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Abstract  

Plasma hydrogenation of hydrothermally grown ZnO nanorods was done at 13.56 MHz in inductively coupled 

plasma (ICP) with H2/Ar gas mixture.  Plasma was monitored by optical emission spectroscopy (OES) and by 

measuring self-bias potential of the stainless-steel sample holder isolated from the ground by a capacitor. The 

ZnO surface chemical composition was studied by XPS. The exciton-related UV photoluminescence of ZnO 

nanorods and optical absorption increased significantly after plasma treatment and diminished after plasma 

oxidation. Increasing Ar in hydrogen plasma caused more negative self-bias, less efficient hydrogenation and 

lower exciton photoluminescence. We attribute changes of optical properties to changes of surface and related 

electronic states giving also rise to its black color visually.  
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1. INTRODUCTION 

The hydrothermally grown zinc oxide (ZnO) crystalline powder is a low cost and environmentally friendly 

material with unique optical properties and variety of nano and micro-structures. ZnO nanorods (ZnO NRs) 

with their high surface-to-volume ratio and related size effects impose challenges for energy conversion, 

scintillators, photocatalytic wastewater treatment, electrochemical energy storage or sensing applications [1]. 

For instance, black ZnO nanoparticles prepared by heating in hydrogen atmosphere at 400 °C for 2h displayed 

long-wavelength absorption and improved photocatalytic performance [2].  

We have built inductively coupled plasma (ICP) reactor with up to 300 W discharge power operating at the 

radio frequency 13.56 MHz for plasma hydrogenation of powder samples. Plasma contains energetic 

electrons, ions, excited radicals and molecules providing further adjustment of surface properties while keeping 

a sample at a relatively low temperature [3]. Plasma hydrogenation of ZnO NRs leads to a significant increase 

of exciton-related UV luminescence [4]. Their surface properties were examined by X-ray photoelectron 

spectroscopy. To further study such effects, we elucidate in this paper the key role of self-bias on the optical 

properties of ZnO NRs exposed to plasma in an ICP reactor with an ungrounded stainless-steel sample holder 

isolated from the ground by a blocking capacitor.  
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2. EXPERIMENTAL 

2.1. Hydrothermal growth of ZnO nanorods 

The synthesis of ZnO NRs was based on the reaction of an equimolar mixture of 25 mM analytical grade zinc 

nitrate hexahydrate Zn(NO3)2·6H2O (250 mL) and hexamethylenetetramine C6H12N4 (HMTA, 250 mL) without 

further purification. Both solutions were filtered through a Whatman 2 filter and mixed with vigorous stirring 

(700 rpm, 15 min). The hydrothermal growth was performed at 90 °C for 3 h. After cooling to room temperature, 

ZnO NRs were freed of residual salts by washing 5 times with distilled water, separated by centrifugation and 

lyophilized for 24 h. Finally, ZnO NRs were annealed in air at 350 °C for 15 min to prepare anhydride powder 

with improved crystal quality.   

2.2. Inductively coupled plasma (ICP) 

An inductively coupled plasma (ICP) reactor with quartz walls, developed in collaboration with the Czech 

company SVCS Process Innovation s. r. o. operates at the radio frequency (RF) 13.56 MHz with up to 300 W 

discharge power. It employs H2, O2, N2, NH3 and Ar process gasses with a flow rate up to 50 sccm. To repeal 

plasma from the reactor walls, the capacitive coupled plasma (CCP) mode was reduced by an electrically 

grounded electrostatic shield installed outside the reactor between the quartz walls and the RF coil. Plasma 

treatment of ZnO NR was performed using a stainless steel holder similar to an rotating cradle isolated from 

the ground by a blocking capacitor with an RF impedance of 50 . Prior to plasma treatment, the chamber 

was evacuated for 30 min to a base pressure of less than 0.1 Pa and purged for 10 minutes with 50 sccm of 

process gas flow. The plasma hydrogenation was done for 30 min with RF power 100 W, 10 sccm H2 and up 

to 2 sccm Ar gas flow. The plasma oxidation was done for 5 min with RF power 100 W and 10 sccm O2. The 

self-bias potential of the holder was measured using an electrometer Keithley 6517A in a guarded DC mode.  

2.3. Characterization 

Optical emission spectra (OES) were measured in 400-900 nm spectral range with 1 nm spectral resolution 

by spectrally calibrated fiber coupled CCD spectrometer (B&W Tek BTC112E) optically focused in the middle 

of the quartz chamber just above the sample holder. The exposition time varied from 0.3 to 3 s depending on 

plasma luminosity. Each spectrum was averaged 10 times and the spectra were divided by the exposition time. 

Spectra obtained in dark were subtracted. 

The X-ray photoelectron spectra were acquired at AXIS Supra photoelectron spectrometer (Kratos Analytical 

Ltd., UK) equipped with a monochromated Al Kα X-ray source (1486.6 eV) and hemispherical energy analyzer. 

ZnO NRs were pressed in pellets and fixed by Cu tape on the sample holder. The XPS survey spectra were 

collected at a pass energy of 80 eV whereas the high resolution (HR) spectra were acquired at the pass energy 

of 20 eV. XPS spectra were obtained at a constant take-off angle of 90˚ from the analysis area of 0.3 × 0.7 mm2. 

The XPS spectra were measured with a charge neutralization system. Peak fitting of the measured high 

resolution spectra was performed by the CasaXPS software using Shirley background and 

Gaussian/Lorentzian line shapes (GL(30), 70% Gaussian and 30% Lorentzian) without fixing of peak width 

(full width at half maximum, FWHM). Binding energies of photoelectron lines were determined with an accuracy 

of ± 0.2 eV and referenced to C-C bonds in C 1s component at 285.0 eV [5]. 

Photoluminescence emission spectra (PL) were excited by pulsed, narrow band-pass UV LED (340 nm, 

100 mW/cm2, 333 Hz) and measured at room temperature in the 350–780 nm spectral range using a 

perpendicular geometry, long pass optical filters (LP350 and LP400 nm), a spectrally calibrated double 

gratings monochromator SPEX1672, a cooled multi-alkali photomultiplier tube, current preamplifier with a gain 

10 µA/V and a dual-phase lock-in amplifier referenced to the UV LED frequency. 
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3. RESULTS AND DISCUSSION 

Figure 1 compares OES of hydrogen plasma (10 sccm H2) upon addition of Ar (0, 0.5, 1 and 2 sccm Ar). The 

OES spectra clearly show the presence of atomic hydrogen (H peaks at 656 and 486 nm) and several Ar peaks 

in near IR (750-850 nm) with increasing intensity correlating with Ar flow [6]. OES shows that Ar reduces 

luminosity of H peaks due to a plasma shield around the sample holder, see also Table 1. This is because the 

asymmetry of charging and discharging processes in RF plasma induces on ungrounded holder a negative 

steady-state self-biased floating potential that repels electrons from the holder and equalizes the electron and 

ion flows [7].  

 

Figure 1 OES of hydrogen plasma upon addition of Ar (#1, #2, #3 and #4) compared to oxygen plasma OES 

(#5) measured with inserted hydrogenated ZnO sample. 

Table 1 Gas flow, pressure, self-bias potential, integral intensity of H related OES at 653-659 nm, integral  

             intensity of exciton-related UV PL (360-420 nm) and defect-related visible PL (480-780 nm).  

            *Sample #5 was hydrogenated as #1 prior oxygen plasma treatment. 

sample H2 flow 
(sccm) 

Ar flow 
(sccm) 

O2 flow 
(sccm) 

Gas 
pressure 

(Pa) 

Self-
bias (V) 

OES @ 
656 nm 
(a.u.) 

UV PL  
(a.u.) 

vis PL 
(a.u.)  

#0 - - - - - - 2 363 11 464 

#1 10 0 0 6 -23.5 935 44 052 7 749 

#2 10 0.5 0 11 -25.5 701 31 565 7 653 

#3 10 1 0 9 -26.4 762 21 623 6 743 

#4 10 2 0 11 -29.8 688 23 232 8 752 

#5 0(10)* 0 10 9 -9.8 325 356 65 564 

Two OES peaks at 635 & 637 nm are related to Si etched by hydrogen from quartz walls of the chamber. 

Oxygen plasma is dominated by strong IR peaks at 777 and 845 nm, but OES also shows that oxygen plasma 

releases some hydrogen from the previously hydrogenated ZnO NRs as demonstrated by the presence of the 

656 nm peak (see #5 in Figure 1). No O peaks were detected in pure hydrogen plasma but small amount of 

O appears in H2 & Ar plasma probably due to scattering of ZnO by heavy Ar ions. 
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Figure 2 SEM image of hydrothermally 

grown ZnO NRs prior plasma treatment 

(MAIA3, TESCAN, 10 kV). 

Figure 3 The comparison of normalized Si 2p XPS peaks 

of reference (#0), hydrogenated (#1) and oxidized (#5) 

ZnO. 

Scanning electron microscopy (SEM) image of the synthetized ZnO NRs revealed crystallites with the 

hexagonal shape, the length about 2 µm and the diameter about 0.2 µm, see Figure 2. 

Table 2 The atomic concentration of chemical elements calculated from HR XPS spectra of the plasma  

              untreated sample (#0) and plasma hydrogenated sample (#1) subsequently plasma oxidized (#5). 

sample 
Atomic concentration of chemical elements, at.% 

O C Zn Si F Cl Ca 

#0 45.2 15.2 38.2 - - 1.4 - 

#1 52.0 11.6 19.3 11.0 2.9 2.0 1.2 

#5 50.6 22.6 17.1 8.7 - 0.5 0.5 

For the purpose of XPS studies, the reference sample (#0) was compared with the hydrogenated sample (#1)  

that was subsequently exposed for 5 min to oxygen plasma (#5). The Si 2p peak at about 104.9 eV were 

detected for plasma treated samples, see Figure 3. According to the Ref. [8], the Si signal can be attributed 

to SiF4/Si. However, no F signal was observed in O2 plasma treated ZnO NRs. Table 2 shows that plasma 

hydrogenation caused increase of O content up to 52.0 at.% on the ZnO surface in contrast to reference 

sample (45.2 at.%) and the decrease of Zn to ~19 or even 17.1 at.% (after plasma oxidation) in comparison 

with initial values (38.2 at.%). On the other hand, hydrogen plasma treatment led to contamination of the ZnO 

surface with Si and Ca that comes probably from the quartz walls of the reactor chamber. The F signal 

(2.9 at.%) was detected after hydrogen plasma treatment (probably from the vacuum seals). Contamination 

by Si, Ca and F was reduced by plasma oxidation, thus it must be indeed surface related. Moreover, XPS 

analysis revealed that all ZnO samples were contaminated with C and Cl (probably a contamination from air 

or residual reactants used in hydrothermal growth of ZnO NRs). 

The originally white reference sample became darker after plasma hydrogenation and white again after plasma 

oxidation as visualized by macro photographs, see Figure 4. Despite dark color, the PL spectrum of plasma 

hydrogenated ZnO NRs shows a strong exciton-related UV PL with the maximum at 380 nm and a low intensity 

of deep defect-related broad band in the red spectral region [9], see Figure 5. Plasma oxidation of the 

previously hydrogenated sample suppresses the exciton-related PL and strongly enhances the defect related 
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PL. This is a strong evidence that the observed optical properties after plasma treatment are caused by a 

complex changes of surface electronic states [10].  

 

Figure 4 Macro photographs of plasma untreated (#0), plasma hydrogenated (#1) and plasma oxidized (#5) 

ZnO pellets ( Ø 3 mm, 4 mg) taken with a macro objective (Lumix G Macro 30 mm, F2.8 ASPH)  

 

Figure 5 PL spectra of plasma hydrogenated ZnO upon addition of Ar (#1, #2, #3 and #4) compared to 

plasma oxidized (#5) and plasma untreated (#0) sample 

4. CONCLUSION 

Hydrothermally grown ZnO NRs were exposed to a hydrogen-argon plasma using a stainless-steel sample 

holder electrically isolated from the ground by a blocking capacitor. The PL spectra of plasma hydrogenated 

ZnO NRs show a strong exciton-related UV PL with a maximum at 380 nm, reduced red PL of defect states 

and increased absorption giving rise to its dark color visually. Changes in optical properties were attributed to 

complex changes in surface electronic states of ZnO NRs. Addition of Ar into hydrogen plasma caused more 

negative self-bias around the sample holder and less efficient plasma hydrogenation of ZnO NRs. Plasma 

oxygen treatment applied on hydrogenated ZnO NRs resulted in significantly reduced exciton-related UV PL 

and enhanced red PL associated with defects as well as reduced surface contamination by Si, Ca and F from 

quartz walls and vacuum seals of the ICP reactor. Further optimization of gas pressure, holder capacitance, 
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and in-situ oxygen plasma treatment is required to obtain an optimally hydrogenated ZnO NRs with minimal 

contamination. 
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