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ABSTRACT: Zinc nitride (Zn3N2) colloidal quantum dots are 

composed of non-toxic, low-cost and earth-abundant elements. 

The effects of quantum confinement on the optical properties and 

charge dynamics of these dots are studied using steady state opti-

cal characterization and ultrafast fluence-dependent transient ab-

sorption. The absorption and emission energies are observed to be 

size tunable, with the optical band gap increasing from 1.5 eV to 

3.2 eV as the dot diameter decreased from 8.9 nm to 2.7 nm. Size 

dependent absorption cross sections (𝜎 = 1.22 ± 0.02  10-15 cm2 

to 2.04 ± 0.03  10-15 cm2), single exciton lifetimes (0.36 ± 0.02 

ns to 0.65 ± 0.03 ns), as well as Auger recombination lifetimes of 

biexcitons (3.2 ± 0.4 ps to 5.0 ± 0.1 ps) and trions (20.8 ± 1.8 ps 

to 46.3 ± 1.3 ps) are also measured. The degeneracy of the con-

duction band minimum (𝑔 = 2) is determined from the analysis of 

the transient absorption spectra at different excitation fluences. 

The performance of Zn3N2 colloidal quantum dots thus broadly 

matches that of established visible light emitting quantum dots 

based on toxic or rare elements, making them a viable alternative 

for QD-LED displays.  KEYWORDS: quantum confinement, 

charge dynamics, zinc nitride, quantum dots, QD-LED. 

Introduction 
 

The size-tunable optical and electronic properties, photostabil-

ity, and solution-based synthesis and processability of semicon-

ductor nanocrystals, also known as colloidal quantum dots (QDs), 

has motivated research into their suitability for a wide variety of 

applications, such as photovoltaic cells, 1 photocatalysts, 2 light 

emitting devices 3 and biosensors. 4 In particular, QD-LEDs have 

the potential to be the basis of high performance displays, offering 

a wide color gamut, high contrast ratio and the high resolution 

(pixel density) needed for mobile and automotive devices, as well 

as the scalability needed for large-area display applications.5 

However, the most extensively studied and used QDs for these 

applications contain intrinsically toxic elements such as Cd and 

Pb, which is a concern due to the potential environmental and 

public health impact, 5,6 or rare elements such as In. In order to 

comply with increasingly stringent international standards and 

regulations without prohibitive cost, the exploration of alternative, 

Cd- and Pb-free, quantum dots made from commonly-available 

elements is urgently needed. 5–7  

Zinc nitride (Zn3N2) is a non-toxic, low-cost and earth-

abundant semiconductor 8 that has not yet been exploited as much 

as group III nitrides because of the difficulties in the preparation 

of high quality Zn3N2 crystals. 9 Studies of the structural, electrical 

and optical properties of this material have been largely limited to 

thin film geometries, which have been prepared by a variety of 

methods including metalorganic chemical vapor deposition, 9 RF-

molecular beam epitaxy, 9 direct reaction by annealing metallic 

zinc in an ammonia atmosphere, 10 pulsed laser ablation, 11 molten 

salt potentiostatic electrolysis of zinc 12 as well as DC 13,14 and RF 
15,16 magnetron sputtering. A wide range of optical bandgap val-

ues have been reported in these studies (varying from ~1.0 eV to 

3.2 eV), generating some controversy about the origin and true 

nature of the electronic transitions. A likely contributor to the 

confusion present in the literature is the tendency of Zn3N2 to 

oxidize rapidly in ambient conditions, as revealed by X-ray pho-

toelectron spectroscopy (XPS), 15 spectroscopic ellipsometry and 

Rutherford backscattering spectrometry (RBS). 16 A recent work 

comparing the optical properties of Zn3N2 films with different 

stoichiometries and oxidized films has revealed that the intrinsic 

bandgap of Zn3N2 is of a direct nature in the range from 1.31 to 

1.48 eV while the presence of the ZnO or ZnxOyNz phases formed 

on top of zinc nitride upon air exposure lead to much wider 

bandgaps. 13 However, the optical properties of different Zn3N2 

samples have also been found to be related to inhomogeneities in 

surface roughness, and defect-induced carrier concentrations, as 

well as oxidation. 9,13,16 Theoretical studies have calculated the 

bandgap to be in the ranges 0.9 eV to 1.2 eV 17 and 0.84 eV to 

2.0 eV 18, which are both in broad agreement with experimental 

values. Perhaps due to difficulties in handling air sensitive materi-

als with high intrinsic surface area, very few studies have reported 

the synthesis and properties of nanostructured Zn3N2 morpholo-

gies, 19,20 with only one work describing the synthesis (see scheme 

1) and optical properties of colloidal Zn3N2 QDs. 21 Importantly 

this paper successfully demonstrated the tunability of the optical 

emission due to quantum confinement effects alongside high pho-

toluminescent quantum yields (35 - 52 %). The critical next step 

in the exploitation of this promising new type of colloidal quan-
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tum dot is to determine whether key properties are comparable to 

those of conventional quantum dots, and thus establish it as a 

viable as well as non-toxic and earth-abundant alternative. 

 

 

 

Scheme 1. Synthesis of Zn3N2 colloidal quantum dots. 1. In an inert atmosphere, a mixture of 1-Octadecene and Oleylamine is heated to 

225oC. 2. Ammonia gas is bubbled through the solvent and diethylzinc rapidly injected at 5 minutes intervals. 3. Zn3N2 quantum dots size 

is controlled by the number of diethylzinc injections. 

 

 
 

 

 

 

 

 

 

 
Figure 1. a) Absorption and b) PL spectra for Zn3N2 QDs of different sizes. PL was produced by excitation at a wavelength of 350 nm. 

c) TEM image of the largest QDs and d) Size frequency histogram for the same sample.  
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In this work, the optical properties of a series of Zn3N2 quan-

tum dots of different sizes are characterized by transmission elec-

tron microscopy and steady-state absorption and photolumines-

cence (PL) spectroscopies. Ultrafast fluence-dependent transient 

absorption spectroscopy, supported by transient PL studies, is 

then used to investigate the charge dynamics at different excita-

tion regimes. Knowledge of the size-dependent material proper-

ties determined in this work, such as the absorption cross-section, 

the degeneracy of the conduction band minimum, the trapping 

rates and Auger recombination lifetimes are fundamental to the 

development of Cd- and Pb-free QD-LED displays and other de-

vices such as photovoltaics and biosensors. 

 

Results and discussion 
 

    Steady-state absorption and photoluminescence (PL) spectra 

for QDs of several different means diameters, D, are shown in 

figure 1. For each sample, the value of D and the standard devia-

tion of the size distribution were found directly from transmission 

electron microscope (TEM) images as shown in Figure 1c and 1d, 

respectively for the largest QDs (see Supporting Information for 

the other samples). Well-defined peaks are not evident in the ab-

sorption spectra (Figure 1a) and so the position of the lowest en-

ergy absorbing transition for each sample was determined from 

the second derivative of these spectra, as detailed in the Support-

ing Information, and found to be at 3.2 ± 0.1eV (380 ± 10 nm), 

2.6 ± 0.1 eV (480 ± 20 nm), 2.3 ± 0.2 eV (540 ± 45 nm) and ap-

proximately 1.5 ± 0.1 eV (~840 ± 40 nm) for the 2.7 ± 0.6 nm, 3.8 

± 0.8 nm, 5.8 ± 0.9 nm and 8.9 ± 1.6 nm average diameter QDs, 

respectively. The relationship between the energy of this transi-

tion and D agrees well with a simple effective mass model of the 

band gap as discussed in section S4 of the Supporting Infor-

mation. Figure 1b shows the PL emission spectrum for each of 

these samples which display maxima at 2.46 eV (505 nm), 

2.20 eV (564 nm), 2.15 eV (578 nm) and 1.48 eV (840 nm). The 

optical band gap of Zn3N2 thin films has recently been reported to 

range between 1.31 eV and 1.48 eV, 13 suggesting that the largest 

diameter QDs (8.9 nm) are only subject to weak quantum con-

finement, if any. This is consistent with the calculated value for 

the exciton Bohr radius (𝑎𝐵), which ranges from ~1 nm to ~3.8 

nm depending on which values of effective mass and dielectric 

constant from the literature are used (see table S1 in the support-

ing information).9,11,13,18,22–24 The full-width half maxima 

(FWHM) of the PL spectra were 0.46 eV (95 nm), 0.41 eV (104 

nm), 0.38 eV (103 nm) and 0.32 eV (180 nm), respectively, i.e. 

about 20% of the peak energy for each sample. This is in agree-

ment with the polydispersity observed in the size frequency histo-

grams and consistent with the lack of pronounced absorption 

peaks. Moreover, the samples show highly size-dependent Stokes 

shift (following the trend observed in other types of QDs 25,26), 

with differences between absorption and emission energies rang-

ing from 20 to 740 meV, for the largest and smallest QDs, respec-

tively. While these values may have a contribution from non-

resonant absorption due to size dispersion, a resonant Stokes shift 

is likely to originate from quantum confinement effects on the 

band structure of semiconductors 25. Stokes shifts on the order of 

those found here for the smaller nanoparticles have been reported 

for Zn3P2 QDs 27,28 and attributed to charges being trapped by 

metal vacancies 28. Although its exact nature is yet to be under-

stood in this material, large Stokes shifts indicate Zn3N2 QDs 

could also make a good optical gain medium for QD lasing appli-

cations 29.      

An example contour plot showing the pump-induced absorption 

change, ∆A, spectra as a function of delay time is shown in figure 

2. Further examples for other QD diameters and for a range of 

pump pulse fluences,  𝐽𝑝, are given in the Supporting Information. 

The main feature in these plots is a strong and broad bleach (i.e. 

negative ∆A), which is centered at 500 nm in the spectra for the 

3.8 nm diameter QDs as shown in Figure 2. The center wave-

length of this feature closely agrees (within error) with the wave-

length of the first minimum in the second derivative of the steady-

state absorption spectra (this is also the case for the rest of the 

samples, with bleach features at 560 ± 40 nm and 840 ± 40 nm, 

for samples D = 5.8 and D = 8.9, respectively, as shown in the 

SI). The bleach is therefore attributed to state-filling at the con-

duction band minimum (CBM), in common with many other QD 

types. 30 A photoinduced absorption feature (PIA) (i.e. positive 

∆A) at the same wavelengths at earlier times than the bleach is 

also evident. The duration of the PIA is similar to that of the 

pump pulse and so is attributed to a nonlinear response of the 

solvent. 

Figure 3 shows the maximum fractional bleach, ∆𝐴/𝐴, as a 

function of  𝐽𝑝 for the 3.8 nm diameter QD sample at a wave-

length of  500 nm (the center of the absorption bleach). The value 

of  ∆𝐴/𝐴 for a CBM bleach produced by state-filling in QDs de-

pends on the degeneracy of the CBM, 𝑔, and the average number 

of photons absorbed per QD per pulse,  〈𝑁〉 =  𝐽𝑝𝜎, where 𝜎 is the 

absorption cross-section at the pump wavelength. 31 This relation-

ship is given by: 

 

∆𝐴(〈𝑁〉)

𝐴
= (1 − 𝑃0(〈𝑁〉)) − ∑ (

𝑔 − 1

𝑔
) 𝑃𝑖(〈𝑁〉)

𝑔

𝑖=1

 

(1) 

where  𝑃𝑖 = 〈𝑁〉𝑖  𝑒−〈𝑁〉/𝑖! is the Poissonian probability of a QD 

absorbing 𝑖 photons. Figure 3 shows fits of Eqn. (1) for 𝑔 = 2, 4 

and 8; the data is best described by 𝑔 = 2. This indicates that the 

CBM of Zn2N3 QDs is two-fold degenerate, which is in common 

with many other QD types 31 including other II-V group QDs. 29 

This fit also yields a value of  𝜎 = (1.22 ± 0.02)  10-15 cm2. This 

is similar in magnitude to that for InAs QDs of similar size 32 (but 

in the strong confinement regime due to its much larger Bohr 

radius 33), larger than the absorption cross-section reported for InP 

QDs (6.910-16 cm2) with a mean diameter of 4.2 nm, 34 and about 

an order of magnitude smaller than those for CsPbBr3 perovskites 

(𝜎 = 1.310-14 cm2) emitting at similar wavelengths as this sam-

ple. 31 All of these materials have cross-sections smaller than CdS 

QDs for which 𝜎 ~ 110-13 cm2 was calculated for samples with 

2.7 nm average diameter. 35 No values of absorption cross-

sections for other II-V QDs were found in the literature. A similar 

fit to the data for the 5.8 nm and 8.9 nm average diameters QDs is 

shown in Figure S6 in the Supporting Information and gave corre-

sponding values of  𝜎 = (1.3 ± 0.3)  10-15 cm2 and 

𝜎 = (2.04 ± 0.03)  10-15 cm2, respectively. For strong confine-

ment (i.e. D ≤ 2𝑎𝐵 where 𝑎𝐵 is the exciton Bohr radius), 𝜎 typi-

cally scales linearly with the volume of the QD but the value plat-

eaus for larger nanocrystals as quantum confinement weakens. 
31,36 Thus this modest increase in 𝜎 as the QD diameter increases 

from 3.8 nm to 8.9 nm is also consistent with a small value of 𝑎𝐵, 

for Zn3N2 as discussed above. Using these values for absorption 

cross-section and the measured steady-state absorbance, the con-

centration of the samples was calculated to be in the order of 1  

10-9 mol·cm3. 
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Figure 2. Pump-induced transient absorption spectra for the 3.8 nm average diameter QDs excited by 100 fs pulses with a wavelength of 

380 nm and fluence of 9.51014 photon·cm-2. Contour plot shows the change in absorption, ∆A, as a function of wavelength and delay time 

where a negative value of ∆A (green and blue) demonstrates a bleach effect. 

 

 

Figure 4 shows the fractional absorption change ∆𝐴/𝐴 transi-

ents at the center of the absorption bleach feature (500 nm) for 

different 〈𝑁〉 values, calculated from the excitation fluences using 

the cross-section value extracted from the fit in figure 3 (sample D 

= 3.8 nm). Similar data for the samples with QD diameters of 5.8 

nm and 8.9 nm are shown in the Supporting Information. For low 
〈𝑁〉 values, excited QDs only contain single excitons and their 

decay can be fitted by a mono-exponential decay function plus a 

constant offset, corresponding to the effects of trapping and to 

radiative recombination (which occurs over a longer time scale 

than the experimental time window), respectively. 37 The value of 

the associated time constant, 𝜏1
𝑇𝐴, is 0.36 ± 0.02 ns (0.39 ± 0.03 

and 0.65 ± 0.03 ns for the samples with 5.8 nm and 8.9 nm diame-

ter, respectively) and corresponds to the lifetime of single exci-

tons in QDs with traps. This time constant is also present as 𝜏1
𝑃𝐿 in 

the tri-exponential fit of the photoluminescence decay for this 

sample shown in figure S8b of the Supporting Information. With 

the increase of excitation fluence, the probability of a single QD 

absorbing more than one photon per pulse increases and the shape 

of the transients change to that of a bi-exponential decay. This is 

consistent with the decay of biexcitons by Auger recombination in 

those QDs that absorb more than one photon per QD per pulse. By 

fixing one of the time constants in a bi-exponential fit to the 𝜏1
𝑇𝐴 

value obtained at low 〈𝑁〉, the lifetimes for Auger recombination 

of biexcitons, 𝜏2
𝑇𝐴 , can be reliably extracted, yielding a value of 

3.2 ± 0.4 ps for the 3.8 nm diameter QDs (3.4 ± 0.5 and 5.0 ± 0.1 

ps for the sample with 5.8 nm and 8.9 nm diameter). The reported 

bi-exciton lifetime for Cd3P2, another material from the II-V 

group is 3.6 ps (D = 2.58 nm),  29 while values of 3.5 ps and 6.3 ps 

have been reported for CdS QDs with diameters of 3.1 and 3.4 

nm, respectively. The bi-exciton lifetime also increases linearly 

with QD volume for strong confinement, increasing to 42 ps and 

57 ps for CdS QDs of D = 4.7 nm and D = 4.9 nm, respectively, 

for instance. The more modest increase observed here for Zn3N2 

QDs as D increases from 3.8 nm to 8.9 nm is consistent with weak 

confinement. 

Fluence dependent ∆T/T measurements on nanocrystalline 

ZnO0.51N0.49 thin films, 38
 fitted by a biexponential decay function, 

gave fast time constants ranging from 3.5 to 8.7 ps and a slow 

time constant with values between 45 and 115 ps. Both of these 

time constants become shorter as the excitation fluence is in-

creased. Based on the analysis of the amplitudes of these time 

constants, the authors attribute them to the Auger recombination 

of biexcitons at high fluences and trapping of charges at low flu-

ences, respectively. 

For higher excitation fluences, (〈𝑁〉 > 1), a third time 

stant, 𝜏3
𝑇𝐴, is required to fit the decays. For the D = 3.8 nm sam-

ple, a 𝜏3
𝑇𝐴 value of 20.8 ± 1.8 ps was extracted from the tri-

exponential fits by fixing the other two time constants to the val-

ues obtained at lower pump fluences; 𝜏3
𝑇𝐴 values of 24.2 ± 2.5 and 

46.3 ± 1.3 ps were found for the D = 5.8 nm and D = 8.9 nm sam-

ples, respectively. For other QD types, 39–41 a third decay channel 

that emerges at high 〈𝑁〉 values but with a lifetime in between that 

for single exciton and biexciton decay has been associated with 

the Auger recombination of trions. These trions form when a pho-

togenerated charge is trapped for a period longer than that be-

tween pump pulses so that its geminate charge is still present in 

the QD when a photon is absorbed during a subsequent excitation 

pulse.  
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Figure 3. Normalized peak in ∆𝐴/𝐴 at a wavelength of 500 nm as a function of pump pulse fluence for sample with diameter, 

D = 3.8 nm. Fits are to equation (1) for different values of CBM degeneracy, 𝑔. 

 
Figure 4. Fractional absorption change ∆𝐴/𝐴 transients taken at a wavelength of 500 nm, at different excitation fluences (〈𝑁〉) for the 

sample with 3.8 nm average diameter. Tri-exponential fits to the decays are shown as black lines.  
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Conclusions 

 

The effects of quantum confinement on the optical properties 

and charge dynamics of a series of Zn3N2 colloidal quantum dots 

were investigated by optical characterization and ultrafast fluence-

dependent transient absorption. The absorption onsets and emis-

sion energies were shown to be size dependent and widely tunable 

in the visible and near infrared regions of the spectrum The ab-

sorption cross-section and recombination lifetimes of single exci-

tons, biexcitons and trions produced at different excitation re-

gimes as well as the degeneracy of the conduction band minimum 

are all comparable to those of QDs of similar materials. Thus we 

demonstrate promising optoelectronic performance from a Cd- 

and Pb-free QD system based on earth-abundant and low-cost 

elements. This new understanding of the transient optical proper-

ties for Zn3N2 colloidal quantum dots will contribute towards the 

development of optoelectronic devices based on non-toxic QDs, 

particular ones that rely on brad tunability across the visible spec-

trum, such as QD-LEDs for display technologies. In particular, we 

consider that future work could employ surface modification or 

passivation methods to optimize the stability and charge dynamics 

of these QDs. 

 

Experimental section 

 

Colloidal quantum dots synthesis 

Zn3N2 QDs were prepared using the solution-based method 

previously reported by Taylor et al. 21 All nanocrystals were pre-

pared in a nitrogen atmosphere glove box and handled using 

standard air–free methods. All solvents were thoroughly degassed 

and anhydrous before use. Briefly, a mixture of 1-octadecene and 

oleylamine (in a ratio 30:1 ml) is heated to 225 oC, while 5 ml per 

minute of NH3 gas is bubbled through the solvent. Diethylzinc is 

rapidly injected into the reaction mixture in portions of 102 μL, 

1.0 mmol in 5 minutes intervals. The size of the QDs is controlled 

by the number of diethylzinc injections which makes the dots 

grow with no signs of nucleation of additional nanocrystals. In a 

typical purification, the reaction mixture was centrifuged to re-

move any insoluble material. The resulting solution was then 

treated with anhydrous toluene, isobutyronitrile and acetonitrile. 

The mixture was further centrifuged and the top layer was dis-

carded and the QDs redispersed in non-polar solvent such as tolu-

ene. This purification procedure was performed twice. Such ob-

tained samples could be stored for several months under N2 at-

mosphere in a glovebox.  

 

Characterization 
Samples for transmission electron microscopy (TEM) were 

drop cast on AGAR Scientific 400 mesh continuous carbon coated 

Cu support grids. Air exposure was minimized on loading by 

mounting the samples in the holder in Argon baths and flooding 

the specimen airlock with Argon before insertion. TEM images 

were acquired using a FEI Tescan F30 operating at 300 kV or 

JEOL F300 running at 200 kV. 

The samples were placed in 10 mm path length air tight quartz 

cuvettes and diluted with anhydrous toluene under N2 atmosphere 

in a glovebox prior to optical characterization. Steady state ab-

sorbance and photoluminescence (PL) spectra were obtained us-

ing a Cary 5000 Agilent and a Horiba Jobin–Yvon FluoroLog 

iHR (FL33-22) spectrometers, respectively.    

The transient absorption data were acquired using a previously 

described system, 42 comprising a Helios (Ultrafast Systems LLC) 

spectrometer, an ultrafast Ti:sapphire amplifier system (Spectra 

Physics Solstice Ace) and an optical parametric amplifier (Topas 

Prime) with an associated NIR-UV-Vis unit. This system generat-

ed 100 fs pump pulses at 375 nm with a beam diameter of 240 

μm. The pulse energy could be reduced using a series of reflective 

neutral density filters to give pump fluences from 1×1014 to 

3.5×1015 photons·per cm2 per pulse. A white light continuum 

generated by the same laser system which was used as the probe 

to record changes in absorption between 430 and 913 nm. The 

samples were magnetically stirred to avoid photocharging effects 

during the measurements. Steady state absorbance spectra were 

acquired periodically to monitor and account for changes in ab-

sorbance due to oxidation of the Zn3N2 QDs. 
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