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The effect of liquid medium and its pressure on the photoluminescence of ZnO nanoparticles
prepared via laser ablation of Zn targets in various water-ethanol mixtures is studied. As the
ethanol content increases, the photoluminescence of the product changes, while metallic zinc is
observed to emerge in nanomaterials prepared in ethanol-rich environments. The applied
pressure had a less profound effect, mainly affecting materials produced in water or water-
ethanol, and much less those generated in pressurized ethanol. Tuning the reactivity of the liquid
and pressurizing it during laser ablation is demonstrated to be promising for tailoring the

emission properties of the product.



Recently, ZnO has been one of the most studied semiconductor materials with countless potential

applications in optoelectronics, nanotechnology, biomedicine, energy conversion and other related fields

[1-21]. Various nanostructures of ZnO have been synthesized via solvothermal approaches [3,6,7,11],

CVD [6,15], microwave irradiation [19], as well as laser ablation in liquid (LAL) media [4,5,16,17,20-27],

to name just a few techniques. The latter method, LAL, has recently become a very convenient, simple

and versatile approach to prepare diverse nanomaterials at the laboratory scale [4,16,17,20-29]. In this

approach, a solid target immersed into a liquid medium is typically ablated by a focused laser beam,

which makes it possible to prepare nanomaterials using minimum amounts of solvents and nominally at

room temperature, while the chemistry, morphology and size of the product are governed by the liquid,

target and laser parameters used [4,16,17,20-29]. In addition, the recent use of high pressure (i.e.

ablating in cells with pressurized liquid media) seems to extend the capability of this preparation

technique to control the product properties [5,25,30,31].

Though quite extensive studies have been conducted on ZnO nanomaterials prepared via LAL,

there is no complete understanding of how such structures form and how to control their morphology,

size and optical properties, for instance, photoluminescence (PL). This can be explained by using

different laser parameters in different research groups, as well as using mainly neat water (sometimes

with surfactants) as liquid medium [5,16,17,20,23,25,27]. The information on ZnO nanoparticles (NPs)

prepared in organic media is very scarce [21,24,26]. The effect of medium pressure on ZnO NPs was only

studied in water, revealing smaller NPs formed at higher pressures [5,25]. In this work, ZnO NPs are

systematically prepared in water-ethanol mixtures and at different pressures using laser beam with fixed

parameters. The products are then analyzed by several techniques, with a special focus on their PL

properties, which are well-known to be closely related to various defects in such NPs.



The NPs were prepared in various water-ethanol mixtures, both at ambient pressure and

pressurized in the chamber previously descripted elsewhere [5,30]. Zinc metal plates (99.9 %) were

ablated by a second harmonic (532 nm) of a Nd:YAG pulsed laser (Continuum, Surelite) with a repetition

rate of 10 Hz, pulse width of 5 ns, and fluence of ~30 mJ/pulse. The laser was focused on the Zn target by

using a lens with a focal length of 3 cm. The target was fixed inside the high-pressure chamber, so that

the incident angle of the laser beam (coming in though a sapphire window) was ~45°. The as-prepared

colloids were cast on Si wafers and dried naturally, after which they were analyzed by X-ray diffraction

(XRD) and PL spectroscopy. The latter PL measurements were conducted at room temperature with a He-

Cd laser (325 nm) as excitation source. The products were also evaluated by TEM, and results generally

consistent with the previously published research [5] were observed. Most of NPs had the sizes between

10 and 40 nm, while separate large NPs of 100-150 nm in diameter were occasionally seen in samples

prepared at atmospheric pressure [5]. While only ZnO NPs were prepared in water, those prepared in

ethanol and with bigger sizes often demonstrated crystal lattice of metallic Zn.

Figure 1 shows XRD patterns of NPs synthesized at atmospheric pressure (1 atm) in several water-

ethanol media with ethanol concentration from 0 to 99.5 vol.%. Peaks indicated by gray circles and blue

squares correspond to the wurtzite ZnO and metallic Zn, respectively. The patterns clearly show that the

majority of the products are wurtzite ZnO NPs, which agrees well with the previous reports

[5,16,17,25,27,32], while at higher ethanol concentrations (= 60 vol.%) in the media peaks of metallic Zn

gradually emerge. The relative peak intensity of the Zn phase is stronger in the products prepared in

ethanol-rich liquid media, indicating higher contents of metallic Zn in NPs prepared in media with 75-

99.5 vol.% of ethanol. This finding can be explained by the lower oxidation capability of ethanol in

comparison with water and generally agrees well with the results previously published by Niu and



coauthors who reported on NPs with metal cores and oxide (or sulfide) shells when a liquid with low

oxidation potential was applied [24,26].

The results of PL analysis are shown in Fig. 2a where normalized spectra for NPs prepared at 1 atm

and in 8 liquid mixtures with different composition are presented. It is clearly seen that the ethanol

concentration in the liquid affects the nature of prepared NPs, which is mainly seen as (i) the intensity

change in the UV range around 370 nm and (ii) a shift of the broad visible emission at different ethanol

concentrations.

To reveal the effect of the liquid media on the product more clearly, the PL spectra were curve-

fitted using six Gaussian functions similar to those previously reported in the literature [6,8]. As an

example, Fig.2b presents the results of curve-fitting for the PL spectrum of the sample prepared in 75

vol.% of ethanol. For simplicity, in the text below, the UV emission is referred to as the near-band-edge

(NBE) emission, although it is known to come from several different origins. The main sources were most

likely the free exciton and conduction-band-to-acceptor transitions [33], since the experimentally

detected UV emission was well fitted by two Gaussian peaks, thus implying two origins. As revealing

such origins requires additional complex studies at very low temperatures [33], the UV peak (as a sum of

two Gaussian peaks) is simply treated below as the NBE emission. Meanwhile, the visible emission near

550 nm was curve-fitted as having four peaks at 478, 516, 569, and 629 nm. The three peaks at 516, 569,

and 629 nm are assigned to singly-charged oxygen vacancies (Vo*), doubly-charged oxygen vacancies

(Vo**), and interstitial oxygen (O;) defects, respectively [2,6,9,10,12-14]. The latter O; defects are believed

to be mainly located at the surface of ZnO NPs [2]. The peak at 478 nm (labeled as Zni-Vz, peak below)

was assigned to the donor-to-acceptor transitions, with interstitial Zn (Zn;) and Zn vacancies (Vzn) being

the donor and acceptor, respectively [2,6,34,35]. The obtained area fractions of the peaks are shown in



Fig. 3 as a function of ethanol volume fraction in liquid medium during NP preparation.

At ethanol concentrations in the liquid medium below 50 vol.%, where the peaks of metallic Zn

are not confirmed by XRD (see Fig.1), the area fraction associated with the Vo* defects (green filled

triangles) increases while that of the Vo?* defects (red circles) slightly increases over ethanol

concentration, as well seen in Fig.3a. This implies that the total number of oxygen-related vacancies

increases as the amount of stronger oxidizer, H,0, decreases in the system. In agreement with the overall

gradual increase in the density of oxygen vacancies, the area fraction of the O; defects is seen in Fig.3a

(black filled squares) to decrease in the same ethanol concentration range (0-50 vol.%). In parallel, the

area fraction of the NBE emission increases (see Fig.3b). As the number of surface-related defects

reduced, the UV emission related to the interband transition of the ZnO NPs was expected to increase,

which is indeed seen in Fig.3b (empty circles) at ethanol concentrations between 0 and 50 vol.%.

Relatively higher ratios of UV to visible emission in ZnO nanomaterials were previously reported to be

indicative of their improved crystallinity [18]. This was explained by the interruption of the exciton UV

emission via the trapping of electrons or holes at disorders in semiconducting materials with lower

crystallinity [18]. Therefore, the combination of a minimum in surface defects (black squares in Fig.3a)

and maximum contribution of the NBE peak (Fig.3b) in the NPs prepared at 50 vol.% of ethanol permit

to assume that ZnO NPs prepared in this liquid had improved crystallinity.

Interestingly, almost all PL trends in Figs.3a,b change their behavior when the NPs are prepared in

liquids with ethanol concentrations over 50 vol.% (see Fig.3). In accordance with Fig.1, where peaks of

metallic Zn clearly emerged in the XRD patterns of samples prepared in ethanol-rich media, it can be

assumed that it was the appearance of this phase in ZnO NPs that drastically changed the situation. As a

result, the behavior of PL emission of the materials prepared in ethanol-rich media is rather complex. As



seen in Fig.3b, at 50 to 60 vol. % of ethanol in the medium, the relative intensity of the NBE emission

decreases along with that of the singly-charged oxygen vacancies (green triangles in Fig.3a). While the

precise mechanisms are still to be revealed, the appearance of metallic Zn inside ZnO NPs is believed to

lead to the dominance of surface-related defects over bulk ones, resulting in the recovery of the O;

defect density and the weakening of the NBE and V,* emissions (black filled, black empty squares, and

green filled triangles, respectively, in Fig.3). The small peak observed in the Zn;-Vz, trend at ~60% (blue

empty triangles in Fig.3a) can be attributed to a density balance between the Vz, (as acceptors) and Zn;

defects (as donors). As the amount of H,O (as stronger oxidizer) in the medium decreases and metallic Zn

phase emerges inside ZnO NPs, it is reasonable that the density of Vz, decreases while that of Zn;

increases [2,36].

At very high ethanol concentrations in the liquid media (75 to 99.5 vol. %), the visible PL emission

of the product NPs moves to the shorter-wavelength region as the NBE signal fraction decreases (Fig.2a,

3b). This should also be attributed to a gradually decreasing oxidation capability of the liquid mixture.

Therefore, the signal fraction of the O; defects, which has the largest area and thus is the most influential

on the total signal strength, decreased. The use of such ethanol-rich environments with low oxidizing

potential might also lead to an increase in the densities of singly-charged oxygen vacancies and Zn

interstitials [2,36], enhancing the V" and Zn;-Vz, related emission, though the increase of their emissions

might be partially attributed to the reduction of the O; defects.

The effect of medium pressure on the PL spectra of ZnO NPs produced via LAL in different water-

ethanol mixtures was also studied. Figures 4a,b show how the area fractions of the O; (a) and NBE (b)

related peaks changed as a function of externally-applied pressure for three ethanol concentrations (0,

50, and 99.5 vol.%, respectively black, red and green symbols) in liquid media pressurized from 1 atm to



13 MPa. The area fractions of the other peaks (Vo*, Vo** and Zni-Vz,) did not show any noticeable

changes with pressure and thus are not shown.

It is well seen in Figs.4a,b that with increasing pressure in pure water (black symbols) or water-

ethanol mixtures (red symbols), both peaks related to the O; (a) and NBE (b) defects demonstrate certain

trends. In contrast, the use of ethanol as a medium for ablation did not allow for much control over the

O; defects (green filled squares in Fig.4a). This might be attributed to a relatively high amount of a

metallic Zn phase in the product. In both water and water-ethanol media, with increase of pressure, the

O; area fraction increased (black and red squares in Fig.4a), whereas the NBE area fraction decreased

(black and red empty squares in Fig.4b). This trend is very likely to be owing to the shorter lifetimes of

the cavitation bubble, where ablated Zn species react with the media and form ZnO NPs. Shorter

lifetimes of the cavitation bubble were previously observed with pressure increase of the medium

[5,25,30,31]. The quenching effect, which is characteristic of nanomaterials produced via LAL [24,28,29],

is expected to be even more rapid in the cavitation bubble with a shorter lifetime. This implies that in

pressurized liquids the NPs should form even faster, which, e.g., was previously reported to give rise to

smaller ZnO NPs prepared via LAL in neat water [5,25] as their agglomeration was believed to be

suppressed under such conditions. Thus, a higher density of surface defects can be expected as a result

of a larger surface-to-volume ratio in such smaller particles formed at higher pressures. Furthermore, the

rapid quenching at higher pressures is likely to cause more defects in the formed NPs. However, why it

was only the O; defect to follow this trend with pressure (black and red squares in Fig.4a) still remains

unanswered. The most remarkable drop is seen for the NBE emission observed in ZnO NPs laser-

produced in water-ethanol mixtures (red empty squares in Fig.4b), as the area fraction of the

corresponding peak dropped down to zero at ~13 MPa. Since the ZnO NPs prepared in a similar water-



ethanol mixture at 1 atm indicated the strongest UV emission (black empty squares in Fig.3b), the

pressure effect on such defects is visible.

In summary, the defects in ZnO nanoparticles prepared via laser ablation of the Zn target in

various water-ethanol mixtures pressurized from 1 atm to 13 MPa were investigated by means of PL

spectroscopy. The produced nanomaterials were also analyzed by X-ray diffractometry, revealing the

appearance of metallic Zn, in addition to the main ZnO phase, in products ablated in media with ethanol

content over 50 %. The PL measurements demonstrated that both using different media for ablation and

changing medium pressure significantly influenced the amount and nature of defects in the particles. At

50% of ethanol in the medium, the ZnO nanoparticles contained the small signal fraction of interstitial

oxygen defects and emitted the strongest UV light, implying the product probably had the highest

crystallinity. As the ethanol content in the liquid was more than 50 %, metallic zinc emerged partially in

the particles, resulting in more surface defects. The medium pressure was also found to affect the

defects in ZnO. With the increase in pressure, the signal of oxygen defects increased while the near-

band-edge related emission weakened. The effect of pressure was believed to be mainly associated with

drastically shorter lifetimes of the cavitation bubble, where the ZnO nanoparticles form during laser

ablation: as the quenching stage was much shorter and more rapid in pressurized media, this

significantly influenced the defect nature in the produced nanostructures. Thus, both the use of media

with different water-ethanol ratios, as well as external pressure, during laser ablation permit to control

various defects produced in ZnO nanoparticles, helping tailor such materials for various applications.
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FIG. 1. XRD patterns of samples prepared via ablation of metal Zn in water-ethanol mixtures at
1 atm (with ethanol concentration of 0, 50, 60, 75 and 99.5 vol. %, from bottom to top). The peaks
at ~54° are from Si substrates, while the other peaks were indexed as those of wurtzite ZnO (gray

circles) or metallic Zn (blue squates).
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FIG. 2. (a) Normalized photoluminescence spectra of samples prepared via ablation of metal Zn
in water-ethanol mixtures at 1 atm (with ethanol concentration of 0, 25, 50, 60, 75, 80, 90 and 99.5
vol.%, from bottom to top). (b) Example of multi-Gaussian curve-fitting, sample prepared in liquid
with 75 vol.% of ethanol at 1 atm. Black squares represent experimental data and solid green line is
fitted curve as the convolution of the other lines (see legends for the corresponding defects or

transitions).
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