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ABSTRACT: Earth-abundant semiconducting materials are a potential solution for large-scale deployment of solar cells at a lower
cost. Zinc phosphide (Zn3P2) is one such Earth-abundant material with optoelectronic properties suitable for photovoltaics. Herein,
we report the van der Waals epitaxy of tetragonal Zn3P2 (α-Zn3P2) on graphene using molecular beam epitaxy. The growth on
graphene progresses by the formation of Zn3P2 triangular flakes, which merge to form a thin film with a strong (101) crystallographic
texture. Photoluminescence from the Zn3P2 thin films is consistent with previously reported Zn3P2. This work demonstrates that the
need for a lattice-matched substrate can be circumvented by the use of graphene as a substrate. Moreover, the synthesis of high-
quality Zn3P2 flakes and films on graphene brings new material choices for low-cost photovoltaic applications.

■ INTRODUCTION

The global energy consumption continues to severely impact
the world’s climatic conditions, and this necessitates a firm
shift toward clean and sustainable sources of energy. Earth-
abundant semiconducting materials could be beneficial for the
purpose of low-cost, large-scale deployment of photovoltaics.1,2

Zn3P2 is an Earth-abundant semiconductor with promising
optoelectronic properties.3−5 Zn3P2 has a high absorption
coefficient (>104 cm−1)6 in the visible part of the electro-
magnetic spectrum and long minority-carrier diffusion length
(>5 μm).7 The reported band gap of Zn3P2 lies close to the
theoretical maxima of the Shockley−Queisser limit,8 making it
a suitable candidate for photovoltaics.9,10 The highest solar
energy conversion efficiency (∼6%) was reported by Bhushan
et al. for Mg-Zn3P2 based solar cells.11

Since 1981, there has been no report on the improvement of
efficiency for Zn3P2 -based solar cells. One of the major issues
associated with Zn3P2 is its large lattice parameter (a = 8.089
Å, c = 11.45 Å),12 which makes high-quality epitaxial growth
suitable for solar cell application challenging.13 Furthermore,
the choice of substrate is limited due to the large linear thermal

expansion coefficient (1.4 × 10−5 K−1)14 of Zn3P2.
15 Cracks

were observed on Zn3P2 thin films grown at high temperatures
(≥600 °C) on a large number of commercially available
substrates.15 Additionally, the formation energies of zinc
vacancies and phosphorus interstitials are very low in Zn3P2,
which makes the material intrinsically p-type.16,17 The intrinsic
p-type nature of Zn3P2 in principle rules out the formation of
low-resistive homojunction solar cells. And most of the Zn3P2
solar cells are based on heterojunction or Schottky
junction.11,18

In 1984, Atsushi Koma introduced the concept of van der
Waals epitaxy (vdWE). He demonstrated the growth of an
epitaxial thin film on a substrate with over 20% lattice
mismatch by avoiding the formation of covalent bonds at the
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interface.19 The advantage of vdWE is the use of substrates
with no dangling bonds, such as two-dimensional materials
(e.g., graphene) or bulk layered materials (e.g., mica).20,21

Because of the absences of dangling bonds at the surface of a
van der Waals substrate, the growth of the overlayer proceeds
without the formation of covalent bonds at the interface. van
der Waals bonds originate from the dipolar interactions
between atoms. Compared to covalent bonds, the van der
Waals bonds are much weaker, and this gives an unstrained
epitaxial overlayer growth with a defect-free interface on a
highly lattice-mismatched substrate. Hence, vdWE could be a
suitable method to overcome the limitation of lattice-matched
substrates for the growth of high-quality epitaxial material.
Graphene is widely used for vdWE due to its two-dimensional
nature as well as its high electrical and thermal conductiv-
ities,22,23 optically transparency,24 and high mechanical
strength and flexibility.25−27 The recent advances in the
synthesis technique of high-quality graphene have made it
possible to fabricate large-area polycrystalline graphene
substrates at a lower cost.28,29 Graphene can function as a
low-cost, transparent, and flexible electrode, which can be
exploited for the fabrication of Zn3P2-graphene junction-based
solar cells. Vazquez-Mena et al. demonstrated a field-effect
solar cell using graphene that formed a tunable junction barrier
with Zn3P2.

30 This opens an avenue for the integration of
functional material on graphene to create a new hybrid
material system.
Bosco et al.13 demonstrated the growth of Zn3P2 on GaAs

substrates by congruently sublimating Zn3P2. We believe that
the use of congruent sublimation can come at the expense of
controlling the stoichiometry of the material in a precise
manner. As an example, Suda et al. reported the growth of n-
type Zn3P2 by using elemental source MBE.31 They attributed
the n-type behavior of Zn3P2 on the zinc-rich growth
conditions. Additionally, the use of MBE has some advantages
over other growth techniques commonly used for Zn3P2
growth.32,33 MBE uses high purity source materials and an
ultrahigh vacuum growth environment, which ensures low
impurity incorporation.
In this work, we demonstrate the growth of high-quality

Zn3P2 on graphene with vdWE using MBE, as demonstrated by
the structural and optical properties. The optimum growth
parameters were established by varying the temperature,
pressure, and flux ratio in our system. We present the growth

mechanism, based on the observation of how the film evolves
with growth time. This work shows a direct and efficient way
to integrate Zn3P2 on graphene.

■ RESULTS AND DISCUSSION

We start by reporting the influence of growth parameters on
the morphology and the composition of Zn3P2 grown on
graphene. The variation of the V/II ratio could potentially lead
to the formation of different compounds, such as ZnP2, Zn3P2,
and even intermediate amorphous compounds (a-ZnxPy).

34,13

The reported V/II ratio in this work corresponds to the ratio
between the values of Zn and P2 beam equivalent pressure
(BEP), and the temperatures correspond to the manipulator
temperature. Electron microscopy characterization of the initial
stages of growth provides information on the morphology of
the grown material. Figure 1a−f displays the scanning electron
microscopy (SEM) images of Zn3P2 samples obtained at
different temperatures and V/II ratios. The effect of the V/II
ratio at 150 °C is shown in the SEM micrographs of Figure
1a−c. For V/II ≥ 2.30, the morphology of the grown material
is spherical with no distinct crystal facets. When the V/II ratio
is maintained between 1.30 and 1.70, we observe a change in
morphology. Crystalline triangular flakes are formed on
graphene. These triangular flakes are not all randomly oriented
on graphene, and some of them maintain a similar orientation
as can be observed from the SEM images. When the V/II ratio
is decreased to a value below 0.83, the triangular flakes change
to a dense columnar-like growth. The influence of temperature
on morphology at a given V/II ratio is shown in the SEM
images of Figure 1d−f. At temperatures ≤100 °C, we observe
irregularly shaped clusters with metal-like aggregates on top, as
shown in Figure 1d. As the temperature is increased to 150 °C,
crystalline triangular flakes start to appear. By further
increasing the temperature to 180 °C, there is a substantial
decrease in the growth rate, and the deposition is sparse.
However, the triangular morphology is preserved at 180 °C.
We attribute the drastic reduction in the growth rate at higher
temperatures to the increased adatom desorption.
Figure 1g presents the room temperature Raman spectra of

the samples grown at 150 °C at three different V/II ratios. At a
V/II ratio of 2.30, the Raman spectrum is composed of broad
peaks. This is consistent with the amorphous nature of the
material, which is evident from its morphology (Figure 1a).
The Raman peaks become sharper for lower V/II ratios. The

Figure 1. (a−f) Representative scanning electron micrographs of growths of Zn3P2 on graphene as a function of temperature and V/II ratio; (g)
room temperature Raman spectra of samples shown in a−c, indicating that for V/II = 1.55 crystalline Zn3P2 is formed, while for lower V//II ratios
crystalline zinc is found in addition, and for higher V/II ratios the material is amorphous.
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bands are located around the spectral zone where one would
expect for α-ZnP2.

35,36 Both for V/II = 1.55 and 0.83, we
observe a group of peaks in the range between 50 cm−1 and
380 cm−1, with no first-order Raman active phonons present at
wavenumbers higher than 380 cm−1, similar to the reports
from Pangilinan et al. for α-Zn3P2.

35 This demonstrates the
formation of crystalline α-Zn3P2 on graphene. For V/II = 0.83,
we detect an additional peak at 71 cm−1, which is related to the
presence of crystalline Zn. The presence of Zn could explain
the modification in the morphology of the sample, which could
be due to the formation of Zn aggregates37 (Figure 1c). The
intensity of the Raman peak at 71 cm−1 increases when the V/
II ratio is further lowered (see Supporting Information (SI)
Figure S1). The presence of Zn has been further confirmed by
X-ray diffraction (XRD) measurements, as shown in Figure S2.
We find peaks corresponding to the (002) and (101) planes of
Zn, along with the XRD peaks from crystalline α-Zn3P2. At the
given growth temperature, Zn has a low sticking coefficient on
graphene.38,39,13 However, the formation of Zn aggregates
could imply that first a Zn3P2 layer is formed on graphene,

which subsequently leads to the change in adsorption behavior
of Zn. This explains the presence of both Zn and α-Zn3P2
peaks in the Raman spectra and the XRD measurement. It is
further corroborated by the SEM image shown in the inset of
Figure S2, and a clear Zn3P2 layer is present on top of which
Zn aggregates are formed.
The growth window for crystalline α-Zn3P2 on graphene is

relatively narrow, unlike other semiconducting materials grown
on graphene, which have robust growth conditions.40,41 The
optimum temperature range is between 150 and 170 °C, with
an optimum V/II ratio between 1.3 and 1.7. An additional
dependence on the total flux was also observed (see SI, Figure
S3a−c). At the optimal temperature and V/II ratio, an increase
in total flux leads to an expected increase in the overall growth
rate; this is due to a higher surface adatom density, which
causes an increase in nucleation density. Thus, the growth of
Zn3P2 on graphene is susceptible to temperature, V/II, and
total flux. All the studies reported hereafter are done on the
samples grown at 150 °C with a V/II ratio of 1.55. The P2 BEP
was maintained at 7.50 × 10−7 Torr unless specified otherwise.

Figure 2. (a−c) SEM images of (a) commercial graphene, (b) Zn3P2 triangular flakes grown on graphene after growing for 20 min, and (c) Zn3P2
triangular flakes grown on graphene after growing for 90 min; (d) schematic representation of the growth evolution of Zn3P2 on graphene; (e−f)
AFM images of Zn3P2 grown on graphene for (e) 80 min and (f) 150 min; (g) highlights two different morphologies of Zn3P2 grown on graphene;
(h−i) cross-sectional SEM images of Zn3P2 grown on graphene for (h) 240 min and (i) 300 min; (j) plot showing the time evolution of the surface
coverage (red triangular symbol) and vertical dimensions (blue circular symbol) of Zn3P2 flakes on graphene; the solid lines in the graph is a guide
to the eye.
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Figure 2a shows a representative top-view SEM image of the
commercial monolayer graphene on SiO2/Si wafer used in this
work. The contrast in the image is related to the presence of
grain boundaries, multilayers, wrinkles, and folds on
graphene.42−45 Such features are common for graphene
grown by CVD on a polycrystalline copper substrate.44,46

The defects on graphene play a critical role in adsorption, and
nucleation of adatoms as the sticking coefficient of adatoms is
significantly different at these sites.43,47 The nucleation
probability of a new layer is higher at the defect sites than
on pristine graphene due to their higher chemical reac-
tivity.43,48 The growth on pristine graphene is highly
suppressed due to the lack of dangling bonds.38 Figure 2b−c
elucidates the growth evolution of Zn3P2 on graphene substrate
with time. As the growth progresses, the Zn3P2 flakes
accumulate at the grain boundaries and other defect sites,
which leads to the formation of compact islands with an
irregular shape at these sites. At this stage of growth, the island
formation tends to be sparse away from these defect sites,
preserving the triangular shape of the flakes. The growth at the
folds and grain boundaries on graphene traces their linear
morphology.45 In the case of multilayer graphene, the growth
traces their patch-like morphology.49−51 The defect sites have
strikingly different growth behavior, as precursors exhibit a
higher sticking coefficient at these sites.45,52 Overall, we find
that the growth of Zn3P2 on commercial graphene is highly
impacted by the defects, creating distinct growth regimes
simultaneously on the same substrate. Figure 2d depicts our
understanding of the growth mechanism of Zn3P2 on
commercial graphene. The growth starts with the formation
of small triangular flakes of Zn3P2 all over the substrate. With
time, the nucleation density along the grain boundaries and
other defect sites increases, which causes a preferential
deposition of Zn3P2. Eventually, the triangular flakes grow in
dimension to form several micron large Zn3P2 islands. Finally,
all Zn3P2 islands merge with one another, forming a compact
continuous film with a coarse surface.
In order to determine the growth rate of Zn3P2 film, we

performed a growth time series. SEM and atomic force
microscopy (AFM) were used to study the vertical and lateral
dimensions of the Zn3P2 triangular flakes as a function of time.
Figure 2e−g corresponds to representative AFM images as a
function of the growth time. In the early stages of growth,
when the surface coverage is relatively low, the triangular flakes
are well dispersed on the substrate, as illustrated in Figure 2e.
Some of the flakes are seen to merge mostly along the grain
boundaries of graphene. The average height of these flakes
after 80 min of growth is 60 nm. The lateral dimension has a
significant size distribution. For a longer duration of growth,
the flakes start to lose its distinct triangular shape as they
merge with the other neighboring flakes. The average height of
the Zn3P2 flakes after 150 min growth is 130 nm. Figure 2g
illustrates the morphology of the top facet of the flake at two
different growth sites. The Zn3P2 island deposited along the
fold in graphene has an irregular base with a pyramid-like top
facet (highlighted with a red line). The irregular base of the
growing island is due to the merging of two or more triangular
flakes in the initial phase of the growth. The pyramid-like facets
are mainly observed on top of Zn3P2 islands and are denser at
the folds, wrinkles, and defect sites. This type of growth
behavior could be due to localized growth front pinning, which
occurs at the contact point between two or more growing
islands53,54 or could be attributed to interfacial disloca-

tions.54−56 In contrast, Zn3P2 growth away from the fold
exhibits a triangular shape with a smooth top surface
(highlighted with a green line). This illustrates the difference
in the morphology of Zn3P2 islands based on their nucleation
site.
For longer growth times, the height of the layers was

determined by cross-section SEM, as shown in Figure 2h−i.
For a growth duration of 240 min, Zn3P2 islands were obtained
with an average thickness of 300 nm (see Figure 2h). Finally,
for a growth duration of 300 min and longer, the adjoining
Zn3P2 islands merge to form a continuous film. The thickness
of the film obtained for 300 min of growth time is 450 nm. The
film surface is highly faceted, as seen in Figure 2i.
The time evolution of surface coverage and vertical

dimensions of the Zn3P2 flakes and islands is plotted in Figure
2j. The error bars in the graph represent the broad size
distribution of Zn3P2 flakes on graphene. We observe a
dominant lateral growth at the initial stages of growth, which
slows down over time, whereas the vertical growth rate
increases significantly with time. For the first 20 min of growth,
small triangular Zn3P2 flakes were observed with an average
lateral dimension of 95 nm and an average height of 35 nm.
After further 60 min of growth, the average lateral dimension
changes to 200 nm, and the average vertical dimension changes
to 60 nm. This indicates that, in the initial stages of growth
when the surface coverage is low, the Zn3P2 flakes grow
primarily laterally. This is due to the adatom kinetics: the
adatom supply to the growing flakes is mainly by adsorption
onto the graphene substrate followed by surface diffusion. As
the migration energy barrier is low on graphene, the adatom
can diffuse over a longer distance before being incorporated
into an energetically favorable growing site.38,39 After 150 min
of total growth time, the average lateral dimension is 530 nm,
and the average vertical dimension is 130 nm. After an
additional 60 min of growth, the average lateral dimension
changes to 570 nm, and the vertical dimension changes to 235
nm. It is clear that at this stage of growth, the vertical growth
rate is much higher in comparison to the lateral growth rate.
Indeed, at a surface coverage of approximately 80%, a
significant number of Zn3P2 islands merge or are closely
spaced. Hence, for growth durations longer than 150 min, it is
difficult to measure the lateral dimensions of individual Zn3P2
flakes. For longer growth durations, we compare the surface
coverage with the vertical dimension of the islands. An 80%
surface coverage is achieved in first 150 min; however, a further
150 min of growth is required to achieve 100% surface
coverage. The significant slowdown of the lateral growth rate
and the increase in vertical growth rate are primarily due to
two reasons. First, at a growth stage with high surface coverage,
most of the adatoms are incorporated directly onto the Zn3P2
islands, which have a higher absorption coefficient than
graphene. And only a small fraction of material is deposited
into the trenches between these growing islands, thus
increasing the vertical growth rate and slowing down the
surface coverage. Second, an important factor that aids the
vertical growth rate during the epitaxial growth of three-
dimensional materials is the so-called Erhlich−Schwoebel (ES)
barrier.57,58 The ES barrier hinders the step-down diffusion of
adatoms landing on a terrace.58 The presence of ES barrier
causes an accumulation of atoms on the top-facet of an island,
which favors the vertical growth. One should note that there is
a significant deviation in the growth rate at the grain
boundaries, multilayer graphene, and other defect sites.
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We believe the growth on graphene could be improved by
suppressing nucleation density at the defect sites. This could
be achieved by increasing the growth temperature or by
decreasing the growth pressure. However, as mentioned
before, the growth rate drops significantly by increasing the
temperature from 150 to 180 °C. A similar effect is observed
when the pressure is decreased. It is mainly because Zn and P
have a very low sticking coefficient on graphene at elevated
temperatures.38 Alternatively, postgrowth annealing could be
used to improve the grown film.59,60 However, it was reported
by Bosco et al. that the desorption of Zn occurs at a
temperature above 250 °C.13 This limits the temperature range
for annealing and hence compromises the quality of the film. In
this work, we mainly focus on a one-step growth method,
where a fixed temperature, V/II value, and total flux were used
throughout the growth. We also attempted a two-step growth
method.40 Here, we induced first the nucleation at 150 °C and
followed by a high-temperature growth step (190 °C). One
should note, for the two-step growth, a negligible change in the
Zn3P2 thin film was observed. And even after 300 min of
growth, we did not obtain full coverage. Pyramidal top facets
were observed for both one-step growth and two-step growth
methods.
The X-ray diffraction (XRD) measurement done on the

grown Zn3P2 film is shown in Figure 3a. Four main peaks
resolved at 13.54°, 27.10°, 41.09°, and 55.80° correspond to
the reflections 101, 202, 303, and 404, respectively in the
tetragonal phase of Zn3P2. The indexing was done using the
reference ICDD file no. 01-073-4212.61 Additionally, a low-
intensity peak at 33.11° was observed, which is attributed to
the substrate. The lattice parameters were calculated from
profile fitting of the XRD peaks, and a = 8.087 Å and c = 11.43
Å were obtained, which gives a c/a = 1.41. This is very close to
the reported bulk lattice parameter of Zn3P2.

61,62 The
symmetrical θ-2θ scan gives information on the planes that
are parallel to the substrate surface. Only the peaks associated
with the {101} family of planes are detected. This indicates
that the Zn3P2 film has a preferential orientation parallel to the
graphene surface. The film is thus highly textured and
composed solely of the tetragonal Zn3P2 phase. These results
were also confirmed by electron backscattered diffraction
(EBSD) measurements, which showed the same preferentially

orientation with respect to the graphene substrate (see SI,
Figure S4). EBSD measurements were performed on samples
that were grown for a shorter period, with less than 60%
surface coverage, whereas the XRD measurements were done
on samples grown for a long period, with full surface coverage.
Both samples gave the same directional dependence, indicating
that the Zn3P2 islands maintain the same growth direction over
time. Given the tetragonal crystal structure of Zn3P2, the 3-fold
symmetry of the triangular flake can only be the result of a
pseudosymmetry. Indeed, the Zn3P2 crystal structure is often
defined as a pseudocubic crystal system,62 with c/a exactly
equal to Sqrt(2). When the tetragonal crystal system is
transformed into the pseudocubic crystal system, the (101)
plane is transformed to the (111) plane, which explains the
morphology of the flakes. For a cubic system, the [111] 3-fold
growth direction is the most common on a hexagonal (0001)
substrate.63−65 The van der Waals interaction between the
grown Zn3P2 and graphene is confirmed by its crystallographic
texture; as a (101) fiber texture is present, it indicates there is a
complete degree of freedom on the rotation angle around the
normal of the (101) plane of Zn3P2, whereas a classical
epitaxial relation would have resulted in a strict coherent
orientation relationship of the grown material with the
substrate. The Zn3P2 structure was further investigated using
transmission electron microscopy (TEM), shown in Figure
3b−c. For this, Zn3P2 flakes were transferred to a TEM grid by
pressing the grid on the sample. A small force is required to
remove them, due to the weak van der Waals forces attaching
the flakes on the graphene. The flake exhibits a 3 nm thick
native amorphous oxide at the surface. This native oxide is
formed upon exposure to atmospheric conditions. Figure 3d
shows a representative HRTEM micrograph. It reveals a
defect-free single crystalline Zn3P2 triangular flake. From these
measurements, we deduced the spacing between the (002)
planes. We obtain 5.68 Å, which corresponds to c = 11.36 Å,
which is in close agreement with the XRD results. The electron
diffraction (Figure 3e) further confirms the single-crystalline
nature of the Zn3P2 triangular flake. The diffraction pattern is
in good agreement with the [210] zone axis of α-Zn3P2.
Katsube et al. had previously demonstrated the fabrication of

(101) oriented Zn3P2 film by phosphidation of Zn film.66 They
compared the electrical resistivity of the (101) oriented Zn3P2

Figure 3. (a) XRD pattern of a Zn3P2 film showing the tetragonal structure and a preferential orientation. Only {101} family of planes are observed
in the pattern; (b−c) Bright-field TEM images of the triangular Zn3P2 flake grown on graphene; (d) HRTEM image of the triangular Zn3P2 flake,
showing a d-spacing of 0.568 nm; (e) electron diffraction pattern obtained from the Zn3P2 flake along the [210] zone axis.
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film with a differently oriented Zn3P2 film, and they observed
the lowest resistivity for the (101) orientation. The vdWE of
Zn3P2 on graphene is a phosphidation-free method to obtain
the low resistive (101) orientated Zn3P2 film, which is
beneficial for solar cell device fabrication.
The optical properties of Zn3P2 are of great interest, given

the potential application in photovoltaics.11 There has been a
long-standing controversy regarding the fundamental gap of
the material.9,67,68 Recently, a study done by Kimball et al.
showed that there is a fundamental indirect bandgap at 1.38 eV
and a direct bandgap at 1.50 eV.10 The presence of both
indirect and direct bandgap in close proximity is deemed
beneficial in solar cell material, as the indirect bandgap could
result in longer carrier lifetimes and diffusion lengths, whereas
the close-lying direct bandgap could provide high photo-
generation efficiencies. In order to understand the optical
properties of Zn3P2 grown on graphene, we measured the PL
response as a function of temperature and excitation power, as
shown in Figure 4a−h. In this study, we compared the PL
response of two samples with different growth durations.
Sample A was grown for 100 min (see Figure 4a inset), and
sample B was grown for 250 min (see Figure 4b inset).
Figure 4a demonstrates the room temperature PL response

of sample A. At room temperature, we observe a broad PL
peak centered at 1.52 eV and a lower energy shoulder at 1.42
eV. The peak positions does not change with the increase in
laser power. The relation between the PL intensity and laser
power is linear for the two peaks (see Figure S5a), thus
indicating a high density of states.69 Figure 4b shows the room
temperature PL response for sample B, and we observe a broad
PL peak at 1.45 eV, which undergoes a slight redshift with
increasing laser power. The PL emission could be a
combination of peaks that behave differently upon increasing

the laser power, which could potentially lead to the observed
redshift.
Figure 4c depicts the PL spectra of sample A as a function of

temperature. When the temperature is decreased from 300 to
200 K, the peak at 1.52 eV is quenched, whereas the shoulder
peak at 1.42 eV becomes prominent. This behavior is
attributed to the fact that at room temperature the thermal
energy allows high-energy transitions. At lower temperatures,
the high-energy transition is quenched, and the low-energy
transition is favored.70 The PL response is consistent with the
study done by Kimball et al., where they observed quenching
of the peak at 1.5 eV around 200 K.10 We additionally
measured the power dependence PL of sample A at 200k (see
Figure S5b); the peak position does not change with increasing
laser power, and the peak has a tail in the high-energy side.
Such power dependence and line shape of PL peak are
indicative of band-to-band recombinations.71 Figure 4d
represents the PL spectra of sample B as a function of
temperature. When the temperature is decreased from 300 to
260 K, the peak at 1.45 eV is blueshifted to 1.46 eV. However,
an additional peak at 1.53 eV is observed when the
temperature is decreased to 200 K, and the main peak is
red-shifted to 1.42 eV. This behavior is strikingly different from
PL emission observed by Kimball et al., where they observed
two distinct peaks only at temperatures above 250 K, and the
peak at 1.5 eV was more prominent at higher temperatures.10

Figure 4e−f shows the PL response as a function of
temperature (below 200 K) for samples A and B, respectively.
We observe a clear redshift when the temperature is decreased
from 150 to 12.1 K for sample A, as shown in Figure 4e. At 150
K, the peak is measured at 1.40 eV, which redshifts to 1.35 eV
at 12.1 K. The redshift of the peak at lower temperatures has
been previously reported by different groups.10,72,73 The
positive temperature coefficient of this peak has been

Figure 4. (a−b) PL spectra at room temperature excited with 633 nm illumination with different powers (a) of sample A, which is Zn3P2 grown on
graphene for 100 min; inset shows the SEM image of sample A, (b) of sample B, which is Zn3P2 grown on graphene for 250 min; inset shows the
SEM image of sample B; (c−d) PL spectra at temperatures from 300 to 200 K excited with 633 nm illumination at 621 μW of (c) sample A, and
(d) sample B; (e−f) PL spectra done by decreasing the temperature below 200 K excited with 532 nm illumination (e) at 946 μW on sample A,
and (f) at 92 μW on sample B; (g−h) PL spectra at cryogenic temperature using different powers (g) on sample A at 10 K excited with 633 nm
illumination, and (h) on sample B at 5.8 K excited with 532 nm illumination.
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previously speculated to be associated with an indirect
transition to higher-lying energy states.73 For sample B, we
observed a similar redshift of the peak when the temperature is
decreased from 200 to 50 K, as shown in Figure 4f. The peak at
1.42 eV at 200 K redshifts to 1.38 eV at 50 K, whereas the peak
at 1.52 eV undergoes a rapid quenching at low temperatures.
Additionally, a second smaller peak at 1.26 eV becomes
prominent at below 150 K (see Figure 4f). On further
decreasing the temperature from 50 to 6.3 K, there is an
observable blueshift of the main peak at 1.38−1.40 eV, which
is similar to the work done by Briones et al., where below 40 K,
major emission bands with negative temperature coefficients
emerge and are responsible for the intense PL signal.72 The
sample grown for shorter growth duration (sample A) lacks the
low-temperature blue shift behavior reported by Briones et
al.,72 but rather has a similar low-temperature response
reported by Kimball et al.10

Figure 4g−h shows the cryogenic PL response as a function
of laser power for the samples A and B, respectively. For both
the samples at cryogenic temperatures, the PL signal exhibited
a significant blueshift as the laser excitation intensity was
increased, and this behavior has been previously reported by
Briones et al.72 The peak at 1.26 eV present in sample B
remains constant, and the intensity of the peaks saturates at a
higher laser power (see Figure S5c); the nonshifting behavior
of the peak at 1.26 eV and its eventual saturation indicate it is a
defect related transition.69

Given the similarity between the PL study reported in the
literature and sample A, we assign the room temperature PL
peaks at 1.52 and 1.42 eV to direct and indirect transitions,
respectively. Even though the low-temperature behavior of
sample B is similar to the one reported by Briones et al.,72 the
room temperature PL response is significantly different. The
dissimilarity between the room temperature PL response of
sample A and B is attributed to the presence of defects in
sample B, which is evident by the presence of the defect peak
at lower temperatures in sample B. Indeed, for a higher growth
time and surface coverage, the probability of defect formation
is higher in sample B.

■ CONCLUSION
In summary, we demonstrated the growth of high-quality
crystalline Zn3P2 on graphene via vdWE using MBE. The
growth on graphene is highly sensitive to the growth
conditions, and the defects on graphene play an integral role
in nucleation and growth. The growth mechanism was outlined
by studying the temporal evolution of the Zn3P2 flakes. In the
initial phase of the growth, lateral growth is more pronounced.
In the later stages of growth, with the increase in areal
coverage, there is a switch to dominant vertical growth. We
attribute this change to the difference in adsorption and
diffusion characteristics of the adatoms on graphene and on
well-formed Zn3P2 layer (at higher areal coverage). XRD and
EBSD revealed a preferential growth direction of Zn3P2 on
graphene. The {101} family of planes were oriented parallel to
the surface of graphene, and the preferential orientation was
maintained irrespective of growth duration. The PL response
of Zn3P2 on graphene as a function of temperature and power
is consistent with the optical behavior reported in the literature
for Zn3P2 grown using different techniques. We compared the
PL response of two samples grown for different durations. The
difference in the PL behavior between the two samples is
attributed to the presence of defects in the sample grown for

longer duration. This work demonstrates an efficient
integration of an Earth-abundant material on graphene,
which could be used to fabricate Earth-abundant semi-
conductors and graphene-based solar cells. Future work will
be in the direction to improve the growth on van der Waals
substrate by reducing the dependence of the growth behavior
on the presence of defects on the substrate and to materialize
Earth-abundant semiconductor-based devices.

■ EXPERIMENTAL SECTION
Growth of Zn3P2. The Zn3P2 thin films were grown using Veeco

GENxplor MBE on the commercially purchased graphene substrate.
The graphene substrates were purchased from Graphenea, and each
substrate consists of a monolayer of graphene transferred onto a 4-in.
SiO2(300 nm)/Si (100) wafer. The MBE system utilizes separate
sources of zinc and phosphorus (MBE Komponenten GaP-based P2

source). Before each growth, the graphene substrates were degassed at
500 °C for 1 h in the prep-module. The Zn3P2 thin films were grown
in the growth-module of the MBE system, at a 150 °C manipulator
temperature for 300 min using a Zn BEP of 5.20 × 10−7 Torr and a P2

BEP of 7.50 × 10−7 Torr.
Photoluminescence Spectroscopy. The spectrometer used for

PL is a LabRam HR Evolution HORIBA Raman spectrometer. A
source of monochromatic light (laser) of a specific wavelength (532
or 633 nm) is used to investigate the sample. The beam is directed
onto the sample using a set of mirrors allowing a controllable
alignment. The use of a bandpass filter on the laser’s path prevents
undesirable laser lines. Neutral density (ND) filters are arranged to
tune the laser intensity. After passing through a beam splitter and a
dichroic mirror, the laser is focused on the sample. PL spectroscopy is
implemented in back reflection geometry, consisting of a collecting
signal from the same spot on which the exciting radiation is focused
by the lens. The focusing lens has a large numerical aperture in order
to collect as much luminescent or scattered light as possible from a
large solid angle. The light is then collimated and passes through a
notch filter to subtract the overwhelming laser light. It is then focused
onto the entrance slit of a spectral device. Light is dispersed into a
spectrum by mean of a monochromator. For PL, the diffraction
grating holds 300 grooves per millimeter (gr/mm). A charge-coupled
device (CDD) detector finally collects the signal.

Raman Spectroscopy. The Raman spectroscopy measurements
were done in a commercial Renishaw inVia system at room
temperature. A 532 nm laser was used at 1 mW incident power.
The backscattered spectrum was collected after an exposure time of
25 s, averaged over 10 accumulations. A diffraction grating of 1800
lines per millimeter (l/mm) was used. The laser spot size used in the
measurement was ∼1 μm. the spectral resolution of the setup is 1.5
cm−1.

XRD. The XRD measurement was done using a Panalytical
Empyrean XRD setup, which uses a Cu (K-α) X-ray source of 1.54 Å.

EBSD. The EBSD maps were acquired with a Nordlys 2 EBSD
camera coupled to the Aztec (Oxford Instruments) acquisition
software on an XLF30 (FEI) scanning electron microscope working at
25 kV, with a step size of 40 nm, in “refined accuracy” mode to avoid
pseudosymmetry miss-indexation issues.

AFM. The AFM measurements were done using a commercial
Bruker Dimension FastScan system. A silicon tip mounted on a silicon
nitride cantilever was used for the measurements. The scan of each
sample was carried out for an area ranging from 1 × 1 to 5 × 5 μm2

with a frequency range of 1−1.5 Hz. The images were analyzed using
Nanoscope software (version 1.7).

Electron Microscopy. The material was characterized using Zeiss
Merlin FE-SEM and FEI Talos for conventional TEM operating at
200 kV. The TEM diffraction pattern was indexed using JEMS
software, and Gatan software was used to calculate the distance
between planes.
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