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ABSTRACT 

Extensive research on nanosized ZnO has proven that its optical properties are challenging to 

control, due to a number of possible defects producing various emissions in the visible range. Our 

group proposed a low temperature, supercritical-fluids-driven synthesis of isotropic nanosized 

particles which exhibit a unique and unprecedentedly pure excitonic emission, comparable to that 

of single crystals. The present article reports the growth mechanism at the origin of the 

unexpectedly pure excitonic emission, as well as a more detailed study of its optical properties at 

liquid helium temperatures. The ZnO phase is obtained via the thermal decomposition of an 

intermediate ZnO2 phase. No bulk defect luminescence is detected and the synthesis route leaves 

a “ZnO2-like” surface able to neutralize the formation of surface defects, which can contribute to 

visible emissions. The luminescence measurements were performed at liquid Helium temperature 

to enable the identification of excitons. The investigation of the photoluminescence properties 

confirms a strong excitonic emission in the UV region with no visible band, and sheds light on a 

phonon coupling with the E2 high vibrational mode 

INTRODUCTION 

Inorganic-semiconductor-based nanostructures have become key materials for photonic 

applications. More stable than their organic counterparts, their optical properties are also directly 

related to the size, morphology, composition or defect concentration, among other parameters. In 

particular, zinc oxide (ZnO) is a versatile material, which has been attracting much attention as a 

potential candidate for light emitters, opto-chemical sensors, spin electronics, transparent 

electronics or piezoelectronics.1-5 ZnO has a direct, wide bandgap (3.4 eV) leading to an ultraviolet 

(UV) excitonic emission, as observed in massive single crystals or thick films grown through 
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epitaxy processes,6-8 and a large exciton binding energy (60 meV) leading to a reduced lasing 

threshold and an improved emission efficiency at room temperature.9-12 Thus, it represents an 

especially interesting replacement for gallium nitride (GaN) for the design of new devices 

exploiting its UV luminescence. For instance, current white light emitting devices suffer from poor 

levels of chromaticity, which could be resolved by using highly efficient visible phosphors, as used 

in gas-discharge fluorescent systems, excited by a UV emitter instead. Such devices could 

therefore produce much richer spectra. However, UV emission is currently based on frequency 

doubling from infrared sources, and is consequently rather susceptible to power loss. Thus, it is 

essential to develop better UV emitters, and ZnO is a serious candidate.13 

 However, extensive research on nanosized ZnO has proven its optical properties 

challenging to control, due to a number of possible defects producing various emissions in the 

visible range.14-16 The synthesis route and conditions dramatically influence the type of defects 

stabilized during the crystal growth,17 thereby impacting the photoluminescence properties. 

Indeed, it is believed that vacancies and interstitial atoms of both zinc and oxygen can induce 

different deep level states in the band gap of ZnO, which both create several visible emissions and 

diminish the excitonic component. First of all, the atmosphere in which the materials are 

synthesized plays a huge role in the types of defects that are stabilized.18 On one hand, an oxygen-

rich environment promotes the formation of interstitial oxygens (Oi), a source responsible for 

yellow luminescence,19,20 or zinc vacancies (VZn
2-, VZn

-), a source of both blue20,21 and red 

luminescence.22 On the other hand, a zinc-rich environment promotes the formation of interstitial 

zinc (Zni, Zni
+), a source of a purple or blue luminescence,20,21 or oxygen vacancies (VO, VO

+); a 

source of a green luminescence.20,21,23-25 Furthermore, synthesis temperature and post-synthesis 

heat treatments also play a role. Not only does this improve the overall luminescence intensity,25,26 
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but it can also favor certain emission peaks as some defects can only be stabilized at high 

temperature, making their optical footprints appear after thermal annealing.18,21-24 For example, 

ZnO obtained via thermal oxidation of Zn films exhibits green luminescence up to 750°C, and 

yellow luminescence after 800°C,23 hinting that interstitial oxygens are stabilized at high 

temperatures. Stacking faults in ZnO crystals also appear to influence luminescence, by creating 

electronic acceptor states responsible for exciton quenching27 and a close-to-bandgap emission at 

3.31 eV.28-29 Finally, other parameters can be critical such as particles morphology,30 dopants,31,32 

or the substrate for sputtered films.33 

Although potentially interesting, such defect emissions can be parasitic if the UV emission is 

targeted. Our group proposed a low temperature, supercritical-fluids-driven synthesis of isotropic 

nanosized ZnO particles which exhibit a uniquely pure excitonic emission comparable to that of 

single crystals which generally gathered optical response from both the exciton and defects.34,35 

The first studies using a microfluidic set-up allowed the synthesis and functionalization with 

multiple ligands of such nanoparticles, revealing no impact of the ligands’ nature on the 

nanoparticle growth.34 The subsequent scaling-up of this process to millifluidics offered further 

control over the resulting materials, especially permitting the obtaining of different sizes and 

shapes according to the system’s hydrodynamics.35 In all cases, no visible fluorescence typical of 

zinc oxide could be observed, although the origins of such unique properties were not extensively 

studied. The present article reports the growth mechanism at the origin of the unexpectedly pure 

excitonic emission, as well as a more detailed study of its optical properties at liquid helium 

temperature. 
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EXPERIMENTAL 

Synthesis 

The set-up used for the synthesis has already been described elsewhere.34 Briefly, it consists of 

two pumps, a reactor and a back pressure regulator. The reactor is made of two coaxial tubes: the 

internal, 20-centimeter-long tube (ID = 1 mm, OD = 1/16”) is placed inside of the external, one-

meter-long tube (ID= 2.1 mm, OD = 1/8”), which is itself placed inside a furnace. A solution 

containing zinc acetylacetonate monohydrate (Zn(acac)2∙H2O) and hydrogen peroxide (35 wt% 

H2O2 in water solution) in absolute ethanol is injected with the first pump into the internal tube, 

while absolute ethanol is injected with the second pump in the external tube, thus creating a 

concentric flow focusing configuration, which is pressurized at 25 MPa using the back pressure 

regulator, and brought to 250 °C by the furnace. A series of four samples have been synthesized 

using four different residence times (6 s, 10 s, 30 s and 40 s). The final dispersions of ZnO 

nanoparticles (ZnO-NPØ) in ethanol were collected downstream of the back-pressure regulator. 

ZnO nanopowders were recovered by centrifugation at 9000 rpm or by simple Büchner filtration, 

washed several times in absolute ethanol at room temperature and kept in ethanol. All chemicals 

were used as received from Sigma-Aldrich. 

 

CHARACTERIZATION 

X-ray diffraction analyses 

Ex situ X-ray powder diffraction measurements (XRD) were recorded with a PANalitical 

X’Pert Pro powder diffractometer in the Bragg-Brentano geometry using a Cu Kα source 
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(λ ≈ 1.5406 Å) at room temperature over the angular 2θ range 8°-80° with a step of 0.02°. The 

samples were prepared by depositing a ZnO suspension on a silicon substrate. 

 In situ temperature-dependent diffraction data were collected at the high-energy powder 

diffraction beamline P02.1 of the Petra III synchrotron using a wavelength of 0.206 Å (60 keV). 

Two-dimensional data were measured by a PerkinElmer amorphous silicon detector. The setup 

used for the measurements was described in details elsewhere.36,37 For this experiment, a fused 

silica capillary was filled with the precursor solution and pressurized using a high pressure pump. 

The capillary was later heated with a jet of hot air. After reaching equilibrium conditions for each 

temperature step, 60 frames (1 second each) of data were averaged, azimuthally integrated, and 

converted into one-dimensional 2θ versus intensity data using the FIT2D software.38 Reference 

background patterns measured on capillaries containing only solvent at equivalent pressure and 

temperature conditions were subtracted from each in situ data set using the CMPR software.39 

Pawley profile refinements of the 2θ versus intensity data powder diffraction data were performed 

using the TOPAS software package.40 Values were refined for the sample lattice parameters, 

Chebyshev background polynomial, and Lorentzian crystallite size using the integral breadth 

(LVol-IB) model. Instrument profile parameters were obtained from a profile fit of LaB6 data 

measured with an identical beamline configuration. 

 

High resolution transmission electron microscopy (HRTEM) 

HRTEM observations were performed using a JEOL 2200 FS equipped with a field gun 

emission, operating at 200 kV and with a point resolution of 0.23 nm. HRTEM micrographs and 

size distribution diagrams were calculated for about 100 nanoparticles. 
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Optical characterizations 

The photoluminescence (PL) properties were analysed using a SPEX FL212 Jobin-Yvon 

spectrofluorimeter in a front face configuration. The excitation spectra were corrected for the 

variation of the incident flux and the emission spectra were corrected for the transmission of the 

monochromator and the response of the photomultiplier. The equipment consists of a 450 W xenon 

lamp, an excitation double monochromator (1200 lines/mm UV gratings 250 nm blaze), an 

emission double monochromator (1200 lines/mm UV gratings 330 nm blaze) and a 

thermoelectrically cooled photomultiplier tube. The wavelength positions of the excitation and 

emission monochromators were adjusted by using a specific mercury calibration lamp. Slits 

apertures, increments and acquisition times were adjusted for optimized signal-to-noise ratio and 

resolution. The resolution was equal to 0.2 meV at 367.4 nm. 

All samples were prepared from suspensions of nanoparticles in ethanol that were drop-cast onto 

a quartz plate and dried for several hours at 80°C. Low temperature PL measurements were carried 

out on samples synthesized with 40 s residence time using an Oxford cryostat, as well as a pumping 

system to ensure the circulation of helium gas, thus allowing measurements down to 4 K. The 

temperature was monitored using a thermal probe in direct contact with the sample holder. 

 

Raman diffusion 

Raman spectra were measured using a Thermo scientific DXR micro-Raman spectrometer under 

a 523 nm laser excitation (power of 10 mW) at room temperature. Samples were prepared by 

depositing a small amount of powder on a glass plate. 
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RESULTS AND DISCUSSION  

Particle growth mechanism 

This section highlights the understanding of the formation mechanism of ZnO nanoparticles in 

the supercritical reactor in order to explain their unique optical properties. Our hypothesis is that 

the ZnO phase is obtained via the thermal decomposition of an intermediate ZnO2 phase, leaving 

a “ZnO2-like” surface able to neutralize the formation of surface defects usually responsible for 

visible emissions. This theory is supported by previous reports of ZnO2 formation from ZnO 

exposition to H2O2.
41 Here, it is implied that H2O2 allows the formation of ZnO2 which is quickly 

thermally converted into ZnO. A series of ex situ and in situ characterizations have been performed 

in order to confirm this mechanism. 

X-ray diffraction patterns and Raman spectra for each sample obtained at 6, 10, 30 and 40s are 

shown in Figure 1A and 1B, respectively. Rietveld refinements were also performed to better 

estimate the average crystallite size (A.C.S) and lattice parameters for each sample. The results of 

our refinements are presented in Table 1, and plots of the final refinement cycles can be seen in 

Figure S1. 
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Figure 1. Evolution of (A) X-Ray diffraction patterns and (B) Raman spectra of Zn-based 

materials as a function of residence time (tR). 

 

Table 1. Values of average crystallite size (A.C.S.) and lattice parameters as obtained from 

Rietveld refinements of materials prepared at several residence times. The space groups used to 

perform the refinements where Pa-3 and P63mc for ZnO2 and ZnO, respectively. 

Residence time tr (s) 6 10 30 40 

Crystalline phase ZnO2 ZnO2 ZnO ZnO 
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A.C.S. (nm)  2.3 ± 0.1 2.9 ± 0.1 12.9 ± 0.1 30.8 ± 0.1 

Lattice parameters (Å) a=4.864(1) a=4.867(1) 
a= 3.250(1) 

c= 5.208(1) 

a= 3.250(1) 

c= 5.207(1) 

R-factor 2.52 1.26 5.54 6.90 

χ2 2.21 0.329 0.746 0.344 

 

A clear dependence of the crystalline structure as a function of the residence time can be 

observed. On one hand, the samples synthesized at lower residence times (6 s and 10 s) exhibit 

patterns consistent with a zinc peroxide cubic phase with a lattice parameter of 4.864 Å (ZnO2, 

JCPDS card No. 13-0311).42-46 On the other hand, the samples synthesized at higher residence 

times (30 s and 40 s) exhibit patterns consistent with a zinc oxide hexagonal phase with lattice 

parameters of a=3.250 Å and c=5.207 Å (Wurtzite structure, JCPDS No. 00-036-1451). These 

results are consistent with Raman analyses displayed on Figure 1B, which show a clear transition 

from ZnO2 to ZnO between 10 s and 30 s residence time. Crystallite sizes also appear to be 

increasing with residence time, ranging from 2.3 nm at 6 s to 30.8 nm at 40 s. 

In order to confirm the presence of ZnO into ZnO2 nanoparticles, XPS measurements were 

performed on the samples obtained with 6 s and 40 s residence times. Figure 2 shows XPS survey 

spectra of the sample obtained with 6 s residence time at low and high energy regions. 
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Figure 2. XPS survey spectra at low and high energy regions of ZnO2 sample obtained with 6 s 

residence time. 

The survey spectra of this ZnO2 sample have several lines, which can be attributed to Zn3s,3p, 

O1s, C1s atoms. Additionally, these spectra exhibit Auger lines of Zn atoms such as ZnML1 and 

ZnML2 peaks. The spectra of the ZnO NPØ sample obtained with a residence time of 40 s (not 

shown here) have similar shapes to that of the 6 s residency ZnO2 sample. High-resolution XPS 

spectra were measured on Zn3p (Figure 3C and D) and O1s (Figure 3A and B) atoms for both 

samples in order to get information concerning the presence of ZnO phase in ZnO2 nanoparticles. 

Measurements on Zn3p proved a Zn2+ oxidation states for all Zn atoms in both samples. Figure 3A 

shows the XPS spectrum of the sample obtained with 6 s residence time. This spectrum can be 

fitted with three functions corresponding to binding energies at 530.6 eV, 532.2 eV and 533.2 eV. 

 

 

Figure 3 High resolution XPS spectra measured on O1s (A and C) and Zn3p (B and D) atoms for 

the samples obtained with 6 s (A end B) and 40 s (C and D) residence times. 
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According to Dupin et al. the binding energy of O1s atom in the range of 527-530 eV is 

characteristic of O2- ions in metal oxides.47 The binding energy in the range of 530.6-531.1 eV is 

characteristic of oxygen species integrated in the material O2
2-. The binding energy in the range of 

531.1-532 eV is due to low coordinated oxygen species, which may be described as “O-“ ions. 

Khallaf et al. have also reported O1s XPS spectra for ZnO2, where the observed binding energy for 

ZnO2 is equal to 532 eV, while annealed ZnO2 sample exhibits XPS line at 530 eV corresponding 

to ZnO.48 Thereby, the binding energies of O1s atom in the sample obtained with a residence time 

of 6 s at 530.6 eV, 532.2 eV and 533.2 eV could be attributed to O2-, O- from O2
2- ions and oxygen 

originating from the organic functions as C=O, COO-, respectively. 

A high resolution O1s XPS spectrum of the sample obtained for the 40 s residence time sample 

is presented in Figure 3C. As in the previous case, this spectrum can be fitted with three functions 

with corresponding binding energies of 530.6 eV, 532.2 eV and 533.5 eV, and these binding 

energies can also be attributed to O2-, O- and C=O, COO-, respectively. The quantification based 

on XPS spectra resulted in, for the 6s residence time ZnO2 sample, 9.02 at% O2- and 24.53 at% O-

, and for the 40s residence time ZnO sample, 22.67 at% O2- and 14.09 at% O-. It should be noted 

that all information gathered by XPS relates to the near surface region of the investigated material. 

According to XRD, Raman and XPS characterizations, ZnO Wurtzite phase is mainly obtained 

in experiments at longer residence times (30 s and 40 s), while a ZnO2 cubic phase is observed for 

the shorter residence times (6 s and 10 s). These experimental results are consistent with a 

hypothesis that ZnO nanoparticles could be formed through the intermediate ZnO2 phase formed 

by Zn(acac)2∙H2O transformation in the presence of H2O2 in a supercritical ethanol/water mixture. 

Moreover, it is known that ZnO2 is a compound with a quite low decomposition temperature equal 
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to 200°C.48-51 Thereby, ZnO2 intermediate nanoparticles could be thermally decomposed to ZnO 

in the supercritical reactor used in this work (250 °C, 25 MPa). 

In situ powder diffraction measurements were performed in order to highlight the conversion of 

a ZnO2 intermediate phase into the final ZnO nanoparticles. The precursor solution was first 

pressurized at 25 MPa, then the temperature was increased step by step in order to slow the reaction 

down and be able to see this phase transition. Indeed, at a fixed temperature of 250°C, the reaction 

is too fast (a few seconds) to measure diffraction patterns with good statistics. Figure 4c shows 

that the ZnO2 intermediate phase starts to be formed at room temperature and is stable up to 150°C. 

Then, when the temperature is further increased, this intermediate phase starts to disappear, and at 

200 °C the ZnO phase appears. 
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Figure 4 Pawley profile refinements of in situ powder diffraction data measured at (A) 225°C and 

(B) 125°C, and (C) in situ powder diffraction patterns for the series of increasing temperature, 

showing a clear structural transition at approximately 175°C. 

 

Data at 225°C (Figure 4a) are fit using the P63mc space group (n 186) of Wurtzite-type ZnO 

with refined lattice parameters of a=3.291(1) Å and c=5.257(2) Å. This is consistent with reported 
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ambient temperature lattice values for bulk ZnO of a≈3.25 Å and c≈5.206 Å (ICSD 162843, Kim 

et al. 200852). A crystallite size around 20 nm is estimated from the refined Lorentzian size 

parameter. 

Data at 125 °C (Figure 4b) are fit using the cubic Pa-3 space group (n 205) of pyrite-type ZnO2 

with a refined lattice parameter of a=4.947(1) Å. This is consistent with the reported ambient 

temperature lattice value for bulk ZnO2 of a≈4.87 Å (ICSD 60763, Pušelj et al. 198553). A 

crystallite size arround 2.5 nm is estimated from the refined Lorentzian size parameter. 

The values of crystallite sizes obtained in situ at both temperatures are consistent with the range 

deduced from ex situ measurements. This evolution supports the idea that ZnO2 is an intermediate 

seed that will then be reorganized into ZnO with an increase of temperature. Note that the refined 

lattice values are consistently larger than the cited bulk literature values, as expected due to thermal 

expansion of the unit cell at the elevated measurement temperatures and possible atomic relaxation 

effects due to the nanoscale particle size. An excellent fit to the experimental data is observed at 

both temperatures, with Rwp=1.6 % and 1.5 % for 225 °C and 125 °C, respectively.  

Results of HRTEM analyses are displayed in Figure 5. Micrographs obtained at high 

magnification and corresponding size histograms are shown for each of the four samples 

previously described. Every sample exhibits rather spherical nanoparticles of sizes seemingly 

increasing with residence time (3.4 ± 0.6 nm after 6 s, 4.6 ± 0.8 nm after 10 s, 12.8 ± 3.5 nm after 

30 s and 12.9 ± 3 nm after 40 s). However, no significant evolution can be observed between the 

last two samples, indicating that the Zn precursor is completely decomposed after 30 s in the 

reactor. Moreover, TEM micrographs reveal a good crystallinity which is specific to materials 

obtained in supercritical conditions.54 There is a good agreement between A.C.S determined by 

XRD and nanoparticle size determined by TEM, except for the sample obtained at 40s. A reason 
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for this observation could be the settling of the particles inside the reactor. Indeed, in order to reach 

longer residence times, the flowrate (and therefore the flow velocity) needs to be reduced. Hence, 

the inertial forces acting on the NPs are weaker, which could result in NPs deposition inside the 

reactor. For 6, 10 and 30 s residence time, ZnO nanoparticles are recovered continuously with no 

material being extracted during the reactor cleaning step. This is not the case for the sample 

recovered at 40 s residence time, thus supporting our hypothesis. HRTEM and all the other 

characterizations have been performed on the nanoparticles recovered continuously, except XRD 

performed on both kinds of nanoparticles (recovered continuously and after cleaning, meaning 

with the highest residence time in the reactor and the biggest size) to get enough material for the 

analysis. 
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Figure 5 HRTEM micrographs of ZnO2 nanoparticles and corresponding histograms for the 

samples obtained with a residence time of (A) 6 s, (B) 10 s, (C) 30 s and (D) 40 s. 

 

As a conclusion, all ex situ and in situ analyses revealed that the ZnO nanoparticles synthesized 

with the supercritical route originate from the thermal decomposition of a ZnO2 phase, leading to 

a peculiar “ZnO2-like” surface, as depicted in Figure 6. The surface is believed to be the reason 

for the observed purely excitonic emission (see below), as further heat-treatment leads to the 
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appearance of a visible emission feature (Figure S2),34,35 which also underlines how important 

H2O2 is to prevent the stabilization of oxygen vacancies both in the core material and on its surface 

(Figure S3). 

 

 

Figure 6 Diagram of ZnO nanoparticles growth through thermally induced ZnO2 decomposition 

in the supercritical reactor. 

 

Description of the excitonic emission 

A freshly-prepared suspension of nanoparticles (NPØfresh) and another sample prepared 

12 months prior and stored in ethanol (NPØ) were deposited on a quartz plate to be deeply optically 

characterized. A single crystal provided by Tokyo Denpa Co., Ltd was also characterized under 

the same conditions to provide a reference of the spectral distribution obtained with our particular 

set-up. The luminescence measurements were performed at liquid Helium temperature to enable 

the identification of excitons. 

Emission spectra were obtained under excitation at a 325 nm wavelength. No difference could 

be observed between NPØ and NPØfresh, proving the good stability of the particles over time when 

stored in ethanol. Figure 7 illustrates results for the NPØ and the single crystal. A well-structured 
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ultraviolet emission is present in both samples, however the single crystal also shows traces of a 

visible band whereas the corresponding range is flat for the NPØ (Figure 7A, Figure S4). 

Figure 7B shows the band-edge region of the NPØ emission spectrum between 3.25 eV and 

3.4 eV where three narrow peaks can be distinguished. In order of decreasing intensity: the first 

line is detected at 3.375 eV (367.6 nm); the second one is detected at 3.32 eV, which is 55 meV 

(456 cm-1) lower than the first one ; and the last, smaller one is detected at 3.34 eV, in between the 

two more intense ones. 

 

Figure 7 Luminescence spectra of ZnO materials performed at liquid Helium temperature. 
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(A) Excitation and emission spectra and (B) zoom in the UV range for the NPØ. (C) Emission 

spectrum and (D) zoom in the UV range for the single crystal. 

The excitation spectrum of the NPØ was collected by fixing the emission wavelength at 373 nm. 

The excitation spectrum is constituted of several groups of lines. The classical nomenclature for 

the threefold degenerated sub-valence bands, which are labelled as A, B and C from top to bottom, 

respectively in the ZnO Wurtzite type semiconductor, has been chosen to name the different lines 

observed. The exciton having a hydrogen-like set of energy levels, and these last ones can be 

expressed as follow: 

𝐸𝑛 = 𝐸𝑔𝑎𝑝 −
𝐸𝐼

𝑛2
 

n being the main quantum number, and EI the exciton ionization energy. 

 

Table 2 lists the peak positions and their potential attribution. Data observed on single crystals 

and reported by D.G. Thomas and W.Y. Liang et al. are indicated for comparison.6,55 Some 

additional calculated positions are given assuming the 1/n² relation for the successive quantum 

states.55-58  

 

Table 2. Position of the intrinsic exciton state at 4.2 K. (*calculated) (**not well discriminated) 

Exciton 

nature 

Quantum 

state 

NPØ particles Single crystal6,55 

Peak position 

(eV) 

Ei-EAn=1 

(eV) 

Peak position 

(eV)53 

Peak position 

(eV)6 

A 

n=1 

n=2 

n=3 

n= 

3.375 

3.421 

3.429* 

3.436* 

--- 

0.046* 

0.054* 

0.061* 

3.3768 

3.4225 

--- 

3.4358* 

3.3781 

3.4282 

3.4375* 

3.4449* 
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B 
n=1 

n=2 

3.382 

--- 

0.007* 

--- 

3.3830 

3.4275 

3.3856 

3.4324 

C n=1 3.42** 0.045* 3.4215 3.4264 

 

Considering the experimental data listed in Table 2, the exciton ionization energy (EI), has been 

calculated as follows, giving a value of 0.061 eV. 

𝐸𝐼 =  
4

3
 (𝐸2 − 𝐸1) 

with E1=3.375 eV* and E2=3.421 eV* (*experimental value illustrated in Figure 7). 

 

Surprisingly for such small particles, these energies associated with peak positions detected on 

the excitation curve are in excellent agreement with those observed in low temperature polarized 

transmission spectra performed on single crystals and described in references.6,59 This definitely 

confirms the good crystallinity of the nanoparticles. 

A comparison between the excitation and emission curves shows a good matching between the 

highest energy emission line located at 3.375 eV and the lowest energy absorption line (Figure 7, 

A and B for nanoparticles, C and D for the provided single crystals). Emission lines ranging from 

3.375-3.38 eV are fully described in the literature. These peaks are attributed to the reverse 

absorption phenomenon i.e. the direct radiative electron-hole recombination called free excitonic 

recombination (FX line). Concerning the nanoparticles, within these FX radiative emissions, one 

can distinguish several types of free excitonic recombination depending on the energy levels 

involved in the transition. (labelled as FXA, FXB, FXC
60…) The energy difference between FXA 

and FXB is generally comprised between 7 meV and 10 meV, FXA being the line at lower energy,6-

8,61 which is consistent with the energy difference observed on the excitation curve. However, 

many reports62-64 on ZnO nanowires, films and nanorods show that FX associated emission appears 
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at temperature higher than 10 K after the depopulation of traps which gives lines peaking between 

3.358 eV-3.367 eV.59 This lower energy emission originates from excitons bound with ionized or 

neutral donors (D+, D0) or neutral acceptors (A0) thus forming D+X, D0X and A0X centers. Such 

an emission was reported as intense narrow emission peak at low temperature observed in ZnO 

single crystals, films and nanowires.57,65-70 

In addition to FX and the bound excitons, some authors report the existence of lines between 

3.32 eV and 3.34 eV.63,70,71 These emissions are called two-electron satellite (TES) transitions. 

TES is originated from the radiative recombination of a neutral donor bound exciton (D0X) with a 

neutral donor and excited free exciton. Therefore, TES emission could only be observed in the 

presence of neutral donor bound exciton emission.56  

Low temperature luminescence measurements have been carried out on various ZnO 

nanostructures (Table S1). To our knowledge, the smallest structures to exhibit FX emission at 

low temperature are nanorod-like structures with sizes down to 50 nm. Moreover, spectral features 

linked to bounded excitons are described as groups of thin lines in the 3.365-3.368 eV range, i.e. 

at lower energies than the most observed intense line, however no such contributions can be 

observed in Figure 7B. 

The presence of emission lines at energies classically associated with free exciton recombination 

is rather unexpected for nanostructures such as NPØ. However, two hypotheses can be formulated: 

either (i) a quantum confinement effect due to small particle sizes generates a shift of bound 

exciton emissions towards higher energies, or (ii) the specific synthetic route avoids the 

stabilization of intrinsic point defects leading to unhindered free excitonic emissions. In the former 

case, according to V. A. Fonoberov et al. and their study on ZnO nanoparticles ranging from 

1.6 nm to 6 nm,72,73 UV emissions could arise from the recombination of either confined excitons 
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(observed in particles with radii lower than 2 nm) or surface-bound ionized-acceptor-exciton 

complexes (leading to a 100-200 meV Stokes shift), depending on fabrication process and surface 

quality.  

However, no Stokes shift can be observed between the excitation and emission graphs on 

Figure 7, and the average crystallite size of NPØ has been estimated at 13 nm, a much higher value 

than the Wurtzite ZnO Bohr radius (2.34 nm74,75), which invalidates our first hypothesis. 

Therefore, the latter hypothesis is retained, meaning the most intense line can be attributed to FXA 

free-excitonic recombinations. Our singular route, leading to small sizes and good crystallinity, 

can thus be held accountable for the absence of local defect centers which would otherwise trap 

the electron-hole pairs generated under UV excitation and which are required for the observation 

of bound excitons in the expected 3.35-3.37 eV energy region. 

The second broader line detected at lower energy than the FXA line is peaking at 3.32 eV (energy 

difference being equal to 56 eV/452 cm-1). In order to understand the nature of the emission lines, 

Raman spectroscopy measurements were performed (Figure 1B) and the Raman diffusion graph 

of the NPØ was superimposed onto the emission spectra which was shifted for the main peak to be 

positioned at 0 cm-1 (Figure 8). 
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Figure 8 Superimposition of the emission spectrum measured at 10 K (ex = 325 nm) and the 

room temperature Raman spectrum of ZnO nanoparticles. 

 

Besides confirming the ZnO phase, a good agreement is observed between the vibrational energy 

of the E2 high non polar mode at 436 cm-1 and the second line peaking roughly 456 cm-1 below the 

most intense line. The investigations of the optical phonons and the emission properties of ZnO 

have been provided by a number of groups.76-82 The Wurtzite-type ZnO unit cell presents 

12 phonon modes, 9 of which are optical. The zone-centered optical phonons can be classified 

according to the following representation: Γopt=A1+E1+2E2+2B1. The A1 and E1 optical modes are 

polar and both Raman and IR active, the two E2 modes are nonpolar and Raman active only, and 

the B1 optical mode is inactive. Raman shifts are equal to 437 cm-1, 583 cm-1 and 574 cm-1 for 

optical modes E2, E1(LO) and A1(LO), respectively.76-78 Temperature dependence of Raman 

scattering of E2-high, A1(LO) and E1(LO) modes have been reported by Cuscó et al.79 The authors 

describe the evolution of intensity and the frequency shift to higher values as temperature decreases 

from 750 K to 80 K. The E2 high mode expected at higher frequencies for lower temperatures can 

justify the small shift observed in Figure 8 between the Raman and the emission spectra shown at 
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10 K. At low temperature, the emitted state in the emission spectra of ZnO single crystals, nanorods 

and films are mostly attributed to the coupling of excitons with A1(LO) phonons and E1 optical 

Raman modes as shown in Figure 8 and Table S1, the energy difference being equal to about 

75 meV (585 cm-1). Jeong et al.81 have more recently reported the broadening of linewidth of 

acceptor bound exciton line (A0X) located at 3.3581 eV at 13 K resulting from a coupling with the 

E2-high vibration phonon mode. Considering the calculated energy difference observed between 

the most intense lines and the possibility to observe a coupling between the FXA excitons and the 

E2 high nonpolar mode, the line located at 3.32 eV (373.8 nm) should be attributed to a vibronic 

transition. 

Moreover, additional Raman spectroscopy analyses confirm the presence of two different 

structures according to residence time (Figure 1B). Raman spectra of the samples synthesized at 

higher residence times (30 s and 40 s) display two obvious vibrational bands at 415 cm-1 and 437 

cm-1 corresponding to E1 polar and E2-high nonpolar optical Raman mode of ZnO Wurtzite 

structure.77 However, the spectra of the samples obtained at lower residence times (6 s and 10 s) 

both show a strong and broad band located at 838 cm-1, which was observed before in ZnO2 

nanoparticles,49-51,83-85 and was attributed by Uekawa et al. to the stretching vibrations of the O-O 

bond of the peroxo ion (O2
2-),50 thus corroborating the XRD data. Yet, they also show a weak and 

broad band between 395 cm-1 and 419 cm-1, which could be attributed to the E1 polar mode of ZnO 

Wurtzite structure, although the respective XRD patterns show no evidence of a ZnO phase in 

those samples. This result can be explained by a ZnO phase inside the ZnO2 particles at a 

concentration below 5 wt%, corresponding to the XRD sensitivity threshold, thus providing further 

proof of the previously stated hypothesis regarding the thermal decomposition of ZnO2 into ZnO. 
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Finally, a small peak is also visible at 3.340 eV between the two more intense lines (Figure 7B). 

This peak observed at 4 K, although close to the TES energy region, cannot be attributed to such 

emission as no bound exciton lines or additional visible emission corresponding to donor or 

acceptor defects was observed on the emission spectra, as mentioned previously. In addition, S. 

Inguva et al. also reported a novel emission at 3.331 eV, proposing its origin to be linked to an 

electron-hole recombination at structural defects associated with the boundary interface region of 

the crystalline-ZnO@amorphous-ZnO core/shell nanorods grown on Si (100) wafers.86 Thonke et 

al. pointed lines in this energy range due to basal plane stacking faults (BSF) of the Wurtzite type 

structure,86-88 corresponding to the thinnest segment of ZnO Blende phase inserted in the Wurtzite 

matrix. They identified the peak at 3.329 eV as the recombination of the confined indirect exciton 

in the BSFs. 

Considering that the NPØ sample comes from the decomposition of ZnO2 cubic nuclei,89 this last 

hypothesis seems to be a better explanation for the small contribution observed around 3.34 eV 

(371 nm). The final attribution of NPØ emission peaks is indicated in Table 3. 

 

Table 3. Final attribution of the peaks observed in ZnO nanoparticles synthesized via the 

supercritical fluids route. 

 FXC FXB FXA D0X 
A0X 

 BSF 

TES 

 FXA - E2 high 
LO-DX LO-FX 

NPØ 

(This work) - 3.382 3.375 - 3.34 
3.32 

(FXA - E2 high) 
- - 
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Conclusions 

In summary, an array of characterizations was performed in order to deduce the structure and 

supercritical-fluids-induced growth mechanism leading to ZnO nanoparticles with a pure excitonic 

luminescence. Ex situ analyses on samples synthesized at different residence times and in situ 

analyses on growing particles confirmed the formation of ZnO via thermal decomposition of a 

prior ZnO2 phase, thus leaving a peculiar “ZnO2-like” surface at the origin the optical properties. 

These photoluminescence properties were investigated in detail using low temperature 

measurements, confirming a strong excitonic emission in the UV region with no visible band, and 

shedding light on a phonon coupling with the E2 high mode. 
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