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HIGHLIGHTS 

 Zn- and O-polar ZnO films grown by pulsed laser deposition were characterized. 

 Their electrical and optical properties are dependent on the polarity. 

 The differences in the properties are explained by the presence of different defects. 
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O-polar and Zn-polar ZnO films were grown on c-sapphire by pulsed laser deposition.  

Positron annihilation spectroscopy study reveals that the VZn-related defects in the ZnO films 

with different polarities are different in structure and their thermal evolution is different.  Hall 

effect measurement and luminescence spectroscopy reveal that the electrical and optical 

properties and their corresponding thermal evolution are strongly dependent on the polarity of 

the film.   The luminescence spectra of the as-grown Zn-polar ZnO film is signified by a 

negligible green defect emission (at ~ 2.4 eV) and strong near band edge emission as 

compared with the O-polar film.  The as-grown Zn-polar film exhibited a lower electron 

concentration (2 × 10
18

 cm
-3

) than that of the O-polar film (6×10
18

 cm
-3

); this difference is 

attributed to their different H concentrations.  For the O-polar film, the electron concentration 

decreased with annealing temperature Tanneal, reaching a minimum at 700
o
C and then 

increased to 4 × 10
18

 cm
-3 

at Tanneal = 900 
o
C. In comparison, the electron concentration of the 

Zn-polar ZnO film monotonically decreased with Tanneal attaining a value of ~1 × 10
17 cm

-3
 at 

Tanneal = 900 
o
C, 40 times smaller than that of the O-polar film.  The cause for the differences 
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in the optical and electrical properties for the O-polar and Zn-polar films is explained by the 

presence of different defects in these films.   

 

KEYWORDS: Zinc oxide; Polarity; Pulsed laser deposition; Magnesium oxide; Buffer layer; 

Luminescence spectroscopy; Positron annihilation spectroscopy; Hall effect measurement; 

Annealing 
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Introduction 

 ZnO, a wide band gap semiconductor, has received extensive attention because of its 

wide range of technological applications, including optoelectronics, spintronics, transparent 

electrodes, sensor devices, and photocatalysis [1].  However, the asymmetric p-type doping 

challenge remains as a significant obstacle to the development of reliable ZnO-based device 

technology.  The realization of p conductivity is particularly difficult because of (i) the high 

ionization energies of the traditional acceptors, (ii) the low solubility of p-dopants and (iii) 

strong self-compensation by native defects.  Recent studies suggest that a potential shallow 

acceptor in ZnO could be a complex involving a substitutional dopant , for example the VZn-

NO shallow acceptor in N-doped ZnO [2, 3],  whose formation is favored by Zn-polar growth 

[2].  Significantly, it has been reported that group V elements P, As and Sb on Zn cation sites 

can produce a shallow acceptor through the creation of a defect complex with two zinc 

vacancies, XZn-2VZn ,(X=P, As or Sb) [4].  In support of this model, Hsu et al. [5] observed p-

type conductivity in hydrothermally grown undoped ZnO nanorods and found that the p-type 

conductivity was directly correlated with the number of VZn-related defects. .  Furthermore, 

in  Al or Ga-doped ZnO transparent electrodes, the formation of the AlZn-VZn (or Gazn-Vzn) 

compensating acceptors, enhanced by n
+
-doping, limits the resultant electron concentration 

and the performance of the n
+
 material [6, 7]. These results indicate that understanding the 

properties of VZn-related defects in the ZnO films and measuring their abundance is crucial to 

progress research to achieve reliable p-type conductivity in ZnO.  However, despite their 

importance, many of the fundamental properties of intrinsic VO and VZn in ZnO remain 

controversial.  The VZn in ZnO is a two-level deep acceptor [8, 9] , which has a low formation 

energy.  Using positron annihilation spectroscopy (PAS),  Saarinen et al. [10] showed that 

VZn were the prevalent residual acceptors in undoped ZnO single crystals.  For pulsed laser 

deposition (PLD) grown undoped ZnO film grown on c-sapphire, it was found that the 
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vacancy cluster VZn-2VO was the only identified dominant VZn-related defect [11].  The 

authors suggested that vacancy cluster is favored over isolated VZn despite of the relatively 

high formation energy of the vacancy cluster because of the high dissociation energy of the 

vacancy cluster and the low substrate temperature (600 
o
C).  This implied that the vacancy 

cluster once formed was not easily thermally dissociated and thus its formation was governed 

by diffusion kinetics rather than a thermodynamic process.  It is commonly accepted that VO 

is a negative-U deep donor being stable in either its neutral or doubly ionized state, although 

the formation energy obtained from the first principles calculation is reported to diverge [8, 9, 

12].  A number of different broad green luminescence (GL) peaks in ZnO are attributed to 

both VO and VZn defects ([8, 13] and references therein).  However, a recent hybrid density 

functional study of ZnO in a one-dimensional configuration suggested that VZn  are not 

responsible for the GL [14].   

The wurtzite structure of ZnO lacks the center of symmetry, resulting in the 

spontaneous polarization of Zn-terminated (0001) surface and O-terminated (000 ̅) surface 

[15]. The Zn-polar and O-polar faces of ZnO exhibit distinct physical properties and 

consequently when used in device fabrication each face can provide different performance 

capabilities in light emitting diodes (LED), Schottky diodes, solar cells and photocatalytic 

activity (see [15] and references in [16]).  Pulsed laser deposition (PLD) is a method 

commonly used to fabricate oxide films and has widely used in ZnO growth (like [17-20] and 

page 34 in the review [1]).  For ZnO thin films, polarity control is usually achieved by the 

growth using the expensive and complicated methods molecular beam epitaxy and 

metalorganic vapour-phase epitaxy.  Luo et al. [16] recently demonstrated the growth of Zn-

polar and O-polar ZnO films on c-sapphire by PLD simply by varying the thickness of a 

MgO buffer layer.  PLD growth has the advantages of its simple experimental setup, 
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relatively less costly, operation in high ambient gas pressures, low substrate temperature, and 

relatively good crystalline quality. 

 No systematic study on the electrical and optical property dependences on the polarity 

of ZnO films fabricated by PLD has been reported in the literature.  In the present study, 

undoped Zn-polar and O-polar ZnO films were grown on c-sapphire by PLD and 

comprehensively characterized by Hall effect measurements, luminescence spectroscopy and 

secondary ion mass spectroscopy (SIMS).  The VZn-related defects in the O-polar and Zn-

polar ZnO samples were investigated by PAS. The effect of thermal annealing was also 

investigated. 

 

Experimental 

 The undoped ZnO films were grown on c-plane sapphire by PLD.  The polarity of the 

ZnO film was controlled using MgO buffer layer.  The ZnO films grown without the MgO 

buffer are O-polar conversely those grown with a 5 nm MgO buffer layer are Zn-polar. [16].  

A ZnO target having the purity of 99.999 % was used for the ablation sources.  The ceramic 

target with diameter of 2 inch was obtained commercially from Kurt J. Lesker, U.S.  The 

background pressure of the growth chamber was 10
-4

 Pa.  A KrF excimer laser with the 

wavelength of 248 nm, pulse energy of 300 mJ and repetition frequency of 2 Hz was used to 

ablate the target.  The target-substrate separation was 6.5 cm.  The substrate temperature and 

the oxygen pressure was kept at 600 
o
C and 0.02 Pa respectively during the growth.  These 

growth parameters yielded one of the samples having the narrowest full width half maximum 

(FWHM) of the (002) X-ray diffraction (XRD) peak.  The film thickness was measured by 

the cross sectional scanning electron microscope (SEM) image and the film growth rates 

were ~1.7 nm/min and ~2.7 nm/min for the O-polar and Zn-polar films respectively [16].  

Controlled by the growth time, the thicknesses of the films used in the present study were 
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kept at ~100 nm for the SIMS study and ~300 nm for the PAS, photoluminescence (PL), 

cathodoluminescence (CL) and Hall studies.  The details of the fabrication and polarity 

characterization are given in reference [16].  The isochronal annealing was carried out in Ar 

atmosphere for a period of 45 minute.  Room temperature Hall measurement was performed 

using the Accenet HL-5500PC system and the van der Pauw configuration. Time-of-flight 

Secondary Ion Mass (SIMS) Spectrometer  (ION-TOF GmbH) was used to study the depth 

profile of the ZnO film sample. The instrument was equipped with a 25 keV Bi1 cluster gun 

as the primary ion source and a 3 keV Cs+ ion source for etching. The primary ion beam (1 

pA, 5.46 10
14

 Ions/cm
2
) had a focus area approximately 49 49 μm

2
. The Cs+ beam current, 

crater area and sputter ion density were 33 nA, 300 300 μm
2
 and 4.74 10

17
 ions/cm

2
 

respectively.  The 325 nm line from the Kimmon He-Cd laser was used as the excitation 

source for the PL study.  The 500 nm focal length monochrometer (Omni-λ 508), the 

photomultiplier and the lock-in amplifier were used for the PL spectrum acquisition.  The 

sample was loaded into the Oxford closed cycle He refrigerator for keeping the sample at the 

temperature of 10 K during the PL measurement.    The CL measurements were performed at 

the temperature of 80 K using the FEI Quanta 200 scanning electron microscope (SEM) 

equipped with a parabolic mirror, an Oriel MS257 monochromator and a Hamatmatsu S7011-

1077 CCD sensor.  To obtain the depth profiling of the CL, electron beam energy was varied 

from 2 keV to 10 keV while keeping the excitation power constant at 30 μW. All 

luminescence data were corrected for the total response of the light collection system.   

Coincidence Doppler broadening spectroscopy (CDBS) study, which is a kind of PAS, 

was performed using a continuous mono-energetic positron beam having a maximum 

positron energy of 35 keV.  The annihilation gamma photon energy spectrum was collected 

by two high purity Ge detectors and the corresponding nuclear electronics having an energy 

resolution of 1.09 keV.  The Doppler broadening of the annihilation gamma line at 511 keV 
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was monitored by the S-parameter defined as the count of the central window at 511  0.76 

keV divided by the total count of the 511 keV peak; and the W-parameter defined as the 

count of the two wing windows at 511-6.8 eV to 511-3.4 keV and 511+3.4 keV to 511+6.8 

keV.  Experimental details of the CDBS study can be found in reference [11]. 

  

Results 

 Two types of undoped ZnO samples were fabricated on c-sapphire by PLD, one with 

a Zn-polar face grown with a 5 nm MgO buffer layer and the other with a O-polar face grown 

without a buffer layer [16].  In the previous study [16], the surfaces of both the as-grown 

samples were chemically etched with nitric acid solution (0.02 M) and subsequently studied 

by SEM.  The results indicated that chemical etching behavior is strongly dependent on the 

surface polarity of ZnO [21-23].  After etching, ZnO samples grown with and without the 

buffer layer exhibit a hexagonal pit pattern and hill rock pattern respectively, revealing the 

surface terminations of Zn and O polar faces [16].  XRD study was performed on the as-

grown O-polar and Zn-polar undoped ZnO samples.  Both the Zn- and O-polar samples 

exhibit a predominant (002) orientation as indicated by the XRD patterns of all the samples 

that show a strong ZnO (002) peak with (100), (101), (103) and (200) peaks that are at least 

100 times weaker in intensity.  [16]. 

 Hall measurements revealed that the as-grown O-polar sample and the Zn-polar 

samples have different electron concentrations of 6×10
18

 cm
-3

 and 2 ×10
18

 cm
-3

, respectively.  

Figure 1(a) shows the electron concentration of the undoped O-polar and Zn-polar ZnO 

samples versus the annealing temperature.  For the O-polar undoped ZnO samples, the 

electron concentration slightly decreases to ~2×10
18

 cm
-3

 as the annealing temperature 

increases to 700 
o
C, and then increases with annealing temperature to ~4×10

18
 cm

-3
 as the 

annealing temperature reaches 900 
o
C. Whereas, the electron concentration of the Zn-polar 
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undoped ZnO samples has a completely different trend of thermal evolution.  Conversely, it 

decreases monotonically with annealing temperature and reaches the value of 1×10
17

 cm
-3 

at 

900 
o
C, which is 40 times smaller than the value of the O-polar sample.  

 The hydrogen SIMS depth profile of the as-grown O-polar ZnO sample as shown in 

the insert of Figure 1(b) reveals a uniform spatial distribution of hydrogen in the sample.  

Similar results were found for all the O-polar and Zn-polar undoped ZnO samples annealed at 

the different annealing temperatures.  Figure 1(b) shows the relative hydrogen SIMS intensity 

against the annealing temperature for the O-polar and Zn-polar undoped ZnO samples.  The 

as-grown undoped O-polar ZnO sample has ~3.7 times higher H concentration than that of 

the Zn-polar sample.  The H concentration in the O-polar undoped sample dramatically drops 

by 69 % after annealing at 750 
o
C, followed by further slight drop of ~5 % after annealing at 

900 
o
C.  For the Zn-polar undoped ZnO sample, its H concentration slightly decreases with 

the annealing temperature, with only ~5 % drop after annealing at 750 
o
C and another 5 % 

after annealing at 900 
o
C. 

A CDBS study was performed on the O-polar and Zn-polar undoped ZnO samples 

annealed at different temperatures up to 800 
o
C.  CDBS is a specialized type of PAS which is 

selectively sensitive to VZn-related defects in ZnO [24].  The mean positron implantation 

depth is given by:          , where   is the density and  =4.0 µgcm
-2

keV
-1.6

 is a constant 

[24].  A positron energy of 5 keV refers to the positron implantation depth of ~140 nm.  As 

the film thickness is ~300 nm and the positron diffusion length is measured to be  30 nm for 

the current samples, nearly all the positrons implanted at 5 keV annihilate in the bulk film. 

Accordingly, the S and W parameters measured at 5 kV are representative of the bulk film. 

 Figure 2 shows the W-parameter against the S-parameter for the Zn-polar undoped 

ZnO samples grown with P(O2)=0.02 Pa annealed at different temperatures (as-grown, 700 

o
C and 800 

o
C).  We have performed a systematic CDBS study on the O-polar undoped ZnO 
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samples grown with different P(O2) conditions (= 0 Pa, 0.02 Pa and 1.30 Pa) and annealed at 

different annealing temperatures (as-grown, 750 
o
C and 900 

o
C), and the corresponding (W,S) 

data are shown in Figure 2 [11].  These W- and S-parameters are normalized against those 

from a high quality ZnO single crystal which exhibited a single positron lifetime of 166 ps, 

confirming that the single crystal sample is close to defect free [11].  The (W,S) data of this 

single crystal sample is also plotted in Figure 2.  As positrons implanted into the sample will 

be rapidly thermalized and undergo diffusion, if vacancy type defects exist the mobile 

positrons will be captured by the potential well of the missing atomic core of the vacancy.  

Positrons can then either finally annihilate with a surrounding electron either in the 

delocalized bulk state while in diffusion (state b), or in the localized defect states (states di).  

The measured S-parameter is the weighted sum of the contributions from the different 

positron states, i.e.              , where fi and Si are the fraction of annihilating at state i 

and the characteristic S-parameter of state I respectively.  Similarly, the corresponding W-

parameter is given by:            .  If a single type of defect exists, then combining 

the two S and W expressions yields: (    ) (    )  (     ) (     )⁄⁄ .  This 

relationship shows that a straight line passing through the (W,S) data of the defect free 

sample will be yielded and its slope is the fingerprint of the corresponding vacancy type 

defect. 

 Makkonen et al. [25] carried out theoretical study on the Doppler broadening of the 

annihilation radiation from the VZn state and the vacancy clusters states in ZnO.  The 

theoretical W-S straight lines (which are fingerprints of the vacancy type defects, as shown 

above) of the different VZn-related defects are included in Figure 2 for reference.  It was 

found that the theoretical characteristic (W,S) values of VZn, VZn-VO, 2VZn-VO and 4VZn-VO 

are not easily distinguishable by the CDBS.  Adding a VO and a VZn to the vacancy structure 

have the effect of shifting the (W,S) data to horizontally right (i.e. increase of S-parameter) 
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and vertically down respectively (decrease of W-parameter).  The characteristic W-S line of 

the 4VZn is at the lower left side to that of VZn, VZn-VO, 2VZn-VO and 4VZn-VO, while that of 

VZn-2VO is at the upper right side.  The annealing behavior of the O-polar undoped ZnO 

samples are very similar and independent of the oxygen pressure P(O2) during growth.  It can 

be seen from Figure 2, regardless of the growth P(O2), the (W,S) data of the as-grown and the 

750 
o
C annealed O-polar ZnO samples lay on the theoretical characteristic W-S line of VZn-

2VO, and are thus associated with a VO-rich tri-vacancy cluster.  This implies that the VZn-

2VO is the only VZn-related defect that exists in these samples.  As the annealing temperature 

increases to 900 
o
C, the W-S data moves slightly away from the characteristic line though 

with a magnitude slightly larger than the experimental error, which is associated with the co-

existence of VZn-2VO and new thermally induced VZn-related defect containing more VZn or 

less VO. 

 For the as-grown undoped Zn-polar ZnO samples fabricated with 0.02 Pa for which 

its (W,S) data lays between the theoretical fingerprint lines, more than one type of VZn-

related defect exists.  The defect candidates in this case would include the VZn-2VO that is 

detected in the as-grown O-polar ZnO sample, and possibly VZn, VZn-VO and 2VZn-Vo defects 

that are not distinguishable by CDBS.  After annealing at 900 
o
C, the (W,S) data lays on the 

theoretical characteristic W-S line of VZn, VZn-VO and 2VZn-2VO which is also 

indistinguishable by CDBS.  This means that any of these three defects could exist on their 

own, or that they could co-exist together.  However, it can be unambiguously concluded that 

after annealing at 900 
o
C that: (i) no VZn-2VO was detected in the Zn-polar sample; and (ii) in 

O-polar sample VZn-related defects containing relatively more VZn and less VO is formed in 

addition to VZn-2VO.  These results collectively reveal that that the O-polar and Zn-polar ZnO 

materials contain different VZn-related defects and exhibit dissimilar thermal behaviors. 
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 Figure 3(a) shows the low temperature (10 K) PL spectra for the as-grown O-face and 

Zn-face ZnO samples.  The near band edge emission (NBE) at 3.351 eV, and two deep level 

emission (DLE) peaks namely the GL at 2.27 eV and the blue emission at 2.96 eV, are 

observed in the PL spectra of the O-face sample.  In contrast, for the as-grown Zn-polar ZnO 

sample, the DLE intensity is negligible and the NBE intensity is 20 times stronger than that 

of the O-polar sample.  The GL without fine structure has been attributed to the intrinsic 

defects VO and VZn [8]; while the blue emission has been associated to a Zn interstitial [26].  

The effect of thermal annealing on the NBE intensity of both the O-polar and Zn-polar 

undoped ZnO samples were also studied. Figure 3(b) shows the relative NBE intensities of 

the O-polar and Zn-polar ZnO samples against the annealing temperature.  The NBE 

intensities of the samples are normalized against that of the as-grown O-polar sample. As the 

annealing temperature increases from to 900 
o
C, the relative NBE intensities of the Zn-polar 

and O-polar samples steadily increase from ~20 to ~120 and from 1 to ~20 respectively. 

 CL spectroscopy was also used to study the DLE of the undoped O-polar and Zn-

polar ZnO samples and the thermal evolution of the DLE upon annealing.  Figure 4(a) and (b) 

respectively show the DLE spectra of the as-grown undoped O-polar and Zn-polar ZnO 

samples as well as following thermal annealing at 700 
o
C and 900 

o
C. The CL emission was 

excited with an electron energy of 5 keV, which corresponded to the analysis depth of ~140 

nm as determined using CASINO Monte Carlo modelling of the electron energy loss.  The 

DLE emission of the as-grown Zn-face sample is very weak and negligible comparing to its 

NBE emission (see the PL and CL spectra shown in Figure 3(a) and 6(a), respectively). The 

peak position and the shape of the DLE line shape depend on both the polarity of the film and 

annealing temperature.  The DLE is contributed from the emissions from more than one 

defect.  The variation in the DLE’s peak position and shape is due to change of the relative 

intensities of the corresponding defect emissions.  For the as-grown and 700 
o
C annealed O-
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face ZnO samples, the DLE emission is fitted by two broad components having peaks 

centered at 1.96 eV (the yellow luminescence, YL) and 2.38 eV (green luminescence, GL1).  

However, only the GL1 peak was found in the DLE of the O-face ZnO sample after 

annealing at 900 
o
C.  For the as-grown Zn-face ZnO sample, the DLE emission also contains 

two components peaking at 1.81 eV (red luminescence, RL) and 2.54 eV (green 

luminescence, GL2).  It is noteworthy that the GL2 observed in this sample not only differs in 

peak position to GL1, but also exhibits a different response to H-plasma treatment (to be 

discussed later).  After annealing the Zn-polar sample at 700 
o
C, the YL (at 1.99 eV) 

component is evident and the GL2 found in the as-grown sample changes to GL1 (at 2.41 eV), 

and after annealing 900 
o
C, only GL1 persists.  

 Depth-resolved CL was used to investigate the in-depth spatial distribution of the 

DLE’s. Figure 5 shows the GL intensities IGL against the electron beam energy between 1-

13 keV for the undoped O-polar and Zn-polar ZnO samples annealed at different 

temperatures. This range of beam energies provided probing depths ranging from ~ 9 to 

400 nm, referring to depths corresponding to 70% loss of the electron beam energy.  The 

excitation electron beam power was kept constant for all the measurements by varying the 

electron beam current.  A CL probe depth of 300 nm equal to the film thickness corresponds 

to the electron beam energy of ~ 11 keV.  For O-polar ZnO, the GL1 (2.38 eV) intensity of 

the as-grown sample is quite uniform all over the film thickness (black open square in the 

figure 5), as expected for an uniform concentrations of GL1 defects excited by constant 

power electron beam.  After annealing at 700 
o
C (red open circles), the overall GL1 depth-

resolved intensity drops uniformly by a factor of 0.5 with a more pronounced decrease near 

the surface.  A similar GL1 intensity profile is observed after annealing at 900 
o
C (green open 

triangles), however, conversely there is an increase in the intensity by 3.5 times compared 

with the as-grown sample. The as grown undoped Zn-polar sample exhibits a mostly uniform 
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in-depth GL2 profile (solid black squares) that is about 40x weaker than the as-grown O-

polar GL1 profile. After heating at 700 
o
C (solid red squares) and 900 

o
C (solid green 

squares), the GL2 emission is quenched.  The GL1 appears with in-depth profile that is 20x 

and 700x, respectively more intense than the as grown sample with both profiles showing 

lower intensities near the surface and towards the bulk, as observed in the annealed O-

polarity sample.  

 Hydrogen plasma treatment study was carried out on the as-grown undoped O-polar 

and Zn-polar ZnO samples and those annealed at 900 
0
C.  Figure 6(a) and (b) respectively 

shows as-grown and 900 
o
C annealed undoped O-face ZnO samples before and after the 

plasma treatment.  Figure 6(a) and (b) clearly shows that plasma treatment enhances the near 

band edge emission (NBE) and quenches the DLE in the O-face samples.  The insert of 

Figure 6(c) shows the CL spectra of the as-grown undoped Zn-polar ZnO sample before and 

after the plasma treatment.  The NBE intensity of the both samples is enhanced by the plasma 

treatment.  Figure 6(c) shows the DLE of the as-grown undoped Zn-polar ZnO samples 

before and that after the plasma treatment (×50 intensity scale).  It was found that the RL and 

GL2 identified in the as-grown undoped Zn-polar ZnO sample are not removed by the plasma 

treatment.  Figure 6(d) shows the CL spectra of the 900 
o
C annealed Zn-polar undoped ZnO 

sample before and after the plasma treatment, revealing an enhancement of NBE intensity 

and complete quenching of the GL1.  For the O-polar ZnO and Zn-polar ZnO undoped 

samples annealed at 700 
o
C for which GL1 and YL are identified, plasma treatment also 

removes the two DLE’s (CL spectra not shown).  To sumarize, the plasma treatment 

quenches the GL1 and YL and has no effect on the GL2 and RL intensity. 

 

Discussion and Conclusions 
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 The electron concentration of a semiconductor is dependent on both its shallow donor 

concentration and its abundance of the compensating defects.  In ZnO, H is an important 

residual shallow donor and widely regarded to be responsible for the n-type conductivity of 

unintentionally doped ZnO [8, 27, 28].  The electron concentration of the as-grown undoped 

O-polar ZnO sample is higher than that of the Zn-polar sample by a factor of 3 (6×10
19

 cm
-3

 

and 2×10
19

 cm
-3

, respectively).  The as-grown undoped O-polar ZnO sample has a H 

concentration 3.5 times larger than that of the Zn-polar sample, which is close to the 

fractional difference of their electron concentration.  The higher H concentration in the as-

grown undoped O-polar ZnO sample is most likely the cause of its higher electron 

concentration.  For both the O-polar and Zn-polar undoped samples, the H concentration 

monotonically decrease with increasing annealing temperature.  However for the O-polar 

undoped sample, the electron concentration decreases first when the annealing temperature is 

 750 
o
C, and then it increases with higher temperature.  Following the 750 

o
C anneal, the 

electron concentration drops by 70 % when compared to that of the as-grown value, while the 

H-concentration drops by the similar amount of 69 %.   The drop in the electron 

concentration with annealing temperature for the O-polar undoped sample with an annealing 

temperature  750 
o
C is related to the thermal removal of the H..  After annealing at 900 

o
C, 

the H concentration of the O-polar undoped samples slightly decrease but the electron 

concentration increases from 2×10
18

 cm
-3

 to 4×10
18

 cm
-3

 (i.e. by ~50 %).  This implies that 

observed increase in electron concentration is associated to the reduction in the abundance of 

compensating defects rather than to an increase in the H shallow donor concentration.  The 

thermal evolution of the electron concentration of the Zn-polar undoped sample decreases 

monotonically with the annealing temperature, which is not the same as that of the O-polar 

thermal behavior.  After annealing at 900 
o
C, the electron concentration of the O-polar 

undoped sample drops by 95 % compared to its as-grown value, while the H concentration 
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drops by only 31 %.  This implies that the thermal suppression of electron concentration 

cannot be only due to the thermal removal of H but must be also associated to the thermal 

creation of compensating defects.  It is important to note that  annealing at 900 
o
C creates and 

removes compensating  defects in Zn-polar and O-polar ZnO undoped samples, respectively. 

 The results shown in Figure 1(b) reveal that the H concentration in the O-face 

undoped ZnO sample is higher than that of the undoped Zn-face sample.  In our previous 

study, we have studied the abundance of VO in the same O-polar and Zn-polar ZnO samples 

using XPS.   The O 1s XPS binding energy spectra were well fitted by three oxygen 

components, associated with (i) the O
2-

 in the ZnO lattice, (ii) oxygen vacancies and (iii) 

surface absorbed OH [16].  It was found that the Zn-polar undoped ZnO sample had a slightly 

stronger relative OH intensity as compared to that of the O-polar sample. This could be due 

to the favorable bonding of the OH
-
 to the Zn

2+
 and H

+
 to the O

2-
 respectively on the Zn-polar 

and O-polar surface The NBE PL emission at 10 K peaking at 3.351 eV of the as-grown 

Zn-polar undoped ZnO has 18x higher intensity than that of the O-polar undoped sample.  

The 3.351 eV emission line has been associated to the neutral donor bound exciton (D
0
X) 

emission [29].  Additionally, the DLE of the as-grown Zn-polar undoped ZnO sample is 

negligible as compared to its NBE while that for the O-polar undoped ZnO sample is much 

stronger.  For both the Zn-polar and O-polar ZnO undoped samples, the NBE intensity 

increases with increasing annealing temperature, however their post heat treatment intensities 

are different.  The relative NBE intensity of the O-polar ZnO sample after annealing at 900 

0
C is 20, while that for the Zn-polar sample is 120.  The significant higher ultra-violet 

emission performance of the Zn-polar ZnO material makes it a better choice for luminescence 

applications as compared to the O-polar ZnO material.  The higher NBE intensity and lower 

DE intensity in the Zn-polar ZnO materials suggests that the Zn-polar material has less defect 

related non-radiative recombination pathways than the O-polar material. 

                  



17 
 

 The experimental (W,S) data of the O-polar and Zn-polar samples were compared 

with the theoretical characteristic W-S lines of VZn, VZn-VO, VO-2VZn, VZn-2VO and 4VZn.  

The single type of VZn-2VO dominates in the as-grown O-polar ZnO samples while the 

signals of the others are not detected.  For the Zn-polar as-grown sample, co-existence of 

monovacancy, divacancy and/or trivacancy are found.  It is important to point out that 

vacancy clusters exist in the Zn-polar films and VZn-2VO dominates in the O-polar sample 

although the formation energy of VZn monovacancy is lower than that of the vacancy clusters 

[30].  Bang et al. [30] also noted that although the formation energies of the vacancy clusters 

is high, their dissociation energies are also high.  This indicates that once the vacancy clusters 

were formed it was not easy to be dissociated.  Luo et al. [11] commented that the substrate 

temperature of PLD growth was relatively low temperature at 600 
o
C.   VZn and VO undergo 

diffusion during the growth process.  With the dissociation energy like 2.5 eV of the 

divacancy VZn-VO given by Bang et al. [30], the corresponding dissociating temperature was 

estimated to be ~850 
o
C which was higher than the substrate temperature during growth.  

These arguments strongly suggest that the vacancy cluster once formed from the aggregation 

of diffusing vacancies is difficult to dissociate thermally.  The vacancy cluster formation is 

thus governed by the kinetics of the vacancy diffusion rather than the formation energy 

associated with the thermodynamic equilibrium process. 

 There are two different types of structureless green luminescence observed in the 

present study, the GL2 (2.54 eV) which is only observed in the as-grown undoped Zn-polar 

sample with very weak intensity; and the GL1 (2.40 eV) which is observed in all the O-polar 

undoped samples and the annealed Zn-polar undoped samples.  It is found that the H-plasma 

treatment quenches the GL1 but not the GL2.  As H-plasma treatment usually quenches the 

acceptor type defect, GL1 would be associated with acceptor type defect.  Green 

luminescence without fine structure is usually ascribed to intrinsic vacancy defects in ZnO, 
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VO and VZn [8, 13] and references therein).  The intensity of the GL1 is quenched and GL2 is 

uneffected bythe H-plasma treatment suggesting that these emission peaks are related to VZn 

and VO, respectively.  A detailed previous PAS study was performed on the undoped ZnO 

samples grown by the same PLD system and similar conditions with different oxygen 

pressures and annealed at different temperatures [11].  It was found that for the O-polar ZnO 

samples grown with the oxygen pressures from 0 Pa to 1.3 Pa and annealed below at 

temperatures   750 
o
C, the VZn-2VO complex is the only single type of VZn-related defect in 

the sample and no signal from isolated VZn is detected.  As GL1 is found in the CL spectra of 

the O-polar ZnO sample irrespective of the annealing temperature, the PAS data does not 

provide the assignment of the GL1 to VZn.  

Annealing the O-polar and Zn-polar undoped ZnO samples has the effect of 

enhancing the GL1 intensity.  The as-grown Zn-polar sample does not exhibit a GL1 

emission, however, after annealing at 900 
o
C a GL1 peak is created with an intensity 

equivalent to that of the O-polar sample after annealing at 900 
o
C.  Accordingly, the 

formation in the GL1 peak in both types of sample after annealing at 900 
o
C is ascribed to the 

thermal generation of the defect associated with the GL1 peak.  Another effect of annealing is 

the creation of a region of decreasing GL1 intensity in the in-depth profile moving from the 

bulk towards the surface of the sample (Figure 5).  The most likely explanation for this effect 

is that GL1 defects are created at elevated temperature are sufficiently mobile to diffuse to 

the surface of the sample where they are annihilated.  

In conclusion, undoped O-polar and Zn-polar ZnO films were grown on c-sapphire 

using PLD.  The as-grown O-polar ZnO sample had higher electron concentration than the 

Zn-polar sample because of its higher H-concentration.  The thermal evolution of their 

electron concentrations were found to be very different.  The electron concentration of the 

Zn-polar undoped ZnO sample monotonically decreases with the annealing temperature, 
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which was due to the thermal removal of H and thermal creation of compensating defects.  

For the O-polar undoped ZnO sample, its electron concentration also decreased with 

annealing temperature  700 
o
C due to the thermal removal of H. However, the electron 

concentration was observed to increase with annealing temperature >700 
o
C, which is 

attributed to the thermal removal of the compensating defect.  The Zn-polar ZnO samples had 

higher NBE intensity than that of the O-polar sample, which is related to the lower 

concentrations of defects that act as non-radiative recombination centers.  The DLE of the as-

grown Zn-polar undoped ZnO sample was negligibly small compared to its NBE, while the 

as-grown O-polar undoped sample displayed a much more intense DE.  Two different GL 

peaks were observed, centered at 2.38 eV (GL1) and (2.38 eV) and at 2.54 eV (GL2).  The 

GL2, attributed to an oxygen vacancy, was only found in the as-grown undoped Zn-polar 

ZnO sample while GL1 was observed in the annealed undoped Zn-polar samples as well as 

all the O-polar undoped ZnO samples.  GL1 is probably associated with the acceptor type 

defect, though its origin still requires further investigation. 
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Figure 1 (a) shows the electron concentration versus annealing temperature for the O-polar and Zn-

polar ZnO samples. The relative H intensity against the annealing temperature for the O-face and Zn-

face ZnO samples is presented in Figure 1(b).  The data of annealing temperature equal to 600 
o
C are 

those for the as-grown samples grown at 600 
o
C.  The insert of 1 (b) shows the SIMS depth profile of 

H, Zn and Al for the as-grown O-polar ZnO sample. 
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Figure 2 shows the W-S parameter plot for the CDBS study of the O-polar and Zn-polar samples.  The 

black square symbols refer to the (W,S) data of the O-polar ZnO sample grown with different P(O2)=0 

Pa to 1.3 Pa annealed at different temperatures are reproduced from Luo et al. [16].  These data with 

annealing temperature  750 
o
C lay on the theoretical characteristic W-S line of VZn-2VO.  The red 

dotted lines refer to the theoretical W-S lines of the different VZn and vacancy clusters [11].  It is 

significant to note that the VZn, VZnVO and 2VZn-VO have characteristic W-S lines that are 

indistinguishable.  The green triangle symbols are the (W,S) data of the Zn-polar ZnO sample grown 

with P(O2)=0 Pa and annealed at different temperatures. 

 

 

 

 

 

 

 

 

 

                  



24 
 

 

Figure 3  (a) The low temperature (10 K) PL spectra of the as-grown O-polar and Zn-polar ZnO 

samples; and (b) The relative NBE intensities of the PL spectra for the as-grown O-polar and Zn-polar 

ZnO samples.  The relative NBE intensity is normalized against the NBE intensity of the as-grown O-

polar sample.  The data of annealing temperature equal to 600 
o
C are those for the as-grown samples 

grown at 600 
o
C. 
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Figure 4 (a) and (b) respectively show the DLE  CL spectra for the O-polar and Zn-polar ZnO 

samples annealed at different temperatures.  The DLEs of the as-grown and 700 
o
C annealed ZnO 

samples are well fitted by the superposition two-Gaussian and those for the 900 
o
C annealed samples 

are well fitted by the single Gaussian component.  The lines represent the fitted Gaussian peaks. 
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Figure 5 shows the depth-resolved CL results. The intensities of the GL1 and GL2 as plotted versus 

the electron beam energy at constant power for the O-polar and Zn-polar ZnO samples annealed at 

different temperatures. 
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Figure 6 (a) and (b) are respectively the CL spectra of the as-grown and 900 
o
C annealed O-polar ZnO 

samples before and after the H plasma treatment.  Fig 6(c) is the ×50 y-scale DLE of the as-grown Zn-

polar sample before and after the H plasma treatment. The insert of (c) and (d) are those of the as-

grown and 900 
o
C annealed O-polar and Zn-polar samples before and after the H plasma treatment. 

The insert in Fig 6 (c) and Fig 6 (d) show the CL spectra from the as-grown and 900 
o
C annealed O-

polar and Zn-polar samples before and after the H plasma treatment, respectively. 
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