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ABSTRACT
Zinc phosphide (Zn3P2) shows great promise for next-generation photovoltaics made of earth-abundant elements. To date, the
poor crystal quality is limiting conversion efficiency to 4.4% for heterojunction and to 6% for Schottky junction solar cell. This
work presents the fabrication and characterization of Zn3P2/InP solar cells with a new record efficiency of 8%. Thematerial quality
is significantly improved by using selective area epitaxy (SAE) in conjunction with a post-growth annealing. The combination of
current–voltage (J–V) measurements and electron beam induced current (EBIC) mapping, alongside with optical and electrical
simulations, outline the impact of the SAE pattern dimensions on the device performances. A decrease in the opening area fraction
is associated with an increase in the VOC and a decrease in the JSC. Our results suggest that the degradation of the VOC for large
openings is predominantly attributable to the presence ofmisfit dislocations at the heterojunction interface. On the other hand, the
reduced JSC for small openings is associated with a smaller electron diffusion length, which is attributed to the current crowding
effect. Finally, the device’s stability under outdoor testing over a year is demonstrated.
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Introduction

n the context of the energy transition, advancing semiconduc-
or materials that enhance the sustainability of photovoltaic
evices is essential. Zinc phosphide (Zn3P2) stands out as a good
andidate for next-generation thin-film PV: composed of earth-
bundant elements, it combines an ideal direct bandgap (1.5 eV)
ith a very high visible-range absorption coefficient (≥ 104 cm−1),
aking it intrinsically well suited for efficient, low-material-
ost solar absorbers [1–3]. In the last decades, the record power
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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conversion efficiency (PCE) for a device based on Zn3P2 has
been limited to 6% [4]. This relatively poor performance may
be attributed to several factors. First, the production of Zn3P2
with adequate crystal quality poses a considerable challenge
due to its large unit cell and thermal expansion coefficient [5].
Epitaxial growth often leads to the formation of a large number
of structural defects in the film, which limits the electron/hole
diffusion length [6].Zn3P2 is sensitive to ambientmoisture, which
degrades its properties over time; recent studies have shown that
effective surface protection is essential to preserve its stability
se, which permits use, distribution and reproduction in any medium, provided the
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7]. Furthermore, controlling doping in Zn3P2 is challenging: low
ormation energies of acceptor defects (notably zinc vacancies)
ender the material intrinsically p-type, complicating n-type
oping and device engineering [2, 8–10]. Attempts to obtain high
obility n-type Zn3P2 by external doping have been unsuccessful
ue to the self-compensation effect. Katsube et al. demonstrated
-type Zn3P2 with a carrier concentration of up to 1013 cm−3 by
oping it with In, but the resulting resistivity was too high for
proper device operation [11]. Because reliable homojunctions
n Zn3P2 remain impractical, a Schottky-junction strategy was
referred. This approach underpinned the highest-performance
n3P2 solar cell to date, employing a Mg/Zn3P2 Schottky contact
4]. Alternatively, heterojunctions offer a promising route: recent
tudies showed that pairing high-quality Zn3P2 with an optimal
-type semiconductor can yield substantially higher efficiencies
12, 13]. Several n-type emitters have been explored and some of
he fabricated heterojunction devices have demonstrated superior
pen-circuit voltage (VOC) or short-circuit current (JSC) in com-
arison to the Mg/Zn3P2 solar cell. For example, a Zn3P2/ZnSe
olar cell demonstrated a record VOC of 810 mV, but for a PCE of
nly 0.8% [13]. On the other side, a record JSC of 18.4 mA/cm2 was
btained for a Zn3P2/ITO solar cell, with a PCE of 2.1% [14]. In
oth cases, the low efficiency can be partially explained by the
oor crystal quality of Zn3P2.

e recently started to investigate InP to function as both an n-
ype emitter and a substrate for the growth of Zn3P2. At first
lance, InP does not appear to be an optimal n-type emitter,
ostly because of the substantial conduction band offset between
he two materials (approximately 0.8 eV [13, 15]) that constrains
he maximum attainable VOC. Nevertheless, it is considered one
f the most optimal substrates to grow Zn3P2 with high crystal
uality. Despite the substantial disparity in thermal expansion
oefficients between the two materials (1.4 ⋅ 10−5 K−1 for Zn3P2
nd 4.6 ⋅ 10−6 K−1 for InP at room temperature [5, 16]), the lattice
ismatch between the phosphorous sub-lattice of Zn3P2 (a = 5.7
) and the phosphorous lattice of InP (a= 5.9Å) is relatively small
2.4%) [17]. Monocrystalline Zn3P2 has been successfully grown
n InP and hole mobilities up to 125 cm−2/(Vs) were reported
17, 18]. In a recent study, we manufactured a Zn3P2/InP solar
ell that demonstrated a record efficiency of 4.4% for Zn3P2-based
eterojunction solar cells [19]. Our measurements indicated that
nly a negligible amount of the light was converted into theZn3P2
ilm; most of the current was generated in the InP substrate.
everal factors explain the negligible Zn3P2 contribution. Band-
iagram simulations indicate that the ITO top contact does
ot effectively drive electrons toward the depletion region at
he Zn3P2/InP interface, preventing efficient carrier collection
rom the absorber [19]. Furthermore, structural defects in the
ilm may strongly limit the diffusion length of minority carriers
19, 20]. Finally, the thickness of the active layer grown on InP
s restricted to less than 1 μm, above which cracks start to form
18], which restricts the portion of light absorption. To improve
he crystal quality, we have explored the possibility of growing the
ilm by selective area epitaxy (SAE), using a SiO2 mask patterned
ith nanoholes [21]. The growth initiate by the formation of
yramidal nanostructures which subsequently coalesce at a
ubsequent stage. Scanning transmission electron microscopy
STEM)measurements revealed full strain relaxation without the
ormation of a substantial amount of dislocations. A compre-
ensive investigation into the electrical properties of the films
of 11
revealed hole mobilities of up to 560 cm2/(Vs), a record for Zn3P2.
This finding demonstrates the effective carrier transport in the
film [22].

In this work, we demonstrate a Zn3P2/InP solar cell with a
new record efficiency of 8.0%. We investigate the properties
of the solar cells fabricated from Zn3P2 thin films grown by
SAE on InP substrates. The combination of current–voltage
(J–V), external quantum efficiency (EQE), and electron beam
induced current (EBIC) measurements with coupled optical and
electrical simulations provide a comprehensive understanding
of the conversion mechanisms in the device. The emphasis is
placed on understanding the effect of the mask pattern on the
device performances. The impact of the growth conditions and
post-growth annealing is also briefly investigated. Finally, the
long-term outdoor PCE performance and lifetime stability of
the devices is demonstrated through J–V and maximum power
point tracking (MPPT) measurements acquired over the course
of one year in the Hellenic Mediterranean University (HMU)
Solar Farm.

2 Results and Discussion

2.1 Effect of Pattern and Growth Conditions on
SC Performances

The solar cells devices are fabricated from Zn3P2 thin films grown
on undoped InP (intrinsically n-type) by SAE. The fabrication
procedure for the devices is illustrated in Figure 1 and is described
in more detail in the experimental section.

We start with a comprehensive study of the effect of the
pattern geometry and the growth conditions on the solar cell
performances. Figure 2 presents the results of J–V measurements
conducted on various devices. Figure 2a highlights the effect of
the growth temperature and the area fraction (AF) on the solar
cell performance. The AF is calculated from the hole radius R and
the pitch P using the following expression:

𝐴𝐹 =
(
𝜋𝑅2

𝑃2

)
⋅ 100 (1)

One can observe that the reduction of the area fraction leads to
a decrease of the short-circuit current (JSC) and an increase of
the open-circuit voltage (VOC). This trend is consistent with our
recent simulation study, which explores via numerical simulation
the expected impact of the area fraction on PV performance
[23]. The enhancement of the VOC is attributed to the reduction
in surface recombination velocity at the Zn3P2/InP interface,
a phenomenon that arises from the reduced contact area. On
the other hand, the JSC degradation for smaller AF is explained
by an increased series resistance because of narrow openings
and a decreased optical absorption in Zn3P2. The latter is
attributable to two factors: reduced back-reflectance resulting
from the SiO2 interface and smaller volume of Zn3P2 in the
region of the mask. Although this region is only 25 nm thick,
reducing the absorber volume can have a significant impact due
to its proximity to the depletion region. Another lesson from
this figure is that, for all the different AFs, the highest growth
temperature (300◦C) leads to the best performance in both VOC
Advanced Functional Materials, 2026
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FIGURE 1 Schematic representation of the fabrication of the SAE Zn3P2/InP solar cell. The Si3N4 protective layer on top of Zn3P2 is removed by
HF, followed by the deposition of ITO at the top (step 1), Au at the back (step 2) and finally deposition of a Ag grid on top of ITO (step 3).
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nd JSC. This finding aligns with our previous study, in which
e observed an increase in photoluminescence (PL) emission
f Zn3P2 grown at higher temperatures [22]. An increased PL
mission is indicative of reduced non-radiative recombination,
hich would improve both the VOC and the JSC. However, the
nderlying mechanisms responsible for the observed correlation
etween growth temperature and PL emission remains unclear
nd would require further investigation.

sing the same growth conditions, thin films grown from
ifferent AFs have different thickness, because the growth rate
s affected by the pattern [22]. Therefore, a set of samples was
enerated with varying growth durations to decouple the effects
f pattern and thickness on device performance. All the samples
ere grown at 290◦C. The evolution of the PCE, as reported
n the Figure S1, demonstrates an enhancement in performance
ith decreasing hole size, but no discernible trend is observed
ith pitch. Figure 2b shows the evolution of the VOC with
hickness for different patterns. One can see that the VOC remains
pproximately constant with thickness, which is consistent with
he anticipated behavior of a thin film exhibiting good crystal
uality. Again, the trend of themeanVOC with respect to the AF is
onsistent with the simulations. Nevertheless, the improvement
f the VOC is more pronounced than anticipated for decreasing
ole size. Within the range of AF considered (from 28.3% to
.5%), the VOC gain determined experimentally is equal to 0.33
, which is significantly higher than the 0.06 V gain predicted
y simulations. Our recent study revealed the formation of misfit
islocations at the Zn3P2/InP interface only for large hole sizes
22]. These defects could have a significant impact on the VOC by
ncreasing the amount of recombination at the interface.

igure 2c shows the evolution of the JSC with the thickness for
ifferent patterns.We can see that increasing the thickness results
dvanced Functional Materials, 2026
in a reduction in JSC. This effect can be elucidated through the
use of optical simulations. Figure 2d compares the simulated
photocurrent (Jph) in each absorbing layer (assuming no electrical
losses) with the experimental JSC for samples grown from a
120/400 pattern. First, it is evident that the experimental JSC is
much lower than the total simulated Jph, indicating substantial
electrical losses. Then, we can see that the total simulated Jph
slightly diminishes with thickness, which is attributed to the
evolution of the surface morphology. It has been established that
the top surface becomes flatter with increasing thickness [22].
This results in an increase in reflectance due to a reduced light
trapping effect engendered by the pyramidal texturing [24]. From
the simulated reflectance spectra shown in the see Figure S2,
we can compute the average reflectance for each sample. We
observe that the mean reflectance exhibits a slight increase with
thickness, going from 10.5% to 12.9%.

Nevertheless, reduced light trapping leading to a slight decline
in JPH (3.7% loss), cannot fully explain the more pronounced
decrease in experimental JSC (29.8% loss). To facilitate a more
profound comprehension, one can look at the different simulated
contributions coming from Zn3P2 and InP. The photogenerated
current in Zn3P2 increases with a larger volume ofmaterial due to
greater light absorption. On the other hand, the photogenerated
current in InP decreases with a larger volume of Zn3P2, because
the thicker Zn3P2 film hinders the incoming light. In the solar
cell study by Paul et al., it was established that the majority of the
collected current originated from the InP [19]. This hypothesis
can be verified by comparing the external quantum efficiency
(EQE) spectrumwith the simulated absorption spectra of the two
absorbers. This experiment was conducted on a device with a
1200 nm thick layer of Zn3P2, the result of which is shown in the
Figure S3. A thorough examination of the spectra corroborates
the hypothesis that the majority of the photocurrent generated
3 of 11
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FIGURE 2 Performances of the fabricated solar cell devices. All J–Vmeasurements are performed using the 1st setup. (a) Comparatives J–V curves
of devices based on Zn3P2 thin films grown with various pattern dimensions at different temperatures. Evolution of the (b) VOC and the (c) JSC with
thickness for different AFs for samples grown at 290◦C. (d) Simulated JPH generated in the device (in black) compared with the experimental JSC (in
red) for samples grown from a 120/400 pattern at 290◦C.
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ithin the solar cell is attributable to the InP layer. Consequently,
e believe that the degradation of the JSC with the thickness is
redominantly attributable to reduced light absorption in the InP.

inally, by subtracting the InP photocurrent from the JSC, we can
ompute the lower bound estimation of the Zn3P2 contribution to
he JSC, based on the assumption that 100% of the photogenerated
urrent in InP is collected. We find that the Zn3P2 contribution
ecreases with the thickness going from 8.42 mA/cm2 (40% of
SC) to 6.31 mA/cm2 (42% of JSC). This could be due to carrier
eneration occurring farther away from the depletion region or
o degradation of the carrier transport with thickness.

.2 Determination of Minority Carrier Diffusion
ength by EBIC

he enhancement in short-circuit current for larger area fraction,
xhibited in Figure 2a,c, is consistent with the outcomes of our
ecent simulation study [23]. Still, the trend observed experi-
entally appears more pronounced than expected. Simulations
of 11
estimate a difference in Jsc around 1.2 mA/cm2 between the
largest AF (28.3%) and the smallest AF (2.5%). Devices with
thickness around 800 nm instead show a variation of Jsc around
3.6 mA/cm2 (see Figure 2c), suggesting that the overall current
collection may be defined by the interplay of multiple effects at
once.

Electron beam-induced current mapping (EBIC) is a technique
that enables the observation of localized mechanisms govern-
ing carrier transport with nanometric resolution. By exciting
e−/h+ pairs with a scanning electron beam, EBIC allows to
identify internal electric field and visualize current flowing
through rectifying elements [25–28]. We therefore performed
EBIC measurements by contacting top and bottom contact in
situ with micromanipulators as done in previous works [29].
Secondary electrons are detected simultaneously enabling to
record SEM/EBIC images at once. Results are shown in Figure 3
(data analysis reported in Figures S5 and S6). The measurements
were performed by scanning the device cross-sections exposed
to the electron beam after cleaving. Although it requires the
formation of a new free surface, thus worsening carrier transport,
Advanced Functional Materials, 2026
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FIGURE 3 Cross-sectional EBIC analysis of the Zn3P2/InP heterojunction. (a) Overlaid SEM/EBIC image of a full 45/500 array displaying
the current generated locally at the heterointerface. The plot (in purple) highlights homogeneous current collection throughout the array. (b) High
magnification SEM/EBIC maps of the same region as a function of external bias. (c) High magnification SEM/EBIC maps of different arrays varying
pitch (left) and opening size (right). (d) Electron diffusion length in Zn3P2 as a function of the external bias for arrays with different hole size and
pitch. (e) Finite element simulation of electron current density through a pinhole. All the EBIC maps are displayed in false color. Each panel shows the
corresponding current values.
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he cross-sectional configuration is needed to visualize carrier
ransport across the heterojunction [30, 31].

igure 3a shows a cross-section SEM image of a device fabricated
rom a 45/500 pattern, combined with the EBIC signal. As
xpected, the micrograph shows a peak in EBIC signal at the
pening position, where the p-Zn3P2/n-InP heterojunction is
ocated. Moreover, the signal is modulated consistently with the
00 nm pitch and the extracted signal is extremely homogeneous
cross the array. The current profile (in purple) across the
idth of the array highlights the superior reproducibility of
he heterointerface achieved by selective area growth. It is also
mportant to note that the EBIC current is mostly collected from
he InP substrate, consistently with the EQE measurements,
upporting the hypothesis that most of the electrical current
riginates from the substrate.

ias-dependent EBIC measurements (Figure 3b) allows to artifi-
iallywiden the space charge regionwhile increasing the signal to
oise ratio thus offering another path to outline the contribution
rom Zn3P2 [32, 33]. Under forward bias, (Vbias = +0.8 V), EBIC
hows an increase of dark current (noise of the map) and a
eakening of the built-in field (intensity decrease of the localized
ignal at the heterointerface). Both effects are expected in a p-n
unction. Furthermore, the arising of a strong signalwith opposite
dvanced Functional Materials, 2026
polarity at the ITO/semiconductor interface confirms the band
bending reported by Paul et al. [19]. Under reverse bias (Vbias =
-1.0 V) instead, the measurements reveal a significant increase of
the collected current but no visible widening of the space charge
region into the Zn3P2 layer. Additional measurements on similar
samples (reported in Figure S6) suggest an extension of the space
charge region well below the size of the interaction volume thus
preventing its visualization. This represents amajor limitation for
the device performance,which needs to be tackled in futurework.

Despite the apparent absence of charge drift in Zn3P2, minority
carriers photogenerated in this layer can contribute to the short-
circuit current by diffusing into the depletion region.We therefore
turned into a comparison of induced current collected as a
function of hole diameter and pitch. SEM/EBIC micrographs
are reported in Figure 3c. Interestingly, the EBIC signal in
the InP substrate appears less localized by decreasing pitch or
increasing hole size. This is a visualization artifact arising from
the convolution of the interaction volume (estimated around 80
nm by Casino simulation as reported in Figure S6) and the lateral
extension of the space charge region plus the contribution from
the lateral diffusion of carriers in InP (estimated around 400 nm).
The variation in EBIC diffusion tails in the Zn3P2 layers instead is
a direct assessment of the capability to extract carriers generated
in the top part. The SEM/EBIC maps in Figure 3c indicate that
5 of 11
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lectron diffusion mildly decreases with pitch and significantly
ncreases with hole size. The corresponding minority carrier
iffusion length values, shown in Figure 3d, are extracted by
pplying a simple 1D Poisson equation model [34, 35] (reported
n Figure S6). As customary, the diffusion length values are
xtracted by varying the external bias. The extracted diffusion
alues are mostly voltage insensitive with minor deviations from
he expected constant trend at larger bias. The estimated values
btained by this analysis reveal an increase of the electron diffu-
ion length in zinc phosphide with increasing AF, with average
alues going from 19 to 71 nm. The result is counterintuitive to
ome extent, as one would expect an increased defect density
ith increasing hole size which would limit carrier diffusion.
evertheless, it is consistentwith the variation of the short-circuit
urrent density reported in Figure 2e. EBIC measurements on
evices with different Zn3P2 thickness (reported in Figure S7) do
ot reveal any significant impact on diffusion length, suggesting
hat transport mechanisms in this set of samples is not limited by
he crystal quality.

ne can also note that the diffusion length values extracted here
re substantially lower than those reported in the literature for
n3P2. Kimbal et al. reported aminority carrier diffusion length of
t least 7 μm, as determined by time-resolved photoluminescence
TRPL) measurements [36], which is representative of carrier
iffusion in the bulk. Our experimental setup instead requires
reating free surface to scan through the junction, thus it is
xpected to retrieve lower diffusion length values due to surface
ecombination. The low acceleration voltage of the primary beam
nabling the investigation of individual opening enhances even
urther the impact of surface recombination.Nonetheless, surface
ecombination cannot account for the evolution of minority
arrier diffusion length with the opening geometry. Furthermore,
he photocurrent collection inZn3P2 is comparatively small for all
evices, with a maximum of 8.4 mA/cm2 for large area fraction,
hereby supporting the hypothesis of a low electron diffusion
ength. This may be due to recombination through intrinsic trap
tates within the bulk such as Zn interstitials [37] or to the
n3P2/InP interface.

o better understand howhole size affects diffusion length, three-
imensional simulations of electron transport through a pinhole
ith radius ranging from 45 to 120 nm were conducted using
extnano (Figure 3e). The results of the simulation indicate
he presence of a significant current crowding effect around the
ides of the openings. This effect is particularly pronounced for
mall apertures, as it extends to the full extent of the opening.
significant accumulation of electrons may result in more

ecombination [38], thereby elucidating the observed decrease
n diffusion length. An other possible explanation for the low
iffusion length may be attributed to the carrier concentration
n Zn3P2. In our recent study, we observed an increase in carrier
oncentration with decreasing thickness, which may be due to
he presence of a p+-doped layer in proximity to the Zn3P2/InP
nterface [22]. This would account for both the small depletion
egion and the reduced diffusion length. Finally, at a forward
ias of +0.8 V, a signal with an opposite polarity compared to
he pn junction is observed at the Zn3P2/ITO interface (reported
n Figure S8). The weak rectifying nature of this contact was
lready reported in a previous publication [19]. From this signal,
n electron diffusion length of 250 nm can be extracted, which
of 11
is significantly higher than the reported values for the diffusion
tail of the Zn3P2/InP interface. This observation lends support to
the hypothesis that, in this device, the principal factor limiting
diffusion is current crowding at the Zn3P2/InP interface, rather
than crystal quality.

2.3 Annealing Study and Record Solar Cell

We also explored the effect of thermal annealing on the device
performances. For this experiment, we use a set of samples grown
at 300◦Cwith various AFs (pitch of 400 nm and hole size ranging
from 30 nm to 75 nm). The annealing is performed at 300◦C for
30min inN2 atmosphere after the device fabrication. Figure 4a–d
shows the evolution of each performance parameter with the
AF and how this evolution is affected by the thermal annealing.
We observe a strong decrease of VOC when increasing AF but
after annealing, the degradation of the VOC with larger AF is
much less dramatic. The VOC improvement due to annealing is
substantial for large hole size and minor for small hole size.
This supports the idea that the misfit dislocations present at
the Zn3P2/InP interface, for large hole size only, may have a
significant impact on the VOC. Furthermore, the results suggest
that a thermal annealing at 300◦C could be a viable method
for reducing the number of these defects. Misfit dislocations
reduction or rearrangement with annealing has already been
reported in literature [39, 40]. This hypothesis would require a
deeper investigation which is outside the scope of this study.

Looking at Figure 4b, we don’t see clear trend for the evolution
of JSC with AF because the increase in AF is concomitant with an
augmentation in thickness. In addition, a marginal enhancement
in the JSC can be observed following annealing, with the exception
of the smaller area fraction, where a substantial improvement in
the JSC is evident. Theminor improvement in JSC could be due to a
reduction of absorption losses in the ITO.Weknow that annealing
at temperature higher than 180◦C results in the crystallization
of amorphous ITO [41, 42]. This is often associated with an
increase of the transmittance in the visible light, which could
explain the small improvement of the JSC [42, 43]. Furthermore,
the augmentation in shunt resistance (going from 215 Ω.cm2

to 585 Ω.cm2) measured for the smaller AF could explain the
major improvement of both JSC and FF for this specific device.
However, as shown in Figure 4c, the FF degrades with annealing
for the other devices, which is mostly due to an increase of
the series resistance (going from 2.84 Ω.cm2 to 7.14 Ω.cm2 for
the AF = 3.9% sample). We believe that the observed increase
in series resistance is associated with the metal contacts. In
the Figure S9, comparative J–V curves are presented for two
devices fabricated from the same thin film (grown from a AF =
3.9% pattern). One of the devices underwent thermal annealing
after the ITO deposition. It can be seen that all the parameters,
including the FF, are improved with annealing. This corroborates
the hypothesis that higher resistance is present in the metals
or at one of the metal interfaces. There are several examples in
literature where an increase of the contact resistance for ITO/Ag
contacts with annealing is observed [43, 44]. One of the main
explanation is the diffusion of Ag, even at temperatures below
300◦C, into the ITO and also sometimes into the absorber [44].
Therefore, we recommend to perform the annealing prior to the
deposition of metal contacts.
Advanced Functional Materials, 2026
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FIGURE 4 Evolution with AF of the (a) VOC, (b) JSC, (c) FF and (d) PCE for samples grown at 300◦C before and after annealing. (e) J–V curves
of the champion device obtained in dark (denoted by black line) and under 1-sun illumination (denoted by orange line), the inset shows the measured
device that had an active area of 0.0032 cm2.
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FIGURE 5 Outdoor measurement of a device fabricated from a
45/400 pattern. Evolution of the PCE, Solar irradiance and PV temper-
ature over a full year.
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inally, Figure 4d shows that for all samples, the annealing
mproves the PCE. The best efficiency of 8.2% is obtained for the
evice fabricated from a 45/400 pattern (AF = 4%). The optimal
rea fraction estimated by simulations is around 8%, but this does
ot consider the difference in Zn3P2 thickness for our samples
23]. The champion device was also measured using an other
easurement setup under standard test conditions (STC). The
ifferences between the two setups are explained in more details
n the experimental section. The measurement from the STC
etup resulted in an efficiency of 8.0%, as illustrated in Figure 4e.
nly this result should be considered relevant to define the record
onversion efficiency. The open-circuit voltage of VOC = 0.71 V
s improved by 44% compared to the Zn3P2/Mg solar cell and
y 34% compared to the previous Zn3P2/InP solar cell [4, 19].
he short-circuit current of Jsc = 17.81 mA/cm2 is improved by
9% compared to the Zn3P2/Mg solar cell and by 30% compared
o the previous Zn3P2/InP solar cell. Furthermore, the shunt
esistance RShunt = 8.04 kΩ.cm2 is one order of magnitude higher
ompared to the previous Zn3P2/InP solar cell, which highlights
significant reduction of the leakage current. However, the
eries resistance of 7.48 Ω.cm2 is roughly 3 times bigger. As
reviously discussed, this phenomenon may be attributable to
he annealing of the metal contacts. The series resistance before
nnealing (2.84 Ω.cm2) is very close to the previous Zn3P2/InP
olar cell (2.56 Ω.cm2). Similar to Paul et al. we observe a
rossover of the 1 sun curve with the dark curve [19]. We also
erformed EQE measurements for this device. The resulting
pectrum is compared with the simulated absorption spectra in
he Figure S4, and confirms that the majority of the photocurrent
enerated within the solar cell is attributable to the InP layer.
urthermore, the simulations allow for the calculation of the
aximum photocurrent generated in both layers: 17.76 mA/cm2

or Zn3P2 and 12.19 mA/cm2 for InP. Under the assumption that
00% of the photogenerated current in InP is collected, we can
stimate the lower bound value of the Zn3P2 contribution to the
hotocurrent to be equal to 5.62 mA/cm2 (31% of JSC). This is to
ompare with the Zn3P2 contribution for the previous Zn3P2/InP
olar cell, estimated around 3.3 mA/cm2 [19]. Therefore, it is
dvanced Functional Materials, 2026
evident that the extraction of the charge carrier in the Zn3P2 layer
has been enhanced with this new device.

2.4 Long Term Stability Measurements

We finally assess the long-term stability of a solar cell exposed to
outdoor conditions in Heraklion, Greece, for a duration of one
year. The device used for outdoor measurements was fabricated
from a Zn3P2 thin film grown from a 45/400 pattern at 290◦C,
with a V/II ratio of 1.3 for 6 h. J–Vmeasurements were performed
at least once per week in conjunction with the collection of
meteorological data. The results of this study are shown in
Figure 5. We can observe a stable PCE over the year, with a
slight seasonality effect observed mainly during summer period.
The evolution of the PCE demonstrates a significant correlation
with the temperature of the PV cell. The increase in temperature
toward the summer results in a decline in PCE, while a drop in
temperature duringwinter leads to a an increase in PCE, reaching
7 of 11
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level comparable to that recorded one year prior. The decline
n efficiency with increasing temperature is a phenomenon that
as been widely documented for major PV technologies [45].
etermining the effect of the average irradiance on the PCE is
ifficult due to the small annual fluctuations. A more advanced
tudy will be conducted to gain a deeper understanding of how
pecific meteorological conditions influence performance. To
onclude, we demonstrate that our device exhibits remarkable
tability under outdoor conditionswith relatively high irradiance,
emperature, and humidity. Previous studies have shown that
n3P2 is sensitive to exposure in air and water [7, 46]. Therefore,
e deduce that the ITO acts as an efficient protective layer for a
olar cell based on Zn3P2.

Conclusion

n conclusion, this study demonstrates the efficacy of selective
rea epitaxy in enhancing the performance of a solar cell device.
irst, the improved crystal quality of the Zn3P2 absorber is
eflected in the higher open-circuit voltage and short-circuit cur-
ent generated in the Zn3P2, compared to the previous Zn3P2/InP
evice. Furthermore, the incorporation of a nano-patterned SiO2

ayer between Zn3P2 and InP helps boosting the open-circuit volt-
ge even further through a reduction in interface recombination.
e found that the dimensions of the pattern have a significant
mpact on the performances: a smaller area fraction increases VOC
ut decreases JSC. The low VOC for large openings is attributed to
he presence of misfit dislocations at the Zn3P2/InP interface. We
how that post-fabrication annealing at a moderate temperature
f 300◦C improves the performances of the device, especially for
arge openings. Furthermore, the combination of EBIC measure-
ents with simulations reveals that the degradation of the JSC
or smaller openings is due to a reduction in electron diffusion
ength caused by current crowding. Our champion device was
abricated from a sample with a relatively small openings size
45/400), with post-growth annealing. We believe that the most
ffective approach to outperform our current record is to select
sufficiently large opening size and optimize the annealing
onditions. Additionally, to overcome the limitation on electron
iffusion length resulting from the reduced contact area at the
n3P2/InP interface, the device architecture could be inverted
y employing an p-type substrate and depositing an alternative
-type emitter on top of the Zn3P2 film. The use of more earth-
bundant substrates, such as silicon or glass, should be explored
s a means of eliminating the costly InP from the stack. Finally,
e demonstrate the long-term stability of our technology by
onitoring a stable PCE over a full year exposed outdoor.

Experimental Section

.1 Material Growth

he substrate chosen for the growth is undoped InP (100),
hich is intrinsically n-type with a carrier concentration as
ow as 1015 cm−3. The SAE pattern is fabricated using e-beam
ithography, and Zn3P2 is grown using molecular beam epitaxy
MBE). The pattern fabrication and the growth procedure are
oth described in details in our recent study [22]. Two set of
atterns are prepared. The first one consists of various 800 μm
of 11
× 800 μm square arrays of nanoholes, which are intended for
the subsequent fabrication of solar cells. The second one consists
of various 20 μm × 200 μm strip arrays of nanoholes, which are
intended for the subsequent fabrication of EBIC devices. Each
array has a specific hole radius (ranging from 30 to 120 nm) and
pitch (ranging from 300 to 500 nm). We explore samples grown
with different V/II ratio, temperature and duration. All samples
are covered by 20 nm of Si3N4 deposited by plasma-enhanced
chemical vapor deposition (PECVD) to protect the film against
oxidation [7].

4.2 Device Fabrication

A first lithography step is performed to remove the protective
Si3N4 layer on top of the Zn3P2 square and deposit a layer of ITO
(step 1). The Si3N4 is etched by dipping the sample in 1% HF for
1 min 15 s. After an Ar milling step of 20 s to remove any native
oxide, a 80 nm layer of ITO (In2O3:SnO= 90%:10%) is deposited by
sputtering. Then, a 150 nm layer of Au is deposited by sputtering
at the back of the InP substrate (step 2). Prior to the deposition, 60
s of Ar milling is performed to remove the InP native oxide, and 5
nm of Cr is deposited to ensure good adhesion of the Au. Finally,
a second lithography step is performed to deposit the Ag grid by
sputtering, with a nominal thickness of 150 nm (step 3). The Ag
grid is connected to a pad sitting on the Si3N4 layer.

4.3 Measurement Methods

The thickness of the samples is determined by the analysis of
cross-section images obtained using a scanning electron micro-
scope (Zeiss Merlin FE-SEM). Our samples exhibit a pyramidal
surface texture. Consequently, the reported thickness is defined
as the average between the base thickness and the base + top of
the pyramid thickness.

Current–voltage (J–V) measurements are performed using two
different setups. The first setup is used to measure all devices,
whereas the second setup is exclusively employed for the mea-
surement of the record solar cell. The first setup uses a Keithley
2611 voltage source and a Xenon lamp class ABA Oriel Sol2A sun
simulator. The measurements are performed under a calibrated
1 Sun illumination. The second setup uses a two-lamp (Halogen
and Xenon) class AAA WACOM Sun simulator. Before each
measurement, the calibration of the AAA WACOM system is
checked with three different certified cells with different spectral
responses to minimize the spectral mismatch of the sources.
Three-point weight maximum power point (MPP)measurements
are performed using an in-house written LabVIEW code. For this
setup, measurements are performed according to the standard
testing procedure (1-sun, AM 1.5 Global, 25◦C). Furthermore, a
shadow mask is used to avoid back reflection of light because
of the Au contact. The JV curves obtained from both setups are
very similar. The VOC and the FF are the same, whereas the JSC is
slightly smaller for the second setup (ΔJSC ≈ 0.5 mA/cm2).

External quantumefficiency (EQE)measurements are performed
using an in-house built setup based on aHoribamicro HR grating
monochromator and a Xe arc lamp source. The wavelength
Advanced Functional Materials, 2026
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pacing is set to 10 nm, the measurement range to 320–1050 nm
nd the voltage bias to 0 V.

canning electron microscopy (SEM) is performed in a Zeiss
emini SEM 300 microscope operating in high vacuum mode.
econdary electron (SE) images are acquired with a Gemini
I column in-lens SE detector at 3 keV electron beam energy
ith an injection current of 15 pA (as calibrated by a Faraday
up). Electron beam induced current (EBIC) measurements are
erformed on an Imina NANO platform compatible with the
eiss electronmicroscope. FourmiBots, each equippedwith a 500
m radius tungsten tip, are controlled individually via Precisio
oftware. Piezoelectric motion ensured nanometer control over
he electrical contacts to individual devices. EBIC measurements
re performed at 3 keV acceleration voltage and 400 pA injected
urrent. Experiments are performed by applying an external
ias ranging from –1 V to +1 V (with 0.1 V or 0.2 V steps)
hrough a Point Electronic amplifier controlled by a Digital
maging scanning system. For all reported measurements, the
ole-rich Zn3P2 layer is connected to the negative pole and the
lectron-rich InP substrate is connected to the positive pole. The
urrent induced at the heterointerface is therefore measured as
ositive.

he outdoors PV evaluation was implemented in Hellenic
editerranean University (HMU) campus and specifically at
he open-air lab of HMU. More details on the facility and the
quipment can be found in previous studies [47, 48]. Zn3P2
olar cells were placed on customized printed circuit boards
PCBs). These PCBs were mounted on aluminum holders with
unable height and angle in relation to the Sun allowing achieving
he optimal conditions for highest energy output for the whole
ear (namely, south orientation and 29◦ degrees inclination due
o the geographic location of the lab). Optical inspection took
lace in regular periodic intervals to associate any potential
hysical change before and after measurements, as well as during
arsh environmental periods. We used a specific measurement
rotocol for all outdoor diurnal measurements. Specifically, each
easurement was initiated at sunrise and ended at sunset with a
ne-minute step interval. For the J–V electrical characterization,
he SMU-Infinity PV ISOS Testing Laboratory was used. A con-
urrent, continuous weather monitoring was implemented based
n a meteorological station from Campbell Scientific CR1000×
odel with Pyranometer sensor Kipp & Zonen CMP3 for solar
rradiance measurements. Type K thermocouples were placed on
he back side of Zn3P2 solar cells for temperature measurements.
he electrical characterization includes reverse J–V scans, with
oltage sweeps from open circuit to short circuit conditions using
voltage step of 1 mV.

hree-dimensional optical simulations are performed using
nsys Lumerical software to obtain the optical generation rate
rofiles within the absorbing regions of the device. The gener-
tion profile is then integrated into the electrical simulations
hich are performed using Nextnano GmbH software [49, 50].
he general method for the simulations is explained in more
etails in our recent simulation study [23]. In our work, surface
exturing is addressed by the incorporation of pyramids onto
he thin film. The dimensions of the model (i.e. film thickness,
yramid height and angle) are directly extracted from SEM
easurements of the experimental samples’ cross-sections. Spe-
dvanced Functional Materials, 2026
cific materials parameters used in this study for the electrical
simulation are provided in the Table S1.

4.4 Samples Description

Two sets of samples are prepared for this study. The first set
consists of samples grown at 290◦C with a V/II flux ratio of
0.36. The growth duration is varied from 4 to 8.5 h. Solar cell
devices and EBIC devices are fabricated for all samples of this
set (and for all pattern dimensions). The second set consists of
samples grown varying the temperature from 280◦C to 300◦C.
Because of the temperature-dependent growth rate, the duration
is adjusted to target similar thickness for all samples. Solar cell
devices are fabricated for all samples of this set (and for all pattern
dimensions). Finally, some devices of the second set are annealed
at 300◦C for 30 min. One of them, grown from a 45/400 pattern
(45 nm hole size/400 nm pitch), gives the record efficiency.
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