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Spectroscopic identification of defects and impurities is crucial for understanding 

doping asymmetry issue in ZnO and, therefore, realization of true ZnO-based bipolar 

devices. Chlorine (Cl) is an amphoteric impurity in ZnO exhibiting acceptor behavior in 

interstitial configuration (Cli) and donor action once on substitutional oxygen sites 

(ClO). In its turn, incorporation of Cl atoms depends on the material growth conditions 

and a ClO fraction should be suppressed in O-rich material. In the present work, Cl ions 

were implanted into ZnO thin films synthesized under O-rich conditions. In contrast to a 

negligible effect of Cl incorporation to electrical conductivity, photoluminescence 

measurements revealed dramatic developments of optical properties with a strong 

acceptor-like spectral signature emerging after 900°C anneals. We discuss the origins of 

a new excitonic I* line (3.355 eV) induced by Cl-implantation and propose two 

alternative defect models based on shallow-acceptor and shallow-donor complexes.  
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I. Introduction 

ZnO is a semiconductor with a wide direct-type bandgap (3.37 eV) as well as large 

free exciton binding energy (60 meV), which surpass favorably that of GaN (25 meV), 

the dominating material in the UV-optoelectronics nowadays. However, important 

unresolved issues in ZnO, related to the insufficient understanding the intrinsic defects, 

impurities as well as their interaction and evolution, limit the full-scale realization of 

ZnO potential in optoelectronics [1,2,3,4]. For example, the challenges with p-type 

doping in ZnO are often attributed to the formation of compensation-type defect 

complexes involving so-called “hole killers”, such as Zn interstitials (Zni) or oxygen 

vacancies (VO), in addition to self-compensation effects and interaction of dopants with 

residual impurities [5,6]. 

Among the O-substituting group-VII elements, halogens F and Cl are of particular 

interest because of their amphoteric behavior, i.e. Cl and F exhibit acceptor behavior in 

interstitial (Cli/Fi) configuration and donor action once positioned on substitutional 

oxygen sites (ClO/FO) [7-9]. At present, the reports in the literature on the energetics and 

electronic action of Cl/F dopants are limited and rather contradictory. Despite the fact 

that FO demonstrates a relatively high electrical activation and potentially can be used 

for heavy n-type doping of ZnO [10-12]), F atoms exhibit low thermal stability and 

readily out-diffuse already at moderate temperatures [12,13]. According to the first 

principles calculations, both Cli and ClO configurations in ZnO have relatively high 

ionization energies and thus cannot provide carriers at room temperature (RT) [8]. On 

the other hand, it has been demonstrated that Cl is an effective donor impurity, and 

electron concentrations up to 1020 cm-3 have been reported in Cl-doped ZnO thin films 

[14,15]. Thus, understanding / control of the dopant incorporation is of paramount 

importance for the successful realization of ZnO-based devices.  
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The material growth conditions play a crucial role on the incorporation of dopants 

and, therefore, their electronic action. Thus, the transition between O-poor to O-rich 

condition in ZnO may dramatically affect the defect balance and dopant incorporation 

[16]; however, this effect is poorly investigated. In the present contribution, we study 

electrical activation and defect evolution in Cl-implanted ZnO samples synthesized 

under O-rich conditions, where ClO fraction is expected to be suppressed. We 

demonstrate that even though the implanted Cl ions do not contribute substantially to 

electrical conductivity at RT, a strong PL signature associated with deep acceptor states 

emerges upon Cl incorporation and remains stable for the post-annealing temperatures 

higher than 900 °C. 

 

II. Experimental 

Wurtzite ZnO thin films (~550 nm thick) were synthesized at 600° C by radio-

frequency plasma-assisted molecular beam epitaxy on c-oriented Al2O3 substrates. The 

samples were grown under O-rich conditions and details of the growth can be found 

elsewhere [17]. The samples were implanted consequently with 300 and 600 keV 35Cl+ 

ions to ion doses of 1×1014 and 2×1014 cm-2, respectively. The ion energies and doses 

were chosen in such a way that ensured uniform Cl distribution throughout the ZnO 

film. The implantations were performed at RT maintaining 7 degrees off-angle 

orientation from [0001] direction to reduce channeling. The unimplanted and Cl-

implanted samples were annealed in air at 500–1000 °C for 30 min using a conventional 

tube furnace.  

The concentration of Cl atoms were measured by secondary ion mass spectrometry 

(SIMS) using a Cameca IMS 7f microanalyzer with 15 keV Cs+ ions as primary beam. 

The intensity-concentration calibration was performed using ion implanted reference 

ZnO sample. The photoluminescence (PL) measurements were carried out in the 
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temperature range 8 - 300 K by employing close-cycle He refrigerator system and using 

325 nm wavelength cw He-Cd laser as an excitation source (power density ~20 W/cm2). 

The PL spectra were recorded by fiber optic spectrometers (Ocean Optics 

HR4000/USB4000) with spectral resolution below 0.2 nm / 2 nm, respectively. 

 

III. Results and discussion 

The RT electron concentrations and Cl content after anneals are shown in Fig. 1. One 

can observe that Cl implantation does not lead to any significant increase of the electron 

concentration for the temperature anneals below 800 °C, whereas comparison of Cl 

content and carrier concentration suggests that the majority of Cl atoms are electrically 

inactive at RT. It is worth noting that enhanced electron concentration in the as-

implanted sample as compared to unimplanted one is not surprising and it could be 

attributed to the electrically active radiation defects. Higher temperatures lead to the 

loss of Cl atoms due to out-diffusion, while the electron concentration starts to increase 

in both Cl-implanted and unimplanted samples, which is likely related to thermal 

activation of residual impurities and in-diffusion of Al atoms from the substrate. 

Fig. 2 summarizes PL results obtained at 10K of as-grown, as-implanted and post-

annealed samples. The as-grown sample exhibits spectral features characteristic to high 

crystal quality ZnO with an intense near-band-edge (NBE) component dominating over 

a broad deep-level emission (DLE) band. One can observe in Fig. 2(a) that defect-

related DLE comprises multiple overlapping bands with two major emissions in the 

green and red regions of spectra. It is worth noting at this point that the assignments of 

optical transitions to DLE peaks are often contradictory in the literature and remain a 

subject of debate. The so-called red luminescence (RL) in the 1.6-1.8 eV region is 

commonly associated with open volume defects such as zinc vacancy (VZn) clusters 

[18,4], and/or with oxygen interstitials Oi [21]. The origin of the green luminescence 
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(GL) within the range 2.3-2.5 eV remains controversial with several emission 

mechanisms proposed that involve VO [19, 20] and oxygen interstitials (Oi) [22], VZn 

[23, 24] and VZn-donor complexes [25], Zni [26] and antisites (OZn) [27], copper 

impurities [28, 29], and surface states [30]. In theory, the most likely candidate for GL 

is isolated VZn offering a deep acceptor state with a low formation energy according to 

the first-principles calculations [31]. It should be noted that while theoretical predictions 

assume defect formation under thermodynamic equilibrium conditions, ZnO material in 

the present study was grown under O-rich conditions that make VO less favorable 

candidate for GL among other alternatives.  

The as-implanted sample exhibits very low total luminescence yield, which is 

indicative of multiple non-radiative recombination pathways introduced by ion 

implantation damage. Within DLE range, a distinctive broad RL band (at 1.8 eV with 

FWHM of 0.5 eV) is the only spectral feature. The post-implantation annealings 

performed to alleviate the crystal damage also markedly enhanced RL already after 500 

°C, and GL after 700 °C anneals. Further annealings at higher temperatures increase 

both RL and GL bands, albeit at different pace, as shown in the Inset in Fig. 2(a). The 

initial dominance of RL implies the prevalence of VZn clusters and/or Oi’s in as-

implanted material. As the annealing temperature is increased, GL is rising, while RL 

signal saturates indicating the intrinsic defects balance change in favor of isolated VZn 

and/or VO luminescent centers. Other than that, there are no apparent new features 

emerging in the DLE region that could be uniquely attributed to the incorporated Cl  

ions. However, such Cl-implantation induced developments clearly take place in the 

excitonic region of the spectra.  

The thermal evolutions of the NBE peaks in unimplanted and Cl-implanted samples  

are plotted alongside for comparison in Figs. 2(b, c). Here, a set of vertical drop lines 

marks the energy positions and labeling of the excitonic emission lines established in 
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the literature [32, 33]. In addition, a reference spectrum obtained from a high-

crystallinity bulk ZnO is presented in Fig. 2(b), where the free-exciton transition 

involving A-valence band (FXA) can be observed at 3.375 eV providing a benchmark 

for estimation of exciton localization energies.  

The as-grown ZnO (unimplanted sample prior to annealing) demonstrates strong 

NBE peak at around 3.36 eV with an extensive high-energy shoulder originating from 

several donor bound exciton (DX) transitions labeled as I2 through I8 in Fig. 2. The 

annealing leads to apparent narrowing of the NBE emission as the I2-I4 transitions are 

suppressed and only I6-I8 contributions prevail. By contrast, Cl-implanted ZnO shows 

dominance of the I5-I8 lines for the temperatures up to 900 °C, whereupon a new 

emission line emerges at 3.355 eV (labeled I* in Fig. 2(c)) and becomes the most 

prominent NBE feature after annealing at 1000°C. It should be noted that only a few I-

lines are unambiguously linked to chemical elements such as H, Al, Ga and In [33], thus 

leaving a possibility that the incorporated Cl is behind some of those yet unidentified. 

Indeed, chlorine was identified as a shallow donor in the early electron paramagnetic 

resonance work of Kasai [34], and there is indirect evidence that I5 might be caused by 

Cl [35].  

The suppressed shoulder upon annealing of unimplanted ZnO is indicative of 

hydrogen (I4) loss (diffusion, complexing, etc.) during thermal treatment. Thermally 

resilient I6/I8 lines are common and often-dominating NBE features (c.f. spectrum of 

bulk ZnO in Fig. 2(b)) associated with Al and Ga impurities, respectively [33]. The new 

emission line I* (3.355 eV) emerges in between I9 (3.357eV) and I10 (3.353eV) lines, 

which are associated to neutral donor-bound excitons (D0X) involving In and Sn, 

respectively [33, 36]. To our knowledge, there is no defect assignment for this I* line 

position in the literature. It should be noted that I9-I11 spectral region has long been 

considered for possible manifestation of neutral acceptor-bound excitons (A0X) [37], 
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though presently such association is disputed [35]. The distinction between donor and 

acceptor bound excitons is complicated by the fact that their localization energies (Eloc) 

overlap in the range from 16 to 25 meV [38]. As for the excitonic I* emission, the 

localization energy of Eloc = 20 meV is determined from the energy separation between 

this line (3.355 eV) and the free transversal A exciton (AT = 3.375eV) in Fig. 2(c). Next, 

the energy position of the respective donor or acceptor states then can be approximated 

for the given localization energy by applying Haynes rule [39]. Assuming D0X origin of 

I* line, the donor binding energy (ED) can be estimated from the Haynes relationship 

Eloc = 0.365×ED - 3.8 meV [33] with the resultant ED = 65.2 meV. A representative 

feature of donor-bound excitons is the two-electron satellite (TES) transitions [33], 

however, the expected signature at around 3.306 eV is not noticeable in the PL spectra. 

As mentioned earlier, a neutral acceptor-bound exciton (A0X) origin has also been 

considered for the lines observed in this spectral region [33, 40, 41]. By employing 

Haynes rule for acceptors [38], the estimated acceptor binding energy EA would be in 

the range 140-210 meV.  

The identification of specific exciton lines also requires differentiating excitons in 

the excited state from those in the ground state, which can be recognized from different 

thermal evolution of the related emission lines. Temperature-dependent PL 

measurements (8 to 200 K) were performed to verify whether Cl-implantation induced 

recombination line I* (3.355 eV) involves ground or excited excitonic states. For 

comparison, the intensities of I* and I8 recombination lines versus temperature are 

shown in the Arrhenius plot in Fig. 3. The peak intensities of both I* and I8 decrease 

monotonically with increasing temperature, which is typical behavior of donor-bound 

excitons in their ground state [35, 42]. The solid lines in Fig. 3 represent fits to the data 

from which the activation energies were obtained following the procedure described in 

[43]. The activation energies of 17.6 and 19.7 meV derived for the ground state 
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emission lines I8 and I* are consistent with the corresponding localization energies (16 

and 20 meV) estimated from spectra in Fig. 2(c). At elevated temperatures approaching 

200 K, both emission lines are thermally quenched with similar activation energy of ~57 

meV, which agrees well with the free-exciton binding energy. 

Below we discuss possible scenarios of Cl incorporation into ZnO taking into 

account the reported theoretical predictions [8]. Despite that the first-principles 

pseudopotential calculations on the Cl-doped ZnO suggest that the substitutional ClO is 

energetically more favorable to form during the growth as compared to interstitial Cli 

sites, both Cli and CO sites can be generated in Cl-implanted ZnO. Theory predicts very 

deep states for both acceptor-like Cli (EV+0.806 eV) and donor-like ClO (EC-0.553 eV) 

implying that neither can contribute to electrical properties at RT, as indeed is 

evidenced in this study. However, presumably Cl-related excitonic features in the NBE 

region of PL spectra (I5 and I* lines) cannot be directly linked to such deep donor and 

acceptor states as predicted by theory. Indeed, the localization energy of I* line (20 

meV) indicates that the exciton is bound to either a shallow donor (65.2 meV) or to 

shallow acceptor (140-210 meV). If the theoretical calculations [8] are correct and the 

interstitial Cli indeed forms a deep acceptor level (EV+0.8 eV), then the assumed (A0X) 

origin of I* line would imply involvement of some form of acceptor-like Cl complex. 

Such a defect model seems reasonable from the analogy with nitrogen-doped ZnO, 

where a variety of complexes involving N dopant (VZn-NO, (NH4)Zn and (N2)Zn) are 

considered for the role of shallow acceptors [44]. The fact that ZnO in the present study 

was grown under oxygen-rich conditions ensures the abundance of zinc vacancies. 

Furthermore, as it has been mentioned above, ClO can be generated in Cl-implanted 

ZnO, therefore, formation of stable (VZn-ClO) complexes promoted by Coulomb 

interaction cannot be excluded. High probability of formation of such acceptorlike 

compensation complexes was also supported by a thermodynamic analysis [45]. 
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Apparently, the incorporated chlorine acts as a stabilizing agent for shallow acceptor 

complexes to survive up to 1000°C annealings. This kind of defect stabilizing effect has 

been observed earlier for nitrogen dopants in ZnO [46,47]. 

The alternative model of shallow-donor related origin of I* considers pairing of 

donors and acceptors as a neutral complex to which excitons can bind. The existence of 

such shallow donor complex (Zni-NO) has been proven in nitrogen-doped ZnO [48]; 

reportedly, also other combinations of Zn interstitial-acceptor pairs that produce bound 

states may exist - hence, we assume that such a paired acceptor could be the interstitial 

Cli.  

 

IV. Conclusions  

In summary, Cl ions were implanted into ZnO thin films synthesized under O-rich 

conditions. The implanted Cl atoms remain stable up to 800 °C, above which Cl losses 

start to increase with the temperature. In contrast to a negligible effect of Cl 

incorporation on electrical conductivity, PL measurements show dramatic developments 

of optical properties with a strong acceptor-like spectral signatures emerging after 900 

°C anneals. PL results clearly indicate bound exciton properties, however a decisive 

identification of the defect causing I* line was not possible. In view of that, two 

alternative models are proposed that associate I* origin with shallow-acceptor and 

shallow-donor complexes.  
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FIG. 1. The retained Cl content and electron concentrations at 

RT in unimplanted and Cl-implanted ZnO thin films as a 

function of annealing temperature. 
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FIG. 2. PL spectra obtained at 10 K of the sample implanted with Cl ions before and after 

different anneals as indicated in the legend (a). The labels mark key spectral constituents 

discussed in the text; Gaussian (dashed) curves highlight the RL and GL bands within the multi-

component structure of DLE. Inset shows evolution of the integrated PL intensities of the key 

components as a function of annealing temperature The enlarged NBE region of the 

unimplanted and implanted samples is shown in the panels (b) and (c), respectively. 
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FIG. 3. Arrhenius plot of the integrated PL intensity of I* and I8 

lines obtained for Cl-implanted ZnO thin films annealed at 

1000°C. Dots are experimental data, and solid lines are numerical 

fits. Inset depicts evolution of NBE emission with temperature. 
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