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Abstract 

ZnO nanowires were grown on sapphire substrates using metalorganic chemical vapor 

deposition. The samples were subsequently annealed under zinc pressure in a vacuum-sealed 

ampoule, at temperature ranging from 500 to 800°C. The originality and the main motivation 

to provide a zinc–rich atmosphere were to prevent the out-diffusion of zinc from the nanowires. 

In doing so, the perfect structural properties and the morphology of the nanowires are kept. 

Interestingly, photoluminescence experiments performed on nanowires annealed in a narrow 

window of temperature [580-620°C] show a spectacular improvement of the optical quality, as 

transitions commonly observable in high quality bulk samples are found. In addition, the 

intensity of the so-called "surface excitons" (SX) is strongly decreased. To accurately 

investigate the chemical modifications of the surface, XPS experiments were carried out and 

show that zinc hydroxide species and/or Zn(OH)2 sublayer were partially removed from the 

surface. These results suggest that the annealing process in zinc vapor helps to properly 

reconstruct the surface of ZnO nanowires, and improves the optical quality of their core. Such 

a thermal treatment at moderate temperature should be beneficial to nanodevices involving 

surface reaction, e.g. gas sensors. 

 

 

 



I. Introduction 

Semiconductor nanowires (NWs) are attractive building blocks for a new generation of 

electronic and opto-electronic devices, as well as gas sensors and nanogenerators. The last 

decades have shown the accurate control of the electrical properties of bulk materials and thin 

films, and more recently the evolution of the research towards nanotechnologies made possible 

both p-type and n-type conductions in 1D nanostructures (nanowires) based on silicon and III-

V semiconductors [1]. In addition to these materials, ZnO is a II-VI compound which has 

demonstrated a great potential due a unique combination of physical properties, as well as an 

ability to be grown at the nanometer scale by using a variety of techniques [2, 3] such as 

chemical vapor deposition (CVD) [4], metalorganic-CVD [5], molecular beam epitaxy [6], 

pulse laser deposition [7]. High quality material can also be achieved using low-cost techniques, 

e.g. electrodeposition [8] and hydrothermal synthesis [9], thus making ZnO a potential 

candidate for the future development of semiconductor-based nanodevices [10]. In particular, 

ZnO takes benefit of a direct wide band gap (3.37 eV) and a high exciton binding energy (60 

meV). In order to introduce donors or acceptors, ZnO NWs have been doped with various 

impurities such as Al, Ga, In [11] (towards n-type) and N [12], P [13], Sb [14], As [15] (towards 

p-type). Nevertheless, for light-emitting applications, the achievement of stable and 

reproducible p-type conduction is still a bottleneck, due to high activation energies and self-

compensation effect of intrinsic defects [16]. Importantly, a main feature of ZnO material 

concerns its very reactive surface, highly sensitive to gases such as NOx, CO and NH3. The 

sensing mechanism is a surface reaction that leads to the modification of the conductance of the 

nanostructure, relying on the interaction between reactive species on the ZnO surface (such as 

O2
-) and the detected gas [17]. 

Within this context, it is important to understand the influence of the surface on the electrical 

and optical properties of ZnO nanowires which exhibit high surface-to-volume ratio. Using 

photoluminescence (PL), it has been reported that an emission band between 3.365 and 3.367 

eV, denoted SX, takes its origin from the surface region of ZnO [18-21], i.e. the exciton is 

localized on the potential of a surface defect and/or adsorbed impurity. However the nature of 

the surface defects responsible for the SX band is not easy to understand. Among the very few 

reported works, Biswas and al emphasized the role of zinc hydroxides on the SX emission [22]. 

SX intensity is also shown to increase by covering ZnO surface with organic monolayer [23] 

or Al2O3 shell [24].  

Besides, in an attempt to modify the surface properties of ZnO, a huge variety of annealing 

experiments can be found in the literature. Thermal treatments were performed after growth 



under oxygen, air, nitrogen and argon atmosphere at relatively high temperatures up to 1200 °C 

[25-27]. Surprisingly, there are very few works dealing with annealing treatments in Zn vapor. 

Actually, one must not only care for oxygen out-diffusion during thermal treatment, but also 

zinc out-diffusion [28]. Studies related to the thermal treatment of ZnO in zinc vapor were 

mainly interested in the characterization of intrinsic defects in ZnO crystals. Weber et al [29] 

and Halliburton et al [30] have observed a red coloration of ZnO crystals after annealing in Zn 

vapor at 1100°C, and several origins have been proposed : complexes involving hydrogen and 

oxygen vacancy [29] or zinc interstitials [30]. Furthermore, there are very few reports giving 

near band edge emission (NBE) details and focusing on SX transition after thermal treatment, 

whatever the annealing atmosphere. Rather, the deep level emission (DLE) has been 

investigated in relation with zinc and oxygen vacancies [31]. As a result, the motivation of this 

work has been to investigate the structural and the optical properties of ZnO nanowires grown 

by MOCVD and post-annealed in the presence of Zn vapor, focusing on the surface related 

phenomena. 

 

II. Experiments 

Non-intentionally doped ZnO nanowires were grown on (11-20) a-plane sapphire substrates 

using an atmospheric MOCVD system including a vertical quartz reactor. Diethylzinc (DEZn) 

and nitrous oxide (N2O) have been used as zinc and oxygen precursors, respectively. The carrier 

gas was helium. Partial pressures of DEZn and N2O in the gas phase were set at 92 and 37000 

Pa, respectively. The growth temperature was 850 °C, and growth time was 15 min. 

After growth, the ZnO nanowires samples were inserted in quartz tubes together with ~30 mg 

of 5N pure Zn powder. The ampoules were subsequently sealed under vacuum, below 2 × 10-7 

torr. Figure 1 shows the schematic view of an ampoule prepared for the thermal treatment. The 

samples were then annealed for 5h at a temperature ranging from 500 to 800 °C. Before and 

after experiments, the morphology of the nanowires was assessed using a JEOL 7001F scanning 

electron microscope (SEM). Photoluminescence measurements were also carried out at 5K 

using the 351 nm UV line of an argon ion laser. The chemical evolution of the surface was 

examined by X-ray Photoelectron Spectroscopy (XPS) using a Thermo Scientific K-Alpha 

system. 

 

 

 

 



 

 

Figure 1 Schematic view of a sealed ampoule, prepared for the annealing in zinc vapor 

 

III. Results and discussion 

Figure 2 shows the SEM images of as-grown and annealed ZnO nanowires, and for this latter 

case with and without Zn atmosphere during 5 h at 700 °C. The average length of the nanowires 

is around 13 µm and their diameter is in the range of 500 to 1000 nm. The NWs are grown 

along the (0001) c-direction with clear facets on their sides. When processed in zinc vapor, the 

annealed samples show no macroscopic degradation of their surface and morphology up to 

800°C, but may exhibit different contents of point defects. This will be discussed in the next 

part. The degradation occurs if the annealing is performed without zinc source, as figure 2c 

reveals a drastic damage of the nanowires above 700°C. This could be due to a strong zinc out-

diffusion from ZnO at high temperature, as reported by Wang et al [28], and, to a much lower 

extent, oxygen diffusion that was shown to create high concentrations of oxygen vacancies [31].  

 

     

Figure 2 SEM images of ZnO nanowires  

(a) as-grown, (b) post-annealed with Zn at 700 °C, (c) post-annealed without Zn at 700 °C.  

 

Figure 3 presents the evolution of photoluminescence spectra recorded on as-grown and 

annealed NWs. The PL emission of the as-grown nanowires is dominated by the surface 

recombination (SX) at 3.367 eV. Additional transitions can be distinguished involving excitons 

bound to Al and H impurities at 3.372 eV (D+X(Al)), 3.362 eV (D°X(H)), and 3.360 eV 



(D°X(Al)) [32]. These peaks are followed by the Y-line at 3.333 eV which is related to excitons 

bound to extended defects [32], and an electron-acceptor band at 3.31 eV also related to defects 

[33]. The free exciton FX is hardly seen at 3.375 eV.  

 

As discussed in the introduction part, the observation of surface excitons is consistent with the 

increased surface-to-volume ratio, and characteristic of the nanowires [34]. After annealing at 

low temperature, below 550 °C, PL spectra of ZnO nanowires remain unchanged compared 

with as-grown reference. For treatments between 580 and 620 °C, and only within this narrow 

range of temperature, we observe a strong improvement of the PL spectrum which is 

comparable to PL spectra obtained for high quality bulk ZnO crystals (figure 3b). A fine 

structure of the near band edge emission is revealed, with well-defined narrow lines in the range 

3.35-3.37 eV. The peaks related to excitons bound to Al and H donor impurities, as well as the 

free exciton structures at higher energy, clearly dominate the SX emission. Indeed, the I6 line 

at 3.360 eV related to aluminum impurities is dominant after annealing whereas the intensity 

of SX band has strongly decreased. Aluminium contamination may come from sapphire 

substrates during the MOCVD growth at 850°C. Remaining defect lines could be explained by 

extended defects still present at the bottom of the nanowires, close to the interface with sapphire 

substrate. Above 620°C the benefits of the annealing on the PL emission seem to fade, as the 

fine structure of the NBE emission is no more observable and SX intensity increases (not shown 

here). Interestingly, for the ZnO NWs which had been treated at 620 °C, the initial PL spectrum 

is recovered and SX peak dominates again after the sample has been stored for two months, i.e. 

exposed to air atmosphere for a long time.  

 
a) 

 



 
b) 

 

 
c) 

 

Figure 3 PL spectra measured at 5K for ZnO nanowires samples: a) as grown, b) treatment at 580 °C 

under Zn source (insert : ZnO crystal), c) near band edge emission of as-grown (black), and deep level 

emissions of as-grown (red) and annealed at 620°C (blue). For DLE bands, the integration time has 

been increased and filters changed to enhance the PL signals 

 

As a result, ZnO nanowires thermally treated in a narrow window of temperature under zinc 

atmosphere show a significant improvement of their optical properties, and in particular a 

decrease of the surface related exciton emission. Previous reports have focused on 

photoluminescence studies after the annealing of ZnO NWs. The improvement of the optical 

quality depends on the technique that had been used to grow the NWs [35]. The NBE intensity 

is shown to increase significantly [36] and/or to lead to a narrowing of the NBE transitions [8]. 



The benefit of the annealing is often stronger for nanowires grown at low temperature using 

chemical bath deposition, or electrodeposition. In that case the improvement of the optical 

quality can be related to a strong improvement of the crystalline quality of the grown material. 

The effect on the DLE has also been observed. At reduced temperature (500°C), a decrease was 

reported by Yang et al [36], thus lowering the concentration of surface and lattice defects. 

However at higher temperature, the DLE can increase due to thermal diffusion and creation of 

point defects. In this work, we observed for as-grown samples that the DLE intensity is very 

weak, more than three orders of magnitude lower than the NBE intensity, as shown in the figure 

3c. This indicates the high quality of our as-grown material. After annealing at 620°C, the level 

of the DLE slightly increases with a noticeable blue-shift from ~2.25 to ~2.5 eV which can be 

related to both creation of oxygen vacancies and reduction of zinc vacancies [31]. However the 

intensity of the DLE remains very low.  

 

Herein, we could identify each recombination path in the NBE region so that we have been able 

to focus on the particular SX emission. To rigorously investigate the chemical modifications of 

the NWs surface due to the annealing process, X-ray Photoelectron Spectroscopy has been 

carried out. Four samples were measured : i) as-grown ZnO NWs, ii) annealed at 550°C, iii) 

annealed at 620°C and iv) annealed at 620°C + 2 months aging.  

The global XPS responses were very reproducible and did not need any charge compensation 

during the acquisition. At first, it is important to note that the position and the energy 

distribution of the Zn2p3/2 peaks are rigorously the same for all the investigated surfaces. The 

binding energies of the Zn2p3/2 peaks are 1022.33+/-0.02 eV which is however slightly higher 

than the value obtained for ZnO monocrystalline face (typically 1021.8 eV [37]). The full width 

at half maximum (FWHM) values of these peaks are nearly identical to the one observed on 

planar ZnO crystals. In the same way the O1s maximum is centered at 531.07+/-0.02 eV 

compared to 530.6 eV obtained on ZnO crystals.Therefore, the energy difference between 

Zn2p3/2 and O1s peaks is the same as the one observed on monocrystal faces, suggesting a high 

quality of the NWs. 

 

The XPS results are gathered in the figure 4, and quantifications are given in the table 1. The 

O1s spectra display a significant evolution upon the different treatments of samples, with a clear 

reduction of the peak shoulder, whereas the Zn2p3/2 spectra do not show any modification (not 

shown here). 



To separate and analyze the different contributions, the O1s spectra were fitted with three peaks, 

with binding energies at 531, 532.4 and 533.3 eV. All the FWHMs were kept constant, the value 

being determined by the main O-Zn peak, which is easily determined and almost constant 

whatever the treatment of the sample. The fit allows the reconstruction of the whole O1s 

distribution and indicates the presence of particular oxygen-bonding states at the surface. The 

main peak at 531 eV is attributed to oxygen atoms bound to zinc (Zn-O) in the wurzite ZnO 

lattice. The binding energy of O2- ions depends on the ionicity or covalency of the chemical 

bound, so that adsorbed molecules on the NWs surface such as –OH and -CO groups will cause 

the appearance of a second peak at 532.4 eVs peak [37]. Also, a contribution is related to non-

stoichiometric ZnO surface planes, leading to a weaker Zn-O bond. In particular, an oxygen-

deficient region has been suggested by Wang et al, after they have annealed ZnO nanoparticules 

in argon atmosphere and observed a strong increase of this peak [38]. At higher energy (533.3 

eV), a third peak was reported to be related to zinc hydroxide chemical bound (Zn(OH)2) and 

adsorbed water [39]. In figure 5, the intensity ratio between the hydroxide peak at 533.3 eV and 

the Olattice peak at 531 eV is plotted. We observe that the intensity ratio decreases after 

annealing, especially at 620°C, and increases again after aging in ambient air, exhibiting the 

same tendency as SX peak intensity in PL results. For more accuracy, a quantification of the 

Zn-(OH)2 XPS peak is given in the table 1, and the level is shown to decrease from 4.1 to 2.8% 

after annealing, and then return to 4.3% after aging. One can notice that no change in the 

intensity of the 532.4 eV peak related to, -OH, -CO and non-stoechiometric region has been 

observed. In addition, the quantification of carbon atoms on the surface has been measured 

between 7 and 15%. These values are typical of ZnO surface and reflect the carbon 

contamination (C-C, C=O, H-O-C=O…) after air exposure. One can even emphasize that the 

sticking of carbon molecules on our ZnO NWs arrays is rather low, as compared to the reference 

ZnO crystal which exhibits 16.6 % of C on its surface. No tendency was found regarding this 

adsorption of organic molecules upon annealing for the different series of samples. 

 

Therefore, there is a correlation between the decreasing of SX intensity and the amount of 

hydroxide Zn(OH)2 on the nanowires surface. The origin of SX could be, at least partially, 

explained by the occurrence of these species on the ZnO surface. This is in agreement with 

previously reported results from Biswas et al [22]. During the thermal treatment under zinc 

atmosphere we infer that a decomposition of zinc hydroxide occurs, following the reaction : 

 

Zn(OH)2 → ZnO + H2O. 



 

Such a phase transformation from Zn(OH)2 to ZnO has also been reported by Duchoslav et al 

[40] and Wang et al [41]. At the same time, the thermal process allows the reconstruction of 

clean perfect ZnO facets with a reduced concentration of defects, thus decreasing SX emission. 

In this process the limitation of zinc exo-diffusion from ZnO nanowires could help. Zn vapor 

may be also beneficial to the optical properties of the NWs body, as sharp excitonic emissions 

are seen in the PL spectra. Interestingly, in this range of temperature, no oxygen supply is 

required to achieve high optical quality ZnO nanowires. Although oxygen vacancies are 

created, the DLE intensity is kept very low, as compared with the NBE intensity. 

 

 

 

Figure 4 Peak fitted XPS O1s spectra for different treatments: 

(a) as grown (b) post-annealed at 550 °C (c) post-annealed at 620 °C  

(d) exposed to air for 2 month after treatment at 620 °C. 

 

 

 

 



 

Figure 5 Intensity ratio between (533.3 eV)- and (531 eV)- O1s peaks 

for the different treated samples 
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531 eV 
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region 

532.4 eV 

 

Zn-(OH)2 

 

533.3 eV 
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ZnO crystal (hydroth.) 

as grown 

41.3 

50 

33.4 

29.9 

6 

9.1 

2.6 

4.1 

16.6 

6.9 

550 °C 48.3 28.9 9.5 3.6 9.6 

620 °C 44.2 29.05 8.7 2.8 15.2 

620°C + aged  

for 2 months 
42.4 29.4 10.7 4.3 13.2 

 

Table 1 Quantification of XPS Zn2p3/2, O1s, and C1s peak (atm.%) 

 

 

 

 

 

 



IV. Conclusion 

A strong improvement of the optical quality is observed for ZnO nanowires samples after 

thermal treatment in zinc vapor carried out between 580 and 620 °C, thus at moderate 

temperature compared with the usual temperature reported in the literature. The PL emission 

due to surface excitons is decreased in the favor of a fine NBE structure similarly observed in 

high quality ZnO bulk crystals. This improvement of the surface chemistry is associated with 

the reduction of hydroxide species and/or Zn(OH)2 sublayer present on the surface after the 

growth of nanowires. The results suggest that the annealing process of ZnO nanowires enables 

to reconstruct clean M-plane facets and further increases the optical quality of the body, as 

sharp excitonic emission lines are observed. A moderate increase of the concentration of oxygen 

vacancies is nevertheless induced and the weakly intense DLE band shifts from 2.25 to 2.5 eV. 

Hence, we emphasize the role of surface physical-chemistry in the optical properties of ZnO 

nanowires. Such surface reconstruction could be helpful before integrating ZnO nanowires into 

nanodevices based on surface reactions, like gas sensors. 
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Figure captions 

 

Figure 1 : Schematic view of a sealed ampoule, prepared for the annealing under zinc vapor 

 

Figure 2 : SEM images of ZnO nanowires : (a) as-grown, (b) post-annealed with Zn at 700 °C, 

(c) post-annealed without Zn at 700 °C.  

 

Figure 3 PL spectra measured at 5K for ZnO nanowires samples: a) as grown, b) treatment at 

580 °C under Zn source (insert : ZnO crystal), c) near band edge emission of as-grown (black), 

and deep level emissions of as-grown (red) and annealed at 620°C (blue). For DLE bands, the 

PL integration time has been increased and filters changed to enhance the signals 

 

Figure 4 : Peak fitted XPS O1s spectra for different treatments: (a) as grown, (b) post-annealed 

at 550 °C, (c) post-annealed at 620 °C, (d) exposed to air for 2 month after treatment at 620 °C. 

 

Figure 5 : Intensity ratio between (533.3 eV)- and (531 eV)- O1s peaks for the different treated 

samples 

 

 

 

Tables 

 

Table 1 Quantification of XPS Zn2p3/2, O1s, and C1s peak (atm.%) 

 

 

 

 

 

 


