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S
olution-processed inorganic semicon-
ductor nanocrystals are becoming in-
creasingly attractive components in

photovoltaic applications due to the ability
to tune optical and electrical properties,1�5

compatibility with flexible electronics,6,7 and
large-area low-cost fabrication.8,9 Because
of their exceptional performance in photo-
voltaic applications, both lead chalcogenide
PbX (X = S, Se)10�15 and cadmium chalco-
genide CdX (X = S, Se, Te)16�20 nanocrystals
have received considerable attention.
However, extensive effort is being made to
develop alternative semiconducting nano-
crystallinematerials which use nontoxic pre-
cursors that are earth-abundant,21 such as
CuxS,

22�25 and FeS2,
26�28 but have thus far

shown limited photovoltaic power conver-
sion efficiencies.
Zinc phosphide (Zn3P2) is a particularly

promising candidate material for photovol-
taic applications due to its near ideal direct
optical band gap of 1.5 eV,29 large optical

absorption coefficient (>104 cm�1),29,30

long minority-carrier diffusion lengths
(5�10 μm),31 and large range of doping
concentrations (1013�1018 cm�3).32 In addi-
tion, zinc phosphide has been identified
as having the necessary photovoltaic and
economic characteristics to be broadly used
as a solar cell material.21 Impressive photo-
voltaic performance has been demon-
strated in Zn3P2/Mg Schottky diode cells,
with reported power conversion efficiencies
(PCE) ranging from 4.5%32 to 6%,33 while
Zn3P2/ZnO heterojunctions with PCEs of 2%
have been achieved.34 All the reported zinc
phosphide solar cell devices, however, have
used Zn3P2 wafers or polycrystalline films,
which require high temperature thermal
annealing32,33 (>850 �C), vacuum deposi-
tion,34 or metalorganic chemical vapor de-
position methods.35

Zinc phosphide nanostructures have
been reported, including nanowires,36�40

nanobelts,41,42nanotubes,43 tonanotrumpets.44
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ABSTRACT Zinc phosphide (Zn3P2) is a promising earth-abundant material for thin film

photovoltaic applications, due to strong optical absorption and near ideal band gap. In this work,

crystalline zinc phosphide nanoparticles are synthesized using dimethylzinc and tri-n-octylpho-

sphine as precursors. Transmission electron microscopy and X-ray diffraction data show that these

nanoparticles have an average diameter of∼8 nm and adopt the crystalline structure of tetragonal

R-Zn3P2. The optical band gap is found to increase by 0.5 eV relative to bulk Zn3P2, while there is an

asymmetric shift in the conduction and valence band levels. Utilizing layer-by-layer deposition of

Zn3P2 nanoparticle films, heterojunction devices consisting of ITO/ZnO/Zn3P2/MoO3/Ag are

fabricated and tested for photovoltaic performance. The devices are found to exhibit excellent

rectification behavior (rectification ratio of 600) and strong photosensitivity (on/off ratio of ∼102). X-ray photoelectron spectroscopy and ultraviolet

photoemission spectroscopy analyses reveal the presence of a thin 1.5 nm phosphorus shell passivating the surface of the Zn3P2 nanoparticles. This shell is

believed to form during the nanoparticle synthesis.

KEYWORDS: zinc phosphide . semiconductor nanocrystals . photovoltaics . quantum confinement . heterojunction . core�shell .
solution-processed . earth-abundant
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These structures have not been screened for solar cell
applications, presumably due to the difficulty of fabri-
cating large area and compact films of desired thick-
nesses. The synthesis of zinc phosphide nanoparticles
has previously been reported,45�47 however crystal-
lographic X-ray diffraction (XRD) investigations re-
vealed a lack of obvious crystalline phases or were
not performed. Here we report the synthesis of crystal-
line Zn3P2 colloidal nanoparticles, the crystallinity of
which is clearly demonstrated by XRD and electron
microscopy. Using ligand exchange or thermal anneal-
ing, thin films of Zn3P2 nanocrystals of controllable
thicknesses were prepared and analyzed. Critical
to device integration are the optical and electronic
properties of these nanocrystalline Zn3P2 thin films,
which were determined using UV�vis spectroscopy
and ultraviolet photoemission spectroscopy (UPS). On
the basis of these results, ZnO/Zn3P2 heterojunction
photodiodes were fabricated and tested under AM
1.5G illumination, which displayed excellent rectifica-
tion behavior and photoconductivity.

RESULTS AND DISCUSSION

Zn3P2 Nanoparticle Synthesis. A number of recent inves-
tigations have demonstrated that tri-n-octylphosphine
(TOP) can act as a phosphorus source for the synthesis
of metal phosphide nanostructures at high reaction

temperatures.48,49 For instance, copper phosphide,50

nickel phosphide,51�53 cobalt phosphide,54 iron phos-
phide,55,56 and indium phosphide57 have been success-
fully prepared and characterized. The chemistry de-
scribed here to prepare solution-dispersible Zn3P2
crystalline nanoparticles (NP) is straightforward, anduses
a hot injection solution phase approach,48,49 with di-
methylzinc as the zinc source, and TOP as a phosphorus
source and a surface-passivating ligand.

Nanoparticle Characterization. Shown in Figure 1a is a
transmission electron micrograph (TEM) of NPs from
a typical batch of well-dispersed zinc phosphide NPs
in n-octane. The nanoparticles are observed to have
a generally spherical shape with slight irregularities.
The inset in Figure 1a is a histogram of the measured
particle diameters, which were found to be log-
normally distributed with an average size of 9 nm
and a standard deviation of 3 nm. The presence of
several distinct rings in the selected area electron
diffraction (SAED) pattern in Figure 1b clearly demon-
strates the crystallinity of the NPs. Moreover, the
measured SAED ring pattern is found to be in excellent
agreementwith the simulated ring pattern forR-Zn3P2,
both in relative intensity and d-spacing ratios. From
high-resolution TEM analysis of the zinc phosphide
NPs (Figure 1c) lattice fringes are clearly identifiable,
showing that the individual NPs are crystalline.

Figure 1. (a) TEM micrograph of Zn3P2 nanoparticles (inset: particle size distribution). (b) Selected area diffraction pattern
of Zn3P2 nanoparticles (right) and simulated ring pattern (left). (c) High-resolution TEM micrograph of Zn3P2 nanoparticles
(inset: FFT diffractogram). (d) XRDpattern of Zn3P2 nanoparticles and bulk diffraction pattern of Zn3P2 (PDF no. 01-073-4212).
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X-ray diffraction (XRD) characterization of the zinc
phosphide NPs in Figure 1d reveals a series of broad
crystalline reflections, which are found to correspond
to that of bulk tetragonal Zn3P2 (PDF no. 01-073-4212).
Lattice constants of a = 8.06 and c = 11.38 Å are
obtained by determining the peak centroids of the
(004) and (400) reflections and using the relation
1/dhkl = ((h2 þ k2)/a2 þ l2/c2)1/2, where dhkl is the plane
spacing of an (hkl) reflection. These values agree
very well with the lattice constants of a = 8.08 and
c = 11.40 Å for bulk Zn3P2. Furthermore, these data
indicate that no other crystalline phases are present,
since all observed reflections could be accounted for
by the Zn3P2 phase. The average crystallite diam-
eter (D), was determined by the Scherrer relation,58

D = Ksλ/(β sin(θ)), where Ks = 1.07 for spherical crystal-
lites, λ is the X-ray wavelength, β is the integral breadth
of a given peak, and θ is the corresponding peak
centroid. Application of this relation to the most
intense reflection (004), the average crystallite size is
found to be 7.6 nm, which agrees reasonably well with
the sizes observed in TEM.

Film Deposition. The ability to tune the layer thick-
nesses of semiconductor nanoparticle photovoltaic
devices is a critical requirement to achieve optimal
performance.18,59 As such, a layer-by-layer (LbL) ap-
proach was adapted for the deposition of Zn3P2 NP

thin films.60 All filmswere deposited andprocessed in a
nitrogen-filled glovebox, unless otherwise noted. It is
generally found that removal or exchange of the long-
chain coordinating ligands of semiconducting nano-
particles is necessary for efficient charge transport
in NP films.61�64 To this end, a solid-state ligand
exchange was attempted by treating the films with
1,2-ethanedithiol (EDT) (see Methods section). Shown
in Figure 2a is the transmission FTIR spectrum of a
single layer film consisting of as-deposited Zn3P2 NPs
on double-side polished silicon. The as-deposited
film shows strong absorption from five different C�H
stretching modes (n = 2954, 2925, 2901, 2870, and
2853 cm�1), consistent with the presence of TOP
capping ligands (see Supporting Information, Figure
S1 for FTIR spectrum of free TOP). Treatment of these
Zn3P2 NPs with EDT, as described above, results in a
∼35% reduction in signal from the C�H stretching
region (see inset Figure 2a), which suggests partial
displacement of the TOP ligands. This partial ligand
removal allowed for subsequent layers to be deposited
in an LbL fashion, without redissolution of previous
layers. Several attempts were made to utilize other
ligands, such as 3-mercaptopropionic acid (MPA) or
pyridine, which also resulted in partial removal of the
TOP ligands, but was found to visibly attack the film
surface.

Figure 2. FTIR spectra of Zn3P2 NP films (a) following solid-state EDT treatment (inset: zoomed in viewof C�Hx stretch region)
and (b) thermal treatments ranging from room temperature to 525 �C (inset: TGA analysis of Zn3P2 NPs capped with native
TOP ligands). (c) AFM micrograph of Zn3P2 NP film deposited using thermal LbL processing (15 layers thick) and (d)
corresponding height profile from a scratch for a thickness measurement, revealing an average thickness of 240 ( 6 nm.
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Owing to the insulating nature of bulky long-chain
TOP ligands, an alternative LbLmethodwas employed,
where the native ligands were removed via thermal
annealing cycles (see Methods section). Shown in
Figure 2b are the transmission FTIR spectra of Zn3P2
NP films on double-side polished Si, annealed in a
nitrogen-filled glovebox at temperatures ranging from
room temperature to 525 �C. The quantity of ligand
removed increases with annealing temperature, but
complete removal does not occur until temperatures
are in excess of 500 �C. This result agrees well with the
thermogravimetric analysis (TGA) of Zn3P2 NPs shown
in the inset of Figure 2b, where a broad weight loss
event begins at∼250 �C and ends at∼500 �C, which is
attributed to the loss of coordinating TOP. As such, all
films deposited using thermal processing were an-
nealed at 525 �C to ensure that all of the coordinating
ligand was removed. Unless otherwise stated, all films
in this studywere deposited via thermal annealing LbL.
An atomic force microscope (AFM) height map of the
surface of a Zn3P2 NP thin film is shown in Figure 2
panels c and d; this film was deposited via 15 thermal
annealing LbL cycles. The film is a compact assembly
of NPs, which is free of deep pinholes or cracks.
Some nanoscale pinholes are visible on the surface
(Figure 2c), but they are apparently filled in with each
successive layer, since the surface shown in Figure 2d is
extremely smooth with a root-mean-square roughness
of 1.5 nm. The film thickness was measured at an edge
created by scratching the film, as can be observed
in Figure 2d. The film was found to be very uniform
across the edge with a thickness of 240( 6 nm, which
suggests that each individual layer was roughly 16 nm
thick.

Electronic and Optical Properties. Knowledge of the
electronic and optical parameters of zinc phosphide
NPs is critical for rational design of photovoltaic device
integration.65 Optical absorption measurements of
Zn3P2 NP thin films reveals the presence of both an
indirect and direct band gap. An indirect band gap
of 1.8 eV and a direct gap of 2.0 eV was obtained
from the Tauc plots66 (Figure 3a,b) using the relation
Rhν � (Eg � hν)1/n, where R is the optical absorption
coefficient, hν is the photon energy, Eg is the energy
gap and n = 1/2 for indirect transitions and n = 2 for
direct transitions. Comparing these values with those
of bulk Zn3P2, the indirect and direct optical band gaps
were reported to be 1.3�1.4 eV30,67 and 1.4�1.6 eV,30,68

respectively. As such, there appears to be an upward
shift of ∼0.5 eV in both the indirect and direct band
gaps. One plausible explanation for this large shift
in band gap is due to quantum confinement in these
nanoparticles.69,70 Because of chemical and structural
similarity with Cd3P2, which has a very large exciton
Bohr radius of ∼36 nm,71,72 it is expected that Zn3P2
nanostructures would also be subject to such strong
quantum confinement effects, which have been

reported by several authors.46,47 However, further stud-
ies investigating the dependence of band gap on the
size of these Zn3P2 NPs are necessary to determine the
origin of this 0.5 eV shift.

The valence photoemission and secondary electron
spectra of Zn3P2 NP films are shown in Figure 3c. From
the onsets of these spectra, the work function (φ), and
ionization energy (IE) are found to be 4.35 and 5.15 eV,
respectively. Using these values in conjunction with
the optically derived band gap, an energy band dia-
gram for these Zn3P2 NPs can be constructed, which is
shown in Figure 3d. Several observations can be made
when comparing the energy band diagrams of Zn3P2
NPs and bulk Zn3P2 (Figure 3e).

73,74 First, the Zn3P2 NPs
have mild p-type doping, which is thermodynamically
expected due to the equilibrium concentration of zinc
vacancies and phosphorus interstitials.73 Second, there
is an asymmetric shift in the energy levels of the
conduction band-edge minimum (CBM) and the va-
lence band-edge maximum (VBM), where the CBM
shifts upward by 0.35 eV and the VBM shifts downward
by 0.15 eV. According to SEPM calculations and experi-
mental determination of CBM and VBM shifts in a
variety of quantum confinement of semiconductor
nanocrystals,70 there is typically an asymmetric shift,
where the shift in CBM level is greater than that of the
VBM level. As such, this result further validates that
notion that these Zn3P2 NPs have shifted energy levels
as a result of quantum confinement size effects.

Device Fabrication and Testing. To assess the appli-
cability of Zn3P2 NPs for optoelectronic applications, a
thin film device structure consisting of ITO/ZnO/Zn3P2
NPs/MoO3/Ag was realized. Figure 4a outlines the flat-
band energy levels (taken from literature59,75,76 and
this work) corresponding to such a device. ZnO, which
is an n-type semiconductor,77 is used as the electron
acceptor, as it has previously been shown to be a
suitable acceptor for bulk Zn3P2.

34 Moreover, ZnO is
expected to form a type-II heterojunction with Zn3P2
NPs, which should assist in the charge separation of
photogenerated excitons in the Zn3P2 NP layer. The
ZnO filmwas spin-coated from a sol�gel78 at 1500 rpm
onto a precleaned ITO/glass substrate, which was then
annealed at 100 �C for 15 min, followed by a 1 min
anneal at 525 �C. From XRD analysis (see Supporting
Information, Figure S2) the ZnO film was found to
adopt a Wurtzite structure (a = 3.2 Å and c = 5.2 Å)
and out-of-plane grain size greater than 60 nm. The
Zn3P2 NP film was deposited on top of the ZnO film
using the previously described thermal LbL process.
Following Zn3P2 deposition, a 10 nm MoO3 layer was
deposited using thermal evaporation. In an architec-
ture very similar to the one used in this work (ITO/ZnO/
PbS NPs/MoO3/anode), it has previously been demon-
strated59 that theMoO3 layer pins the Fermi level of the
anode, resulting in the formation of an ohmic contact
with NPs and allowing for the use of low-work function
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electrodes suchasAg.Moreover, aMoO3 interfacial layer
has been shown to be an effective electron-blocking/
hole-transporting layer.79,80 Lastly a 100 nm Ag top
electrode was deposited via thermal evaporation.

Figure 4b shows the current�voltage (J�V) curves of
a ITO/ZnO/100 nm Zn3P2 NP/MoO3/Ag heterojunction
device measured in the dark and under 100 mW/cm2

AM1.5G illumination. Importantly, we see that the Zn3P2
NP-based device exhibits a strong photoconductive
effect, where the observed current under AM 1.5G
illumination ismuch larger than in thedark. This increase
in current is likely due to the photogenerated electron�
hole pairs in the depleted Zn3P2 NP layer.

39 The inset in
Figure 4b is the on/off ratio (ratio of measured current
under illumination and the dark), which is found to be
∼102. This on/off ratio is significantly greater than unity,
indicating these devices are quite sensitive to light.

Moreover, this result compares favorably to previously
fabricated ZnO/Zn3P2 single crystal nanowire hetero-
junction photodiodes,39 where a maximum on/off ratio
of ∼102 was obtained. To confirm that the observed
photoconductivity of these devices was a result of the
Zn3P2 NP film, control devices consisting of ITO/ZnO/
MoO3/Ag were fabricated, where a minimal photo-
response with an on/off ratio of ∼100 was measured
(Supporting Information, Figure S3). Second, we see
that the Zn3P2 heterojunction device exhibits excellent
rectification behavior and low leakage currents, with
a rectification ratio (current ratio at þ1 V and �1 V
in the dark) of ∼600. This compares well with other
earth-abundant nanocrystalline semiconductor systems,
such as thin film FeS2 nanocrystal-based photodiodes,28

where a rectification ratio of ∼500 was reported for
optimized ITO/ZnO/FeS2/MoO3/Au devices. Lastly, the

Figure 3. Optical absorption Tauc plots of zinc phosphide NP films for (a) indirect and (b) direct transitions. (c) Valence
photoemission spectrum (left) and secondary electron spectrum (right) of Zn3P2 of NP films. Energy band diagrams of (d)
nanocrystalline Zn3P2 and (e) bulk Zn3P2 (constructed using values taken from refs 70 and 71).
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temporal photoresponse of the Zn3P2 heterojunction
device under alternating cycles of AM 1.5G illumination
and dark, is shown in Figure 4c. Upon switching on the
AM 1.5G illumination there is a sharp rise in the current,
and a sharp decreasewhen the illumination is turned off,
which is repeatable over multiple switching cycles. The
average response time of these devices was found to
be ∼5 s, which is similar to thin film FeS2 nanocrystal
photodiodes which exhibit a response time of ∼20 s.26

Heterojunction devices of the same architecture
were fabricated, where the Zn3P2 NP film was depos-
ited using LbL EDT treatments. Photoconductivity
and rectification were also observed in these devices
(Supporting Information, Figure S4); however, lower
on/off and rectifications ratio were obtained. Similar
results were obtained for LbL EDT treated devices pro-
cessed in atmospheric conditions. The reduced perfor-
mance of the EDT treated Zn3P2 NP devices is likely due
to the presence of the long chain TOP ligands, which
are expected to significantly impede charge transport
within the device.61�64

Nanoparticle Surface Characterization. Despite excellent
photosensitivity and rectification behavior of the Zn3P2
NP heterojunction devices, no detectable short-circuit
current was observed. This lack of short-circuit current
could not be attributed to the insulating nature of
coordinating ligands, since the thermally treated de-
vices also failed to produce short-circuit currents.
Moreover, electrical characterization of thermally

treated Zn3P2 films revealed that the film resistivities
were greater than 105 Ω 3 cm. This suggests that the
lack of short-circuit current in the heterojunction de-
vices is related to intrinsic properties of Zn3P2 NPs
themselves.

From XRD and TEM characterization, it was found
that the synthesized NPs consist of crystalline R-Zn3P2.
However, the presence of thin layers of inorganic
insulating species formed on the surface of the nano-
particles during synthesis would be difficult to detect
using the aforementioned characterization tech-
niques. As such, the surface chemistry of these NPs was
investigated using X-ray photoelectron spectroscopy
(XPS) and UPS. All films were prepared, loaded into
the XPS/UPS sample holder, and sealed in a transport
container, in a nitrogen-filled glovebox. The samples
were then transferred to the XPS/UPS chamber, while
exposure to atmosphere was minimized (∼1 min).

The valence photoemission spectrumof a thermally
treated Zn3P2 NP film is shown in Figure 3c. Previously,
the valence photoemission spectrum of bulk Zn3P2 was
studied,74 and four distinct features were observed:
(i) the Zn(3d) core level peak at 10 eV, (ii) a broad feature
in the range of 9�7 eV, due to a P s-like band, (iii) a peak
centered at 5 eV, which is a mix of P(3p) and Zn(4s)
states and (iv) a long tail ranging from ∼3.5 eV to the
valence band maximum. The valence photoemission
spectrum in Figure 3c clearly shows the Zn(3d) feature,
the P s-like band and the long tail near the VBM.

Figure 4. (a) Flat-band energy level diagram of an ITO/ZnO/Zn3P2 NP/MoO3/Ag thin film heterojunction photovoltaic device.
(b) Corresponding J�V curves of a ZnO/100 nm Zn3P2 NP heterojunction device measured in the dark (red) and under
100 mW/cm2 AM 1.5G illumination (blue). (c) Photoresponse of ZnO/100 nm Zn3P2 NP heterojunction device under
alternating cycles of dark and AM 1.5G illumination and a 0.5 V bias.
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The peak centered at 5 eV is not as immediately
obvious, but detailed inspection clearly reveals a
shoulder of the main broad peak at ∼5 eV. Upon
comparison of the Zn3P2 NP and bulk Zn3P2 photo-
emission spectra, it is seen that the broad feature in the
range of 9�7 eV is much more intense in NPs than in
bulk specimens. As found previously for bulk Zn3P2,

74

a relative increase in the 9�7 eV feature is attributed
to an increased concentration of phosphorus on the
surface, as such, this data suggests that the surface of
the Zn3P2 NPs are phosphorus-rich.

To further investigate the chemical composition of
these films, X-ray photoelectron spectroscopy (XPS)
was carried out. Figure 5 panels a and b show the
high-resolution XPS spectra of the Zn(2p3/2) and P(2p)
regions of an as-deposited Zn3P2 NP film. The Zn(2p3/2)
spectrum is fit by a single peak centered at 1021.6 eV,
which is attributed to Zn in Zn3P2.

81�83 The P(2p)
region reveals a much more complex spectra, which
is fit by a pair of doublets. The lowest binding energy
doublet is attributed to P in Zn3P2,

81�83 where the first
doublet peak is centered at 128.4 eV. Using the Zn(P)
peak centered at 1021.6 eV and the P(Zn) doublet
centered at 128.4 eV, the atomic concentrations of
Zn(P) and P(Zn) species are calculated to be 58 atomic %
Zn and 42 atomic % P, which is very close to the ideal
stoichiometry of 60 atomic % Zn and 40 atomic % P
for Zn3P2 crystals.

The second doublet found in the P(2p) spec-
tra further substantiates the presence of another
phosphorus-containing species on the surface of the

NPs. The first peak of this doublet has a peak center of
129.8 eV, which is very close the to binding energy
position of 129.7 eV of elemental red phosphorus,84

suggesting this doublet is due to P�P bonding.
This doublet is often found upon XPS analysis of
bulk Zn3P2 surfaces, where some authors ascribe it to
P�P bonding,81,82 while others have attributed it to
phosphorus suboxides.85 Alternatively, this secondary
doublet could also be due to the phosphorus�carbon
bonds of the tri-n-octylphosphine ligands. If the TOP
ligands are the source of this second doublet, then
upon thermally annealing at 525 �C we would expect
the doublet to disappear from the P(2p) spectrum since
the FTIR results show the complete removal of TOP
ligands following annealing at 525 �C. Inspection of the
P(2p) spectrum of a thermally annealed Zn3P2 NP film
(Figure 5d) clearly shows that this secondary doublet is
still present, ruling out TOP ligands as the origin of this
other phosphorus species on the surface.

From XRD analysis, it was found that the grain size
of the Zn3P2 NP films remains relatively unchanged
after annealing at 525 �C (see Supporting Information,
Figure S5). This is surprising since Zn3P2 NP films are
annealed at a temperature of 0.68Tm,

86 and therefore,
we would expect rapid diffusion and significant grain
growth at these elevated temperatures, especially for
a nanocrystalline film.87 This result suggests that the
Zn3P2 NPs have a core�shell-like structure, where the
shell hinders atomic diffusion between neighboring
Zn3P2 NPs. An insulating shell such as this could
account for the large resistivity of the Zn3P2 films and

Figure 5. High-resolution XPS spectra of Zn3P2 NP films. As-deposited film (a) Zn(2p3/2) region and (b) P(2p) region. Thermally
annealed (525 �C) film (c) Zn(2p3/2) region and (d) P(2p) region.
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explain the poor charge transport in the Zn3P2 NP films.
However, it has previously been shown that the resis-
tivity of bulk Zn3P2 can vary between 10 and 10

4Ω 3 cm,
due to varying levels of intrinsic charge carrier con-
centrations.88 As such, further investigation into the
mechanisms of electrical conduction in these Zn3P2
NP films is needed to elucidate the rate-limiting steps
governing charge transport.

From XPS and XRD data, it is possible to roughly
estimate the thickness of the shell structure. If we
assume spherical particles and a phosphorus-rich shell
with molar density, Fs, then the thickness of the shell,
t, is given by (see Supporting Information for detailed
derivation and calculations)

t ¼ r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ FcAs

FcAs
� 1

s0
@

1
A

where r is the core radius, Fc is the molar density of
phosphorus in the Zn3P2 core, As andAc are the areas of
the P(P) and P(Zn) doublets. From this relation, the shell
thickness is estimated to ∼1.5 nm.

Although the origin of this phosphorus-rich shell is
not well understood at this point, it is instructive to
analyze the various chemical steps that must occur
during the synthesis procedure. The P atom in TOP starts
out with a formal oxidation state of P3þ, but in Zn3P2,
it has a charge of P3�. As the TOP decomposes, it would
be expected to pass through an intermediate oxidation
state of P0, which is obviously stable, since elemental
phosphorus is highly abundant.

CONCLUSIONS

We have successfully developed a new synthetic
method for the production of colloidal crystalline Zn3P2
nanoparticles. These NPs were found to be on the
order of ∼8 nm as characterized by various methods.
Following this, two different layer-by-layer processes
were developed for the deposition of Zn3P2 NP films
of arbitrary thickness. From optical measurements, the
indirect and direct band gaps of the Zn3P2 NPs were
found to increase by 0.5 eV, compared to bulk Zn3P2.
As determined by UPS, the NP films were found to have
an asymmetrical shift of 0.35 and 0.15 eV in the CBM
and VBM energy levels. From these optical and elec-
tronic structure measurements, it was proposed that
these energy shifts are a result of quantum confine-
ment size-related effects. Using LbL deposition of Zn3P2
NP films, heterojunction devices consisting of ITO/ZnO/
Zn3P2 NPs/MoO3/Ag were fabricated and tested. They
were found to possess excellent rectification behavior
(rectification ratio of∼600) and photosensitivity (on/off
ratio of∼102 under 100mW/cm2AM1.5G illumination);
however, the devices had zero short-circuit current. XPS
and UPS analysis of the nanoparticle surfaces revealed
the presence of a secondary phosphorus-containing
species. It was postulated that a 1.5 nm thick insulating
phosphorus-rich shell surrounds the Zn3P2 NPs, which
could account for the lack of short-circuit current in
the heterojunction devices. New synthetic methods are
being developed for the production of Zn3P2 NPs that
do not have an insulating phosphorus shell.

METHODS
Materials. Dimethylzinc (96%) was obtained from Alfa-aesar;

tri-n-octylphosphine (97%) was obtained from Strem Chemicals
and 1-octadecene (90%, technical grade) and MoO3 (99.99%)
were obtained from Sigma-Aldrich. All solvents were degassed
and distilled before use. All reactions and postreaction proces-
sing were carried out under argon atmosphere using Schlenk
techniques or in a glovebox, unless otherwise noted. Indium tin
oxide (ITO) coated glass substrates (8�12Ω/0) were purchased
from Delta Technologies Ltd.

Zn3P2 NP Synthesis. In a typical experiment, a mixture of
1-octadecene (6�8 mL) and TOP (2 mL) were degassed via
argon bubbling in a 3-neck flask (fitted with a reflux condenser)
at an elevated temperature (∼100 �C) for 1 h. The solution was
heated to∼320 �C, followed by a rapid injection of dimethylzinc
(diluted with 2 mL of TOP before injection). The solution
temperature was raised to 350 �C over the subsequent 2 h,
and the solution was allowed to stir at this temperature for
another 3�4 h. Following this, the solution was transferred
to a nitrogen-filled glovebox to wash the nanoparticles. The
particles were isolated by the addition of toluene to the
crude mixture, followed by filtration through 0.45 μm filter of
the solution to remove larger aggregates. The addition of a
minimal volume of 2-propanol led to the flocculation of parti-
cles, which were separated by centrifugation. This washing
cycle was repeated at least three times to remove the excess
TOP and 1-octadecene. The particles were then redispersed in
either toluene or in n-octane for characterization and device
fabrication.

Characterization. TEM characterizationwas carried out using a
JEOL 2200 FS TEM/STEM microscope operating at an accelerat-
ing voltage of 200 kV. HRTEM imaging was performed on a
Hitachi HF 3300 TEM/STEM, operating at an accelerating voltage
of 300 kV. Samples were prepared by dipping ultrathin holey-
carbon grids in a dilute solution of Zn3P2 NPs dispersed in
toluene. The particle size distribution was determined using
a thresholding algorithm, implemented in Gwyddion.89 SAED
patterns were analyzed using Diffraction Ring Profiler,90 and
the electron diffraction ring pattern was simulated in GDIS,91

where the crystallographic positions for the unit cell were taken
from Kloc et al.92

XRD characterization was carried out using a Bruker AXS
D8 Discover diffractometer, equipped with an area detector
and a Cu KR radiation source (λ = 1.54056 Å). All samples
were prepared by drop-casting from a concentrated solution
(∼40 mg/mL) of Zn3P2 NPs onto (001) Si wafers in a nitrogen-
filled glovebox. XRD scans were collected at an incident angle
of ω = 15�, unless otherwise noted. Peak fitting (Voigt function)
and background subtraction (spline) were performed using
Fityk.93 Peak parameters used for Scherrer analysis (Gaussian
fwhm and Lorentzian fwhm) were adjusted for instrumental
broadening using a calibrated LaB6 NIST standard (SRM-660b).

FTIRmeasurements were performed using a Thermo-Nicolet
Nexus 670 FTIR spectrometer in transmission mode. Zn3P2 films
were deposited on double-side polished silicon wafers pur-
chased from Silicon Valley Microelectronics. TGAmeasurements
were carried out in a nitrogen environment in a Mettler Toledo
TGA/DSC1. Thenanoparticlesweredriedundervacuumovernight
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prior to TGA analysis. A total of 3.235 mg of sample was heated
at a rate of 10 �C/min. Film morphology was characterized using
a using a Nanoscope IV (Digital Instruments/Veeco) AFM. Imaging
was performed in tapping mode, using silicon cantilevers
(Nanosensors) having a resonant frequency of 240�280 kHz
and a nominal tip radius less than 7 nm.

Optical transmission measurements were performed using
a PerkinElmer Lambda 900 spectrometer and Zn3P2 films were
deposited on quartz substrates. Photoemmission measure-
ments were performed using a Kratos Axis Ultra, equipped with
a He IR photon source (hν = 21.2 eV) for UPS and a monochro-
matic Al KR X-ray source (hν = 1486.6 eV) for XPS. The samples
were tilted at a takeoff angle of 90� and the vacuum chamber
was at a base pressure of∼10�6 Torr. Secondary electron cutoff
and valence-band UPS measurements were done at biases
of �10 and 0 V, respectively. Peak fitting of the Zn(2p3/2) XPS
spectra was done using 7:3 Gaussian�Lorentzian functions. The
P(2p) region was fit using 3:7 Gaussian�Lorentzian functions,
with the doublet area ratio constrained 2:1 and doublet separa-
tion fixed at 0.83 eV.80

LbL Film Deposition. All steps of Zn3P2 film deposition were
performed in a nitrogen-filled glovebox. Films are deposited
via spin-coating, using either EDT or thermal treatments. First,
a layer of Zn3P2 NPs was deposited on the desired substrate
from a colloidal solution (∼40 mg/mL) at 1500 rpm for 20 s.
For EDT treatment, the film was then flooded with a solution of
EDT/MeOH (10% v/v) and allowed to soak for 10 s, then spun at
1500 rpm for 20 s. Following EDT treatment the film was rinsed
with MeOH then octane, where the film was soaked for 5 s then
spun at 1500 rpm for 20 s. Following this, another layer of Zn3P2
NPs was deposited, then treated with EDT/MeOH and rinsed
with MeOH and octane. This process was repeated until the
desired film thickness was achieved. For thermal treatments,
the as-deposited Zn3P2 layer was annealed for 1 min at 525 �C
on a hot plate (Fisher, Isotemp), and then allowed to cool
for 1 min on a large metal surface. Subsequent Zn3P2 layers
are deposited and thermally annealed to reach the desired film
thickness.

Device Testing. Photovoltaic device testing was measured
in air under AM 1.5G simulated solar irradiation with a xenon
solar simulator (Oriel 91191 1000 W). The testing irradiance
(100mW/cm2) was calibrated against a certified Si reference cell
fitted with a KG-5 filter (model PVM624, PVMeasurements, Inc.).
Current�voltage traces of the devices were characteristics
using a Keithley 2400 source meter.
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