
	2.2 Characterization methods

	3 Results and discussion
	3.1 Characterization of as-grown Zn3P2 thin films
	3.2 Analysis of Zn3P2/InP solar cells

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


