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Abstract:

Metal chalcogenide nanoparticles offer vast control over their optoelectronic properties via size, shape, 

composition, and morphology which has led to their use across fields including optoelectronics, energy 

storage, and catalysis. While cadmium and lead-based nanocrystals are prevalent in applications, 

concerns over their toxicity have motivated researchers to explore alternate classes of nanomaterials 

based on environmentally benign metals such as zinc and tin. The goal of this research is to identify 

material systems that offer comparable performance to existing metal chalcogenide systems from 

abundant, recyclable, and environmentally benign materials. With band gaps that span the visible through 

the infrared, II–V direct band gap semiconductors such as tetragonal zinc phosphide (α-Zn3P2) are 

promising candidates for use in optoelectronics. To date, syntheses of α-Zn3P2 nanoparticles have been 

hindered because of the toxicity of zinc and phosphorus precursors, surface oxidation, and defect states 

leading to carrier trapping and low photoluminescence quantum yield. This work reports a colloidal 

synthesis of quantum confined α-Zn3P2 nanoparticles from common phosphorus precursor 

tris(trimethylsilyl)phosphine and environmentally benign zinc carboxylates. Shelling of the nanoparticles 

with zinc sulfide is shown as a method of preventing oxidation and improving the optical properties of 

the nanoparticles. These results show a route to stabilizing α-Zn3P2 nanoparticles for optoelectronic 

device applications.

1. Introduction

The control that metal chalcogenide nanoparticles offer over their optical and electronic properties via 

size, shape, and structure tunability has led to their use across fields including optoelectronics, energy 

storage, and catalysis. While cadmium and lead-based chalcogenides are the most prevalent in 

applications, concerns over the toxicity of both elements have motivated researchers to explore different 

classes of nanomaterials.1-3 Recently, a core/shell system of InP/ZnSe/ZnS quantum dots achieved 

quantum efficiency of nearly 100%.4  Concerns over the price of indium, however, have already caused 
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concern over its widescale deployment in optoelectronics.5 Similarly, since their introduction in 2009, 

perovskite-based devices have received significant attention; after a decade of research, a perovskite-

based device achieved a power conversion efficiency of 23.7%.6 Still, researchers must address issues 

including the stability of perovskites and toxicity of lead to achieve widespread implementation of 

perovskites.6  Copper zinc tin sulfide (CZTS) materials offer a sustainable alternative and have already 

been explored for photovoltaics; to date, devices based on CZTS materials have achieved efficiencies of 

up to 13%.7 Literature reports that efficiencies have been hindered by disorder of copper and zinc cations 

within the crystal structure with no effective solution in sight.8 This motivates the further search for a 

new class of materials with a potential for a tunable band gap made from abundant, recyclable, and 

environmentally benign materials. 

The II–V direct band gap semiconductors have been identified as potential candidates for use in 

optoelectronics; their band gaps span the visible through the infrared, and they have the ability to form 

alloys of all compositions.9 Of the II-V semiconductors, tetragonal zinc phosphide ( -Zn3P2) has long 𝛼

garnered research interest, particularly for its potential as a photovoltaic material. 9-26 The compound has 

an ideal band gap (1.5 eV), large absorption coefficient (>105 cm-1), and long minority carrier diffusion 

length (5-10 m).
16, 20, 27 Further study of Zn3P2 has been slow, however, in part because existing routes 𝜇

to bulk, phase-pure, stoichiometric zinc phosphide are energy intensive, expensive and difficult to 

scale.21, 24, 28-30 Recent research has explored routes to -Zn3P2 nanostructures including nanoparticles,31-𝛼

43 nanowires,44-56 nanobelts,57-58 and nanotrumpets,59 as they present the potential for low production 

costs and reduced post-synthetic processing costs. Colloidal synthesis routes also offer the potential to 

easily tune the optoelectronic properties of -Zn3P2 via quantum confinement.35 Only a few groups, 𝛼

however, have reported implementation of -Zn3P2 nanoparticles in devices. 38, 41  Typically, synthesized 𝛼

nanoparticles have displayed poor crystallinity and low PL quantum yield (at most 2%), thus limiting 

their applicability in optoelectronic devices. 32, 35-37, 41-42, 60-61 Issues have been attributed to the poor 
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reactivity of zinc precursors, 2 susceptibility of zinc phosphide to oxidation, 62 and poor charge transport 

due to the presence of impurities. 38-39

Efforts to address these issues have had mixed results. In one case, presence of ZnO at the surface has 

actually improved photoluminescence; however, the phase and stoichiometry of the nanoparticles could 

not be confirmed. 41 Use of incredibly reactive tris(trimethylsilyl)phosphine (P(SiMe3)3) with various 

zinc precursors can provide highly crystalline -Zn3P2, but the optoelectronic properties of these 𝛼

nanoparticles have varied based on synthetic conditions. Most routes that require P(SiMe3)3 have also 

required the use of alkyl zinc compounds, such that the synthetic conditions are overall dangerous, 

pyrophoric, toxic, and expensive. 32-33, 35, 37-39, 41 Such routes to zinc phosphide are therefore unviable 

routes for sustainable development of Zn3P2 devices.  

In this work, we report the colloidal synthesis of zinc phosphide nanoparticles from benign zinc 

carboxylates – zinc acetate and zinc oleate – in place of alkyl zinc compounds. Note that P(SiMe3)3 is 

still pyrophoric and should be handled with care. Our goal is to first search for a viable and safer zinc 

precursor followed by a suitable phosphorus precursor in the future. Previous attempts to use zinc 

carboxylates have resulted in particles of ambiguous crystallinity; only combining zinc carboxylates with 

alkyl zincs or P(SiMe3)3 improved their reactivity.32, 41, 43 In our synthesis, however, we generated 

crystalline zinc phosphide nanocrystals by complexing zinc carboxylates with a mixture of benign 

coordinating ligands trioctylphosphine oxide, trioctylphosphine, and octadecylamine.63 To our 

knowledge, this is the first report of crystalline Zn3P2 and core/shell Zn3P2/ZnS nanoparticles from this 

route. We studied the effect of injection time, temperature, and concentration of zinc and phosphorus 

precursors on nanocrystal growth. We tuned the size of the nanoparticles by varying injection temperature 

and growth time, though no changes in optical properties were observed. The absorbance spectra of the 

nanoparticles exhibited no excitonic features, and the particles, regardless of their size, showed no 

detectable photoluminescence at room temperature. We present shelling of the nanoparticles with zinc 
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sulfide as a method of preventing oxidation and improving photoluminescence quantum yields. Zinc 

sulfide (ZnS), a semiconductor with a wide band gap of 3.7 eV, has been used to shell several II-VI and 

III-V semiconductor nanoparticles.64 Previously, Zn3P2/ZnS heterojunctions, heterostructures, and 

core/shell nanowires have been reported, but to our knowledge, we report the first synthesis of Zn3P2/ZnS 

nanoparticles.44, 50, 65-66 We present two methods of shelling that result in peak luminescence at 520 nm. 

These results show a route to more stable α-Zn3P2 nanoparticles for further optoelectronic study.

2. Experimental Section

2.1. Chemicals

Octadecylamine (90%, technical), trioctylphosphine oxide (90%, technical), zinc acetate dihydrate 

(99.999% trace metal basis), thioacetamide (99.0%, ACS reagent), oleic acid (90%, technical), 1-

octadecene (90%, technical), N,N-dimethylformamide (99.8%, anhydrous), ethanol (200 proof, 

anhydrous,  99.5%), hexane (anhydrous, 95%), methanol (99.8%, anhydrous), trioctylphosphine ≥

(90%, technical), and tris(trimethylsilyl)phosphine (P(SiMe3)3) (95%) were purchased from Sigma 

Aldrich. Acetone (99.8%, extra dry) and sulfur powder (  99.5%, powder, precipitated) were purchased ≥

from VWR. All chemicals were used as purchased without any further purification.

2.1.1. Preparation of zinc oleate.

Zinc oleate was prepared using a method by Boercker et al.67  Zinc acetate dihydrate (1.1 g, 5 mmol) and 

oleic acid (8 ml) were mixed under vacuum at 110 °C for 2 hours. The solution was then cooled under 

air and left overnight to produce a sticky, white solid. The solid was then precipitated three times to 

remove excess oleic acid using acetone via centrifugation at 5000 rpm for 5 minutes. Excess acetone was 

then removed by placing the solid under vacuum at room temperature. We obtained a white powder that 

was stored in air for future use.
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2.2. Synthesis of Zn3P2 nanoparticles

Zinc acetate or zinc oleate (0.81 mmol), trioctylphosphine oxide, (1 g, 2.6 mmol), and octadecylamine (3 

g, 11.0 mmol) were mixed in 15 to 60 ml of 1-octadecene in a 100 ml three-neck flask at 1000 rpm. The 

temperature of the mixture was increased to 70°C. At 30°C,  trioctylphosphine (4 ml), shown to slow the 

consumption of P(SiMe3)3,39 was injected into the reaction mixture, producing a colorless solution. At 

70°C, the solution was degassed for approximately one hour by alternating the reaction atmosphere 

between vacuum and nitrogen. The temperature was then raised to 220°C under nitrogen to prepare the 

mixture for injection. At temperatures between 160°C to 220°C, P(SiMe3)3 (0.16 ml) diluted in degassed 

1-octadecene (2 ml) was swiftly injected into the mixture. The temperature was then set to 220°C for 

growth for 1 to 4 hours. Upon injection, the reaction mixture darkened gradually from clear yellow to 

dark red within one minute.

After growth, the solution was cooled slowly to room temperature and transferred into the glovebox for 

extraction and cleaning of the nanoparticles. Inside the glovebox, the mixture was divided evenly between 

two 50 ml centrifuge tubes. Methanol (20 ml) was added to each tube, prompting phase separation 

between methanol and 1-octadecene. The top layer, containing methanol and unreacted material, was 

removed using a glass pipette. This procedure was repeated until the top layer appeared clear and 

colorless, indicating that most of the unreacted material in the flask had been removed. Then, acetone (20 

ml) was added to each tube to wash remaining 1-octadecene from the nanoparticles. The mixtures were 

then centrifuged at 9500 rpm for 5 minutes to precipitate out the nanoparticles, a red-brown powder. The 

supernatant was tossed. Hexanes (5 ml) and acetone (20 ml) were then added to each tube in order to 

crash out the particles; the hexanes was added in order to improve the dispersibility of the nanoparticles 

in solution. The mixtures were centrifuged at 9500 rpm for 5 minutes, and the supernatant was removed. 

The particles were finally dried under vacuum and stored as a dry powder in a nitrogen filled glovebox.
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2.3. Shelling of Zn3P2 nanoparticles using ZnS

The amount of Zn and S precursors were calculated under the assumption that a single monolayer of ZnS 

would be added in each reaction. Details of calculations and preparation of zinc and sulfur precursors can 

be found in the Supporting Information.

2.3.1. Method 1: Using zinc acetate and sulfur powder.

Preparation of zinc precursor for the ZnS shell. 

A 0.02 M solution of zinc was prepared by mixing zinc acetate (148 mg, 0.81 mmol), trioctylphosphine 

oxide (1 g, 2.6 mmol), and octadecylamine (3 g, 11 mmol) in 1-octadecene (30 ml, 93.7 mmol) in a 100 

ml three-neck flask at 1000 rpm. The temperature of the mixture was increased to 70°C to produce a 

clear, colorless solution. At 70°C, the solution was degassed for approximately one hour by alternating 

the reaction atmosphere between vacuum and nitrogen. The mixture was then cooled to 50°C for 

injection.                                              

Preparation of sulfur precursor.                                      

A 0.04 M solution of sulfur in 1-octadecene was prepared in a 100 ml three-neck flask by dissolution of 

sulfur powder. The reaction mixture was degassed at 70°C and then cooled to room temperature for 

injection. 

Synthesis of core/shell Zn3P2/ZnS nanoparticles.

Clean core Zn3P2 nanoparticles (60 mg) and octadecylamine (3 g, 11 mmol) were dispersed in hexanes 

(10 ml) and degassed 1-octadecene (5 ml) in a 250 ml three-neck flask. The temperature was raised to 

160 C, with a stopper punctured with a needle to relieve pressure buildup within the flask as hexanes °

evaporated. After hexanes evaporated, the temperature was raised to 220 C. At this temperature, sulfur °

precursor was injected dropwise into the solution. After ten minutes, zinc precursor was then injected 

into the solution. This procedure was repeated twice to produce two monolayers of ZnS on the 
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nanoparticles. The reaction mixture was then cooled and transferred into the glovebox and divided evenly 

among two centrifuge tubes for extraction and cleaning. Methanol (30 ml) and hexanes (5 ml) were added 

to each mixture. Each solution was then was centrifuged at 9500 rpm for 5 minutes, with the supernatant 

retained. Hexanes (5 ml) and ethanol (30 ml) was added to the supernatant. The mixture was then 

centrifuged at 9500 rpm for 5 minutes, with the particles precipitating out of solution. The particles, a 

light brown powder, were then dried under vacuum and stored as a dry powder in a nitrogen filled 

glovebox.

2.3.2. Method 2: Using zinc oleate and thioacetamide.

Shelling was performed by modifying a procedure provided by Boercker et al.67  A solution of zinc (0.02 

M) was prepared by dissolving zinc oleate in 1-octadecene. The solution was degassed at 90 C, producing °

a clear, colorless solution, and cooled under N2 to 50°C to prepare for injection. In a separate flask, a 

solution of thioacetamide in N,N-dimethylformamide (0.04 M) was prepared. In a separate flask, Zn3P2 

nanoparticles (60 mg) in toluene (2 ml) were mixed with 1-octadecene (10 ml), trioctylphosphine oxide 

(0.33 g, 0.87 mmol), octadecylamine (1 g, 3.7 mmol), and trioctylphopshine (1.3 ml). The ligand solution 

was first degassed at 50°C prior to injection of the Zn3P2 core nanoparticles. The temperature was then 

raised to 80°C. At this time, the thioacetamide solution was injected dropwise into the solution. After ten 

minutes, zinc precursor was then injected into the solution. This procedure was repeated twice to produce 

two monolayers of ZnS on the nanoparticles. The reaction mixture was then cooled and transferred into 

the glovebox and divided evenly among two centrifuge tubes for extraction and cleaning. The core/shell 

nanoparticles were separated from unreacted precursors and byproducts by adding toluene (2 ml) and 

ethanol (15 ml) and centrifuging at 5000 rpm for 5 minutes. A dark brown precipitate formed at the 

bottom of the tubes after centrifuging, and the supernatants were discarded via decanting. The product 

was stored as a dispersion in toluene in a glovebox.
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2.4. Characterization

Details of sample preparation, experimental conditions, and theoretical calculations can be found in the 

Supporting Information. XRD, bright field TEM, and HRTEM were used to identify the structure of our 

nanoparticles. STEM-EELS and XPS were used to perform elemental analysis for core/shell 

nanoparticles. Optical data was obtained from UV-VIS-NIR measurements and photoluminescence 

studies. Tauc plots were generated to extract optical band gaps. 

3. Results and Discussion

X-ray diffraction confirmed our successful synthesis of -Zn3P2 nanoparticles. As expected, we observed 𝛼

peak broadening from the nanostructuring of our materials; however, we observed an intense peak at 45

 characteristic to the <400> plane of -Zn3P2 (Figure 1). °  𝛼

Figure 1. (a) Representative XRD pattern for synthesized α-Zn3P2 nanoparticles (reference: ICSD-603896). Nanoparticles 

were grown for 1 hour following injection of P(SiMe3)3 at 220°C. (b) Representative bright field image of synthesized 

nanoparticles. The average particle size was 3.5 ± 1.7 nm. (c) A HRTEM image of a synthesized nanoparticle. Calculation of 

d-spacing showed the characteristic <400> plane of α-Zn3P2.
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In all instances, we observed partial surface oxidation of the nanoparticles via the formation of zinc 

phosphate tetrahydrate, as shown by the large, broadened peaks around 20  which might occur either °

during the synthesis, XRD data collection process, or a combination of both effects. Regardless, we were 

unable to prevent oxidation of these core-only nanoparticles. Changes in zinc precursor, time, 

concentration, and temperature had no influence on the crystal structure of our nanoparticles but affected 

the average particle size and size dispersity (Figures S1-S3). The average particle size ranged from 3.5 

1.7 nm to 5.7  4.2 nm (Table 1). At diameters below 10 nm, the exciton Bohr radius of Zn3P2, we ±    ±

expected to observe quantum confinement (see Supporting Information for calculation). Control over the 

size dispersity of our batches was therefore important if these nanoparticles were to be used for 

optoelectronic applications. Note: we did not perform any size selective precipitation to obtain samples 

for transmission electron microscopy (TEM) imaging.

Table 1. Effect of Synthetic Conditions on Particle Size and Size 

Dispersity

Injection 

Temperature 

(°C)

Growth 

Temperature 

(°C)

Growth 

Time 

(h)

Amount 

of ODE 

(ml)

Mean 

Particle 

Size 

(nm)

Standard 

Deviation 

(nm)

160 220 2 30 4.1 1.4

180 220 2 30 3.9 1.2

200 220 2 30 4.0 1.1

220 220 2 30 5.4 4.2
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220 220 1 30 3.5 1.7

220 220 4 30 4.0 1.6

220 220 2 15 Not successful

220 220 2 60 4.5 1.2

To optimize our syntheses, we studied the effect of growth time, injection temperature, and concentration 

of precursors. We first studied the effect of growth time on the size and size distribution of our 

nanoparticles. Nanoparticles were grown for 1 to 4 hours at 220 C at an injection and growth temperature °

of 220°C. Nucleation and growth occurred rapidly; P(SiMe3)3, referred to as a “liquid source of PH3,” has 

been known to readily form metal phosphide compounds as it already contains phosphorus in a -3 

oxidation state.39 We therefore could not effectively control the size dispersity of our batches over time; 

between one and two hours of growth, the mean particle size increased from 3.5 nm ± 1.7 nm (Figure 2  

a,b) to 5.4 ± 4.2 nm (Figure 2 c,d), but after four hours of growth, the mean particle size was 4.0 ± 1.1 

nm (Figure 2 e,f). This size focusing effect may have occurred via digestive ripening.68
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Figure 2. Bright field images and size distribution histograms for synthesized nanoparticles grown following injection of 

P(SiMe3)3 at 220°C for (a, b) 1 hour (c, d) 2 hours and (e, f) 4 hours. The mean particle size and standard deviation were 

obtained from a Gaussian distribution.

Owing to the fast reaction kinetics due to P(SiMe3)3, we decided to observe the effect of injection 

temperature on the growth mechanism of the nanoparticles as a control parameter. Since the particles 

were growing rapidly, we injected P(SiMe3)3 at a relatively low temperature to produce a small number 

of nuclei that would then rapidly grow as we increased the set temperature to the growth temperature of 
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220 C. We injected P(SiMe3)3 at 160 C, 180 C, 200 C, and 220 C. From 160 to 200 C, as the difference ° ° ° ° ° °

between the injection and growth temperature decreased, we obtained nearly the same average particle 

size of 4.0 nm (Figures 3 a, c, e), but the size distribution of the nanoparticles decreased from 1.4 nm to 

1.1 nm (Figures 3 b, d, f).  This size distribution was much smaller than the distribution obtained at a 

growth and injection temperature both of 220 C (5.4 ± 4.2 nm), confirming we could control reaction °

rate using the injection temperature.
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Figure 3. Bright field images and size distribution histograms for synthesized nanoparticles grown following injection of 

P(SiMe3)3 at (a, b) 160°C (c, d) 180°C (e, f) 200°C and (g, h) 220°C.
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Finally, we varied the overall concentration of the precursors by changing the amount of the non-

coordinating solvent systematically and performed experiments with 15 ml, 30 ml, and 60 ml of 1-

octadecene. Nanoparticles were grown following injection of P(SiMe3)3 at 220°C for two hours. At 15 

ml ODE, we found our particles were too small to be stable; we observed no zinc phosphide, only zinc 

phosphate and zinc hydroxide (Figure 4a). We hypothesize that at extremely high precursor 

concentrations (low volume of ODE), we generated a large number of nuclei and quickly exhausted all 

available precursors before the nuclei could grow to larger particles. Owing to their small size and large 

surface areas, these tiny nanocrystals quickly oxidized. At 30 ml and 60 ml ODE, however, we 

successfully synthesized Zn3P2 nanoparticles (Figures 4 b, c). From 30 ml to 60 ml, the mean particle size 

decreased from 5.4 ± 4.2 nm to 4.5 ± 1.2 nm. Typically, with decreasing precursor concentration, the rate 

of reaction decreases, producing fewer nuclei and therefore larger particles; if the reactions had gone to 

completion, the 60 ml reaction should have yielded the least number of nuclei and therefore the largest 

particles of the three concentrations tested. However, it seems that in our case, the 30 ml volume produced 

an intermediate number of nuclei, that at the faster reaction rate, produced larger particles in the set 

reaction time of two hours. 
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Figure 4. XRD patterns obtained for α-Zn3P2 nanoparticles (reference: ICSD-603896) grown for 2 hours following injection 

of P(SiMe3)3 at 220°C using (a) 15 ml (b) 30 ml and (c) 60 ml of ODE. At 15 ml ODE, we obtained small nanoparticles that 

oxidized quickly and completely to zinc phosphate tetrahydrate (reference: ICSD-34869, triangles) and zinc hydroxide 

(reference: ICSD-15008, asterisks). At 30 ml and 60 ml, we obtained zinc phosphide nanoparticles with signs of oxidation.

From these studies, we determined that the optimal synthesis conditions were injection of P(SiMe3)3 into 

the zinc carboxylate/ligand mixture at 200°C following growth at 220°C for 2 hours. Such syntheses 

resulted in the most monodisperse batches of those attempted. The absorption spectra of core nanocrystals 
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exhibited no sharp excitonic features regardless of synthesis conditions. We explored shelling of our 

nanoparticles with wide band gap ZnS to address these issues and improve the observed optical 

properties. To our knowledge, only Glassy et al. have reported an evident feature for 2.6 to 2.9 nm Zn3P2 

nanocrystals with an unconfirmed crystal structure.9, 32, 35, 41 Lack of an excitonic feature may be due to 

poor size dispersity; even after optimization of our synthesis, we observed size distribution from ± 26% 

to 78% for core nanocrystals. We did not observe any excitonic features regardless of size dispersity. 

Lack of an evident feature may also have been due to the presence of oxidation or silicon species in the 

nanocrystals from P(SiMe3)3 as observed by Miao et al.41 They suspected that the silicon species, which 

may have a similar band gap to Zn3P2, acted as competitive low-lying traps for charge carriers.  

Method 1: Using zinc acetate and elemental sulfur.

In the first method of overcoating, we activated elemental sulfur upon reaction with 1-octadecene at 

190°C. Previous studies have shown that sulfur undergoes a polymerization reaction with alkenes at 

elevated temperatures. The products of these reactions are compounds with a polysulfur chain bonded to 

either the C1 or C2 position of the alkene.69 In our procedure, we attempted to add two monolayers of ZnS 

on core Zn3P2 nanocrystals, under the assumption that each layer of ZnS adds 0.3 nm to the surface of 

the nanocrystal. For core nanoparticles 4.0 nm in size, we therefore expected to grow core/shell 

nanoparticles approximately 5.2 nm in diameter. However, our photoluminescence data suggested 

successful addition of one monolayer; we observed peak photoluminescence at 525 nm, indicating that 

we instead added one monolayer of ZnS to our nanocrystal (Figure 5). 

In Miao et al.’s work, addition of a ZnO layer to the surface of Zn3P2 was thought to act as surface 

trapping sites for charge carriers, producing photoluminescence.41 The addition of ZnS may have 

functioned similarly here for us. Still, after shelling, the absorption spectra exhibited no sharp excitonic 

features (Figure 6a).9 The Tauc plots for core/shell nanocrystals estimated a direct band gap of 

approximately 2.75 eV (Figure 6b). Our results were consistent with predicted band gap calculations for 
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quantum confined particles of this size (see Supporting Information for calculation). However, bright 

field images of the core/shell nanoparticles showed that the nanoparticles exhibited poor colloidal 

stability, likely due to the presence of organosulfur compounds; previous studies have shown that S-ODE 

attaches to metal ions at the surface of nanocrystals, with organosulfur compounds present as ligands 

(Figure S4).69 We also observed secondary nucleation and ZnS and ZnO (Figure S5). Secondary 

nucleation of ZnS was unsurprising as we aimed to grow a thick shell at an elevated temperature.70 

Despite these issues, we believe that the observed PL was obtained from some of the Zn3P2 nanocrystals 

that were successfully shelled; ZnO and ZnS are both wide band gap materials with band gaps of 

approximately 3.5 eV, corresponding to photoluminescence at approximately 350 nm and would not 

contribute to the observed photoluminescence at around 500 nm.71-72 

Figure 5. Photoluminescence of core/shell Zn3P2/ZnS nanoparticles. Samples were prepared in hexanes and read at an 

excitation wavelength of 300 nm. Peak emission occurred at 525 nm, consistent with the predicted band gap for Zn3P2 

nanoparticles of this size.
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Figure 6. (a) Absorbance (a.u.) and corresponding (b) direct and (c) indirect Tauc plots for core (red) and core/shell (blue) 

nanoparticles for Method 1. Dotted lines show the estimated optical band gap extrapolated from the Tauc plots.  The estimated 

direct band gap for core and core/shell nanocrystals was approximately 2.75 eV. The estimated indirect band gap was 2.1 eV.

Method 2: Using zinc oleate and thioacetamide 

We performed two variations of Method 2. In the first variation, we dispersed Zn3P2 nanocrystals in a Zn 

oleate/ODE solution and added thioacetamide dropwise to the mixture. We observed photoluminescence 

at 480 nm with an excitation wavelength of 380 nm. PLE data obtained with an emission of 480 nm 

corroborated that photoluminescence came from the nanocrystals (Figure 7). We did not observe sharp 

excitonic features (Figure 8a). The calculated Tauc plot data estimated that the optical band gap was 

approximately 2.6 eV (Figure 8b). These results suggested that we synthesized core/shell nanocrystals of 

approximately 4 nm in diameter; this was unexpected as core Zn3P2 nanocrystals were 4.0 ± 1.1 nm in 

size. However, we believe this was possible according to the reaction mechanism proposed by Boercker 

et al. for shelling of PbS nanocrystals stabilized by carboxylate ligands.67 In their work, Boercker et al. 

suggested that addition of thioacetamide removes original carboxylate ligands on the surface of the 

nanocrystal to react with Pb. Zinc oleate then reacts to the surface, adding back oleate ligands to passivate 
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the nanocrystal. As we performed our reactions in a similar chemical environment, we suspect that 

thioacetamide similarly stripped carboxylate ligands from the surface of Zn3P2 nanocrystals to add sulfur 

to the surface. Stripping may have caused dissolution of some surface Zn, so that the Zn3P2 core was 

smaller than 4.0 nm and shell addition did not lead to an apparent increase in particle size. 

Figure 7. Photoluminescence excitation (PLE, blue) and photoluminescence (PL, red) spectra for core/shell nanocrystals with 

an estimated two monolayers of ZnS added to the core nanocrystals, following the protocol from Boercker et al.67
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Figure 8. (a) Absorbance (a.u.) and corresponding (b) direct and (c) indirect Tauc plots for core (blue) and core/shell (red) 

nanoparticles for Method 2. Dotted lines show the estimated optical band gap extrapolated from the Tauc plots.  The estimated 

direct band gap was 2.75 eV for core Zn3P2 nanocrystals and 2.6 eV for core/shell Zn3P2/ZnS nanoparticles. The estimated 

indirect band gap was 2.2 eV for core nanocrystals and 1.9 eV for core/shell nanocrystals. 

We grew a full shell of ZnS by modifying the procedure to incorporate more stabilizing ligands (TOPO, 

ODA, and TOP) into the solution.  From bright field TEM images, we observed the mean particle size 

increased from 4.0 ± 1.1 nm for core nanoparticles to 4.7 nm ± 1.0 nm for core/shell nanoparticles (Figure 

9a). Scanning TEM (STEM)–electron energy loss spectroscopy (EELS) elemental maps (Figure 9b-d) 

confirmed the presence of sulfur on the surface predominantly, thus proving successful growth of the 

ZnS shell. PXRD also suggested a thick shell growth (Figure 5); from our calculations (detailed in the 

Supporting Information), we predicted the addition of two monolayers of ZnS to our particles. From the 

increase in observed size of the particles, nearly one monolayer (~0.35 nm) of ZnS is possibly added but 

there also might be slight alloying at the interface which might increase the ZnS content. Additional 

images can be found in the supplementary information (Figure S6). XPS data taken at the sulfur edge 
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also confirmed the presence of sulfur via the appearance of an S(2p3/2) peak in Zn3P2/ZnS nanoparticles 

at 162 eV (Figure S7). The peak position was typical for that for zinc sulfide.73

Figure 9. (a) A bright field TEM image of core/shell Zn3P2/ZnS nanoparticles, with a mean particle size of 4.7 nm ± 1.0 nm. 

(b-e) High angle annular dark field-STEM image and (c-e) STEM-EELS elemental maps of a single Zn3P2/ZnS core/shell 

nanocrystal confirmed the presence of sulfur.

The core/shell particles were also more stable, lasting against oxidation outside of the glovebox in 

ambient conditions (Figure S8). Miao et al., who synthesized Zn3P2 from zinc stearate and P(SiMe3)3, 

suggested the poor optical properties was due to the use of P(SiMe3)3.41 They attributed the lack of 

photoluminescence to the incorporation of silicon species into the crystal lattice generated from 

tris(trimethylsilyl)phosphine, which they confirmed was present via TEM-EDS. They suspected that the 

silicon species, which may have a similar band gap to Zn3P2, acted as competitive low-lying traps for 

charge carriers that decrease PL efficiency. Addition of the ZnO layer to the surface of Zn3P2 was thought 

to act as surface trapping sites for charge carriers, producing photoluminescence. The addition of ZnS 

may have functioned similarly here for us; upon shelling, we observed photoluminescence with a peak 

at 520 nm which we attribute to band edge recombination (Figure 10). Studies also showed a second peak 

of much lower intensity at 700 nm. which might be due to trap state emission. Previous studies on 

Page 22 of 30Nanoscale



23

nanoscale Zn3P2/ZnS nanoribbon/nanowire heterostructures claimed that emission in this range could 

come from surface sulfur species present in ZnS, while the lower energy emission arises from band edge 

emission of Zn3P2.
66 In our case, however, we did not observe any ZnS impurities in TEM and as defect 

states for non-quantum confined Zn3P2 should appear at energies lower than 1.5 eV, we attribute the 

photoluminescence to quantum confinement of Zn3P2, with ZnS acting as a passivating layer in a type I 

heterostructure. This conclusion is consistent with the predicted optical band gap of between 2.0 to 2.5 

eV for quantum confined particles 4 nm to 5 nm in size (Table S1).  Peak luminescence at this wavelength 

was also consistent with the estimated optical band gap of 2.5 eV from the Tauc plot of core Zn3P2 

nanoparticles. Previous studies on Zn3P2/ZnS heterostructures have predicted type II behavior, though 

type I behavior as shown here has also been observed.27, 50, 65, 74-75 

Figure 10. Photoluminescence data of Zn3P2/ZnS thin films at 77 K (black) and room 7 temperature (red). The excitation 

wavelength for these studies was 400 nm. Samples were dropcasted from a dispersion in toluene. Measurements show peak 

emission at 525 nm and 700 nm.

We are currently conducting further studies to understand the nature of the trap sites and observed 

photoluminescence in this material. Initial time resolved studies estimated average lifetimes of around 

0.18 ± 0.15 ns at RT and 0.18 ± 0.08 ns at 77 K from a biexponential fit (Figure S9-S10). Others 
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previously reported lifetimes for Zn3P2 and Zn3P2/ZnO. For bulk Zn3P2, Kimball et al. reported carrier 

lifetimes of ns and 20 ns from a biexponential fit, or an average lifetime of 18 ns.27 Ho et al. 𝜏1 = 4 𝜏2 =

reported  = 2.96 ± 013 ns to 0.60 ± 002 ns and  = 20.76 ± 7.01 ns to 4.66 ± 0.42 ns for 4.8 ± 0.7 nm 𝜏1 𝜏2

to 8.8 ± 0.13 nm Zn3P2 nanocrystals.35 For Zn3P2/ZnO core/shell nanocrystals, Miao et al. reported much 

longer lifetimes of 216 to 423 ns from biexponential fits, indicating emission likely due to defect states 

rather than band edge emission.41 To the best of our knowledge, our work is the first report of lifetime 

measurements for the Zn3P2/ZnS system. 

The exact nature of our peak and its contribution to the optical properties of the quantum dots is currently 

under investigation. In our biexponential fit,  = 0.07 ns for  = 0.4 ns at RT (Table S1). The difference τ1 𝜏2

in the two decay times suggested that they arose from excited states of different natures. The fast PL 

decay component, , may have originated from the recombination of delocalized carriers in the internal τ1

states within the nanocrystal representing the lifetime of the band-edge emission decay; the slow PL 

decay component, , can be assigned to the recombination of the localized carriers at the surface, where 𝜏2

both radiative and non‐radiative traps can exist. However, the relatively fast lifetimes and the tiny 

difference between them at RT and 77 K indicated that the emission has a nearly single-exponential 

decay, thus suggesting weak contribution of defects in the electron/hole recombination process. This 

hypothesis was strengthened by the fact that the PL was observed only post-shelling wherein the surface 

recombination traps were most likely passivated by the ZnS shell. Additionally, at 77 K, the decay process 

was essentially single-exponential with a fast lifetime of ~0.2 ns, suggesting band edge recombination 

following fast intra-band relaxation due to efficient electron–phonon/hole coupling. 

4. Conclusions

In this work, we synthesized crystalline -Zn3P2 nanoparticles from zinc carboxylates and P(SiMe3)3. 𝛼

We controlled the average particle size and size dispersity of our batches via the injection temperature of 
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P(SiMe3)3. In the optimal synthesis, we obtained 4.0 ± 1.1 nm sized particles. The core Zn3P2 

nanoparticles themselves exhibited no luminescence or distinct excitonic features, likely due to surface 

oxidation and presence of impurities from P(SiMe3)3 in the crystal structure. Post-synthetic addition of a 

ZnS shell provided measurable photoluminescence at 520 nm from 4.7 ± 1.0 nm particles with short 

lifetimes of 0.18 ns. Future study will focus on understanding the origin of the observed optical properties.
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