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Abstract 

Paper deals with the important question of the influence of plasma treatment on the luminescence properties 

of the ZnO nano- and microrods especially after the annealing in air at 700 ℃. The annealing in air at 700 ℃ 

significantly suppresses excitonic luminescence (it is practically vanquished). However, hydrogen plasma 

treatment makes the excitonic luminescence to raise up again surpassing the initial level of intensity in the as 

grown sample. The influence of Er content on this effect has been studied. Temperature dependence of the 

excitonic band has been measured as well on example of the Er doping level at 0.25%. Interestingly, hydrogen 

plasma treatment applied after the annealing in air at 700 ℃ had strong influence on the excitonic intensity of 

the photon energy distribution as a function of temperature. Moreover, the effect of annealing in air and 

subsequent hydrogen plasma treatment on the allowed infrared 1.54 μm erbium transition is quite opposite. 

Exposure to hydrogen plasma leads after the annealing in air at 700 ℃ to the about double reduction of the 

1.54 μm erbium transition. This phenomenon practically does not depend on Er content. 

Keywords: ZnO nano- and microrods, plasma treatment, photoluminescence, excitonic band, defects-

related band 

1. INTRODUCTION 

Zinc oxide is one of the most studied materials all over the world, still gaining attention due to its magnificent 

properties including wide direct bandgap (3.37 eV), high thermal conductivity (50 W/mK) and high exciton 

binding energy (60 meV at 300 K) [1–3]. Moreover, some other properties give a credit to ZnO creating an 

added value. These are anticorrosion and antimicrobial abilities [4–7]. Altogether, all of these makes zinc oxide, 

especially, at the nanoscale a promising material for various applications such as scintillators and 

nanomedicine [8–11], photovoltaics and photocatalysis [12–14] and many others. 

Er supports growth of ZnO in the form of microrods. The larger the Er content (in the sequence 0.05 – 1%) the 

larger the microrods [15]. This and advanced experimental and theoretical studies led to the conclusion that 

erbium appears in the form of the ErxOy quantum dots serving as nucleation seeds [16]. 

The luminescence of the ZnO host is composed of the excitonic emission (having maximum at about 3.24 eV) 

and emission of native defects. The latter is observed within the 1-2 eV spectral region [17,18]. The typical 

defects in the ZnO nano- and microrods grown using hydrothermal growth are the neutral zinc vacancies (VZn 

at about 1.8-2 eV) and zinc dangling bonds (ZnDB at about 2.4 eV) [15]. However, luminescence properties of 

the hydrothermally grown ZnO are strongly affectable by Er doping.  

The red as well as the green bands increase upon the annealing in air at elevated temperatures up to 500 ℃. 

Further increase of the annealing temperatures led to the slight decrease of the intensity of these bands [15]. 
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Hydrogen plasma treatment results in the enhancement of the exciton-related luminescence band intensity. At 

the same time the VZn band intensity is decreasing. These processes depended on the Er doping level. The 

existence of energy transfer between the VZn and zinc interstitial was observed [19]. 

However, the influence of subsequent air annealing and hydrogen plasma treatment on the luminescence 

properties of Er doped ZnO nano- and microrods is unknown. This is the aim of the present work 

2. EXPERIMENTAL 

All of the analytical-grade reagents were used exactly as supplied, requiring no additional purification. 

Erbium(III) nitrate pentahydrate Er(NO3)3⋅5H2O was obtained from Sigma-Aldrich, while zinc nitrate 

hexahydrate (Zn(NO3)2⋅6H2O) and hexamethylenetetramine (HMTA, C6H12N4) were acquired from Slavus. A 

system called So-Safe Water Technologies, which has a conductivity of 0.20 µS⋅cm-1 at 25 ℃, was used to 

purify deionized water. The hydrothermal growth method was used to create undoped and Er-doped ZnO 

nanorods with nominal compositions ZnO:Er (0.05, 0.25, 1%). First, using a magnetic stirrer, 200 ml of 

deionized water was used to dissolve the equivalent stoichiometric quantities of Zn(NO3)2⋅6H2O and 

Er(NO3)3⋅5H2O, respectively. A Whatman 2 filter was used to filter the prepared solutions. For fifteen minutes, 

the filtered solutions were mixed and agitated at 400 rpm. In the final suspensions, the ZnO:Er(0.05, 0.25, 1%) 

had a nominal concentration of 25 mM. A 250 ml aqueous solution of HMTA at a concentration of 25 mM was 

then made. The solution was filtered through Whatman 2 straight to the Zn(NO3)2⋅6H2O and Er(NO3)3⋅5H2O 

mixing solutions after being stirred for 15 minutes. After stirring the reaction mixture, nanorods were 

hydrothermally grown by heating it to 90°C for three hours. After being separated and purified (by removing 

any remaining salts), the produced nanorods were centrifuged for 15 minutes at 18,000 rpm (RCF: 23,542 ×g) 

and then rinsed five times with deionized water. The samples were then lyophilized. 

A homemade spectrometer containing the following components was used to study the characteristics of 

photoluminescence (PL): (a) a pulsed ultraviolet (UV) light emitting diode (LED) with a wavelength of 340 nm 

and a power of 1 mW; (b) a narrow band pass optical filter; (c) a Peltier cooled photomultiplier that is sensitive 

in the 355-800 nm spectral range (2 nm spectral resolution); (d) a spectrally calibrated double gratings 

monochromator SPEX 1672; (e) long-pass filters; (f) a lock-in amplifier referenced to the LED frequency (307 

Hz).  

Luminescence spectra are presented in the energy scale by using the Jacobian correction to convert from 

wavelength scale. 

3. RESULTS AND DISCUSSIONS 

UV-visible PL spectra measured in the ZnO:Er(0.05, 0.25 and 1%) samples annealed in air art 700 ℃ are 

shown in Figure 1A. They are composed of at least three contributions/bands appearing at approximately 1.82 

eV, 2.4 eV and 3.25 eV. The origin of these bands is neutral zinc vacancy (VZn), zinc dangling bonds (ZnDB) 

and excitonic emission (En), respectively [15]. It is known from previous studies [15] that the VZn in the as 

grown ZnO:Er(Mo) samples has the tendency to increase upon the annealing temperature reaching maximum 

intensity in the range 500-700 ℃ (the intensity is doubled as compared to the as grown samples). Moreover, 

annealing in air is known to strongly reduce or even extinguish the excitonic emission.  

The intensity of the VZn, ZnDB and En bands depends on the Er doping level. The intensity of the VZn and ZnDB 

bands remains unchanged in the ZnO:Er(0.05, 0.25%) samples whereas it is about twice as large in the 

ZnO:Er(1%) sample. In contrast, the weak En band in the ZnO:Er(0.05%) is almost totally suppressed in the 

ZnO:Er(0.25, 1%). These are expected tendencies reported in [15]. They serve as a reference to the same 

samples annealed in air at 700 ℃ and subsequently treated by cold Ar + 5%H2 plasma (see Experimental). 

The corresponding PL spectra are shown in Figure 1B. 
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Figure 1 A - UV-visible PL spectra measured in the samples of ZnO:Er(0.05, 0.25 and 1%) annealed in air at 

700 ℃ as also indicated in the legend. B - UV-visible PL spectra measured in the samples of ZnO:Er(0.05, 

0.25 and 1%) annealed in air art 700 ℃ and subsequently hydrogen plasma treated as also indicated in the 

legend. En, ZnDB and VZn indicate specific emission bands originating from the excitonic luminescence zinc 

dangling bonds and neutral zinc vacancy [15]. 

They exhibit different trends as compared to the only annealed samples. The VZn band appeared about one 

order of magnitude suppressed in the ZnO:Er(0.25, 1%) while it was only fivefold weaker in the ZnO:Er(0.05%) 

after the plasma treatment. Oppositely, the ZnDB band was about one order of magnitude and triple increased 

in the ZnO:Er(0.05%) and ZnO:Er(0.25%), respectively, while it remained unchanged in the ZnO:Er(1%) after 

the plasma treatment. This has never been observed before in the as grown samples of ZnO:Er(0.05, 0.25, 

1%) nano- and microrods [15]. 

The En band became visible and very strong after the plasma treatment. The strongest it was in the 

ZnO:Er(0.05%). It is about twice as weak in the ZnO:Er(0.25,1%) as compared to the ZnO:Er(0.05%) sample.  

All of these indicate strong influences of the annealing in air followed by plasma treatment as well as erbium 

doping. Recently, ErxOy-like structures (quantum dots, QD) have been reported to serve as the nucleation 

seeds for the ZnO nano- and microrods growth [16]. Er is a donor and thus can contribute its electron through 

the ZnO/ErxOy boundary to ZnO. This electron can change the charge balance appearing at a neutral VZn 

making it negative. The larger the Er content, the larger the number of donor electrons. Note that it has 

previously been found that at doping eve of 1% only about one half of the initial erbium remains in the ZnO 

material. Ar + 5%H2 plasma is a reductive medium and injects electrons into the structure as well. Therefore, 

the VZn band exhibits the observed trends (Figure 1B). At the same time, hydrogen should interact with oxygen 

removing it thus contributing to the ZnDB and oxygen vacancies (VO) creation. Note that the hydrogen 

interacting with the surface of ZnO is not only in the form of a molecule (H2) but it is atomic (H) and ionic (H+). 

Therefore, one may expect high reactivity, much higher than in the case of the annealing in the reductive 

atmosphere. Oxygen is also building element for the ErxOy QDs. The lower the amount of these QDs the 

stronger the effect of hydrogen on the ZnO structure. The influence of the hydrogen plasma on the ErxOy QDs 

in this way can also be proven by measuring infrared PL of the main 1.54 μm Er3+ transition in all the samples. 

Note, that the existence of a shielding effect in ZnO:Er has been discussed in [15]. 

The IR PL spectra (the main 1.54 μm Er3+ transitions) of the samples studied (only annealed in air at 700 ℃ 

and also subsequently Ar + 5%H2 plasma treated) are shown in Figure 2. 
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Figure 2 A - IR PL spectra measured in the samples of ZnO:Er(0.05, 0.25 and 1%) annealed in air at 700 ℃ 

as also indicated in the legend. B - IR PL spectra measured in the samples of ZnO:Er(0.05, 0.25 and 1%) 

annealed in air art 700 ℃ and subsequently hydrogen plasma treated as also indicated in the legend. 

Naturally, the intensity of the main 1.54 μm Er3+ transitions is increasing but this trend is very weak in both only 

annealed and annealed and plasma treated samples. Due to this one may expect energy transfer or 

upconversion. Note that the maximum energy of the main Er transition is about 0.81 eV. Doubled it corresponds 

to 1.62 eV – the very beginning of the broad VZn. Unfortunately, this range is unreachable in the apparatus 

used (see Experimental). Therefore, the upconversion effect will be studied separately. 

Ar + 5%H2 plasma treatment resulted in the double decrease of the main 1.54 μm Er3+ transitions confirming 

the oxygen removal from the ErxOy QDs. Partial reduction of Er3+ to metal Er as well as Er2+ creation cannot 

be excluded in this case (see [16]).    

 

To get better insight into the effect of the plasma hydrogenation on the En band, it has been measured at low 

temperatures. The corresponding spectra are shown in Figure 3 on example of the ZnO:Er(0.25%) where the 

intensity of this band was the weakest among the samples. 

Figure 3 Temperature dependence of the 

En band measured in the ZnO:Er(0.25%) 

sample annealed in air at 700 ℃ with the 

subsequent plasma hydrogenation. E1,2 

are specific contributions. 
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It can be seen that the spectrum is composed of at least two complex bands appearing at about 3 eV (E1) and 

3.24 eV (E2). The second one originates from excitons. The first one can have the excitonic origin as well as 

it might have been the interstitial oxygen emission (has maximum at about 2.9 eV) [15]. However, the latter is 

not probable considering plasma hydrogenation. Hydrogen radicals and ions would rather remove oxygen as 

discussed above. Therefore, the component E1 is expected to originate from bound excitons and donor-

acceptor pairs (DAP).  

The E1 band has the tendency to raise as a function of temperature in the range 290-100 K. Then it drops 

down to the 50-10 K range. The E2 band is increasing in intensity and redshifting to 3.2 eV practically all the 

time in the 290-10 K range. This indicates the presence of some defects having energy levels at the bottom of 

the conduction band, most probably, hydrogen. These levels participate in the exciton luminescence 

processes. Their influence becomes even more pronounced at lower temperatures due to the well-known 

effect of the bandgap broadening upon cooling. In the case of DAP responsible for the E1 band one could 

expect electrons to transfer to the excitonic excited states through the hydrogen levels, the effect similar to 

tunnelling. 

4. CONCLUSION 

The known observation that the annealing in air at 700 ℃ significantly suppresses excitonic luminescence 

(3.24 eV) and at the same time improves defects-related red (1.82 eV) and green (2.4 eV) luminescence in 

the hydrothermally grown ZnO nano- and microrods has been repeated in the present work. Furthermore, the 

application of Ar + 5%H2 plasma after the annealing resulted in the strong increase of the excitonic emission 

(several orders of magnitude), suppression of the red (by about one order of magnitude) and improvement of 

the green emission (by about one order of magnitude). Er doping level had a strong influence on the 

luminescence intensity of the mentioned bands improving the defects-related and suppressing the excitonic 

ones. The observed effects were explained by the participation of the ErxOy QDs serving as nucleation seeds 

for the ZnO nano- and microrods growth in luminescence properties injecting electrons into the ZnO structures. 

Plasma hydrogenation cuts off some, probably, bridging, oxygen ions from the ErxOy QDs thus at least partly 

breaking the bonds between ZnO and ErxOy. This has been proven also by measuring IR PL of the 1.54 μm 

main Er3+ transition – its intensity has been doubly decreased after the plasma treatment. At the same time 

plasma dopes the material with hydrogen. This was confirmed by measuring the temperature dependence of 

the excitonic luminescence. There, the clearly observed charge/energy transfer between excitonic states of 

different origin through donor levels has been observed. 
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