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Undoped ZnO films are grown by pulsed laser deposition on c-plane sapphire with different oxygen

pressures. Thermal evolutions of defects in the ZnO films are studied by secondary ion mass

spectroscopy (SIMS), Raman spectroscopy, and positron annihilation spectroscopy (PAS), and

with the electrical properties characterized by the room temperature Hall measurement. Oxygen

deficient defect related Raman lines 560 cm�1 and 584 cm�1 are identified and their origins are

discussed. Thermal annealing induces extensive Zn out-diffusion at the ZnO/sapphire interface and

leaves out Zn-vacancy in the ZnO film. Two types of Zn-vacancy related defects with different

microstructures are identified in the films. One of them dominates in the samples grown without

oxygen. Annealing the sample grown without oxygen or growing the samples in oxygen would

favor the Zn-vacancy with another microstructure, and this Zn-vacancy defect persists after

1100 �C annealing. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890460]

I. INTRODUCTION

ZnO has been received great deal of attention in the past

10 years because of its excellent physical properties for fab-

ricating optoelectronic devices.1 Defects in semiconductors

play crucial role in determining the materials optical and

electrical properties. The realization of practical ZnO-based

devices is still suffering from the asymmetric p-type doping

difficulty of ZnO,2,3 which is also at least partially related to

the poor understandings of the defects, defect compensation,

and defect control in the ZnO materials.

There have been theoretical studies on the defects of

ZnO but the results are dependent on the approach, approxi-

mation, and post-process adopted (Refs. 4–7 and references

therein). It is generally accepted that Zn vacancy is a double

acceptor having energy states e(0/�1) and e(�1/�2) at

0.1–0.2 eV and 0.9–1.2 eV above the valence band, respec-

tively. The calculated formation energy of VZn is high in

p-type ZnO and it decreases with the EF moving towards the

conduction band. VZn is the important residual acceptor in

n-type ZnO material. Oxygen vacancy is generally agreed to

be a deep negative U donor with the state e(0/2þ) calculated

to be 0.4–0.8 eV. It has low formation energy for p-type

ZnO, but the calculation results show divergence on whether

VO exists in n-type ZnO. Zn interstitial is a shallow donor. It

is mobile at low temperature because of its low migration

barrier. The oxygen interstitial exists in two configurations

namely the octahedral configuration and the tetrahedral split

configuration. The octahedral configuration has two deep

acceptors states, but its formation energy is high in equilib-

rium situation. The split configuration has lower formation

energy but it is electrically inactive. Zn-antisite has the

calculated high formation energy for n-type ZnO. The calcu-

lated formation energy for the oxygen antisite is high and is

not expected to exist in equilibrium situation.

Experimental defect study of ZnO has been performed

using a variety of spectroscopic techniques like positron

annihilation spectroscopy (PAS),8–15 photoluminescence

(PL),16–21 and Raman spectroscopy (RS).22–26 PAS is selec-

tively sensitive to VZn related defects. VZn (Refs. 8–10) and

VZn-hydrogen complexes12 have been identified in n-type

ZnO. PAS has also been used to study the different Zn-

vacancy related phenomena like the thermal induced forma-

tion and the dissociation of the shallow acceptor in As-doped

ZnO,13,14 the residual donor responsible for the n-type con-

ductivity in undoped ZnO,15 etc. Broad defect emission

bands with different wavelengths are frequently observed in

ZnO materials. Among these defect emissions with different

colors, green luminescence (GL) is commonly observed but

its origin is controversial. It has been ascribed to Cu impu-

rity,16 Zn-vacancy,17 O-vacancy,18 O-antisite (OZn),20 Zn in-

terstitial complex,21 etc. Two Raman modes of 584 cm�1

(E1-LO) and 560 cm�1 were reported to be defect related and

have been associated to O-vacancy and Zn-interstitial,

respectively.22–26

In the present study, defects in pulsed laser deposition

(PLD) grown undoped ZnO films are investigated by a vari-

ety of spectroscopy methods, including PAS, Raman spec-

troscopy, and secondary ion mass spectroscopy (SIMS). The

effects of growth stoichiometry and post-growth annealing

are systemically studied.

II. EXPERIMENTAL

Undoped ZnO films were grown by the PLD method on

the c-plane sapphire substrate. The ZnO target is obtained

from the Kurt J. Lesker Co. (purity of 99.999%). The
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background pressure of the growth chamber is 1� 10�4 Pa.

To study the effect of growth stoichiometry, the growth was

carried out with three different oxygen pressures, namely,

PO2¼ 0 Pa, 1.3 Pa, and 5 Pa. During the growth, 248 nm

laser pulse from the Coherent COMPexPro 102 excimer laser

was used. The pulse energy and repetition rate of the laser

pulse are 300 mJ and 2 Hz, respectively. The substrate tem-

perature was kept at 300 �C during the growth. The isochro-

nal annealing process was conducted in a tube furnace in the

Ar atmosphere for 30 min at different annealing tempera-

tures Tanneal up to 1100 �C. For the atomic force microscopic

study, the ZnO samples are covered with and without another

piece of ZnO in the Ar atmosphere to investigate the effect

on the surface roughness. For the other spectroscopic meas-

urements, the ZnO samples are annealed open to the Ar

atmosphere without cover. The Hall measurement was con-

ducted at room temperature using the van der Pauw configu-

ration by the Accenet HL-5500PC system. X-ray diffraction

measurement was performed using the Bruker D8 Advance

x-ray diffractometer with the Cu Ka line (0.1541 nm). The

SIMS measurement was conducted using the Cameca

(Model IMS 4F) dynamic secondary ion mass spectrometer.

The Raman measurement was carried out using a WITec-

Alpha con-focal micro-Raman system under the back scat-

tering geometric configuration. The excitation source is a

514.5 nm Ar laser with an output power of 30 mW. The laser

beam is focused onto the sample with a 60� objective.

Atomic force microscope (AFM) measurement is carried out

to investigate the morphology using the Asylum Research

MFP3D in semi-contact (tapping) mode.

PAS measurement was carried out using a 25 keV

mono-energetic positron beam as the positron source. The

annihilation gamma ray energy spectrum is collected using a

high purity Ge detector and the corresponding nuclear elec-

tronic, which has an energy resolution of 1.3 keV for the

514 keV line. The Doppler broadening of the annihilation

gamma photons is monitored by the S- and W-parameters,

which are defined as the ratios of the central window count,

and the summation of the two wings count to the total count

of the annihilation peak, respectively. The window for

the S-parameter is 511 6 0.76 keV, and those for

the W-parameter are 511 6 3.4 keV and 511 6 6.8 keV.

Experimental details of the PAS measurement can be found

in Ref. 13. For the case of ZnO, the PAS parameters (i.e.,

the S and W parameters) are selectively sensitive to VZn and

its related complex.

III. RESULTS AND DISCUSSIONS

Figures 1(a) and 1(b) show the AFM images of the oxy-

gen free grown samples in the as-grown state and after the

900 �C annealing open to Ar atmosphere, respectively. The

surface of the 900 �C annealed sample is damaged, but dam-

age is not found in samples annealed at 750 �C. The surface

roughness of the as-grown sample is 1.97 nm and that after

the 900 �C covered annealing increases to 3.37 nm. With the

aim to reduce the surface damage and improve the rough-

ness, we have covered another piece of ZnO on top of the

sample during the 900 �C annealing process and the AFM

image was shown in Figure 1(c). No surface damage is found

and the surface roughness reduces to 0.82 nm.

XRD measurements have been carried out on the sam-

ples grown at the PO2 of 0 Pa and 5 Pa. Three peaks are iden-

tified in all the XRD spectra, namely, peaking at 34.5�,
41.7�, and 72.1� and being associated with ZnO (002), sap-

phire (006), and ZnO (004), respectively. Figure 2 shows the

region of the XRD spectra containing the Zn (002) and sap-

phire (006) peaks for the samples grown at PO2 of 0 Pa and

annealed at different temperature. This indicates that the

grown ZnO film has the single-phase wurtzite structure with

the c-axis as the preferential orientation. Figure 3 shows the

full-width-half-maximum (FWHM) of the ZnO (002) peaks

against the annealing temperature for the samples with PO2

equal to 0 Pa and 5 Pa. The FWHM decreases with the

annealing temperature, indicating the improvement of the

FIG. 1. AFM pictures showing the morphology of the ZnO samples: (a) as-

grown; (b) annealed at 900 �C with the cover of another piece of ZnO; and

(c) annealed at 900 �C without the cover of another piece of ZnO. The sam-

ples are grown with the oxygen pressure of 0 Pa.
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crystalline quality. At the annealing temperature of 900 �C,

the FWHM reaches value of �0.12�, irrespective of the ini-

tial growth oxygen pressure.

Figure 4 shows the electron concentrations as a function

of the annealing temperature for the ZnO samples grown at

PO2 of 0 Pa, 1.3 Pa, and 5 Pa. The as-grown sample grown

with no oxygen has electron concentration of 2� 1019 cm�3.

For the other two samples grown with oxygen, the as-grown

electron concentrations are �3–6� 1018 cm�3, which are sig-

nificantly lower than that grown without oxygen. Irrespective

of the oxygen pressure during growth, all the three samples

have electron concentrations laying in a relatively narrow

range of 1–6� 1018 cm�3 for the annealing temperature range

between 450 �C and 750 �C. For all the samples, further

annealing up to 900 �C would have the effect of slightly

increasing the electron concentration, reaching values of

7–9� 1018 cm�3. The three as-grown samples have the mo-

bility of �20–30 cm2 V�1 s�1 and have the maximum mobil-

ity achieved after the 900 �C annealing with the values of 95

cm2 V�1 s�1, 50 cm2 V�1 s�1, and 85 cm2 V�1 s�1 for the

samples grown at PO2¼ 0, 1.3, and 5 Pa, respectively.

To monitor for the hydrogen in the ZnO film as well as

the Zn and Al inter-diffusion at the ZnO/sapphire interface,

SIMS measurements were conducted on the samples grown

with PO2¼ 0 Pa and 1.3 Pa, and upon the post-growth anneal-

ing with different temperatures. Figures 5 and 6, respectively,

show the SIMS depth profiles of Zn, Al, and H for the sam-

ples grown with PO2¼ 0 Pa and 1.3 Pa annealed at different

temperatures. Hydrogen is found throughout the ZnO film in

all the samples. The H concentrations were calculated using a

control undoped ZnO sample implanted by H with known flu-

ence and energy, and with the SIMS signal intensity cali-

brated against the H concentration obtained by the Monte

Carlo TRIM27 code. The thus calculated H concentrations of

the PLD grown ZnO samples against the annealing tempera-

ture are shown in Figure 7. The as-grown sample grown at

1.3 Pa oxygen pressure has higher H-concentration than that

grown without oxygen (2.5� 1019 cm�3 and 1.2� 1019

cm�3, respectively). After the 600 �C annealing, the H-

concentrations of both sets of the samples dropped signifi-

cantly to the similar value of �8� 1018 cm�3. They then

decreased very slightly after the 900 �C annealing.

For both the samples grown with PO2¼ 0 and 1.3 Pa,

the inter-diffusions of Al and Zn across the ZnO/sapphire

interfaces in the as-grown samples are with the depth of

FIG. 2. The ZnO (002) and sapphire (600) peaks as found in the XRD spec-

tra for the samples grown at the substrate temperature of 300 �C with 0 Pa

oxygen pressure undergone different annealing temperatures.

FIG. 3. The FWHM of the ZnO (002) peaks as a function of the annealing

temperature. The samples are grown at the substrate temperature of 300 �C
in the oxygen pressures of 0 Pa and 5 Pa.

FIG. 4. The data of the electron concentration against the annealing temper-

ature for the ZnO samples grown with the oxygen pressures of 0 Pa, 1.3 Pa,

and 5 Pa.
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�30 nm (Figure 5 and 6). After the 600 �C annealing, the

inter-diffusion depths of Al and Zn slightly increase to

�30–40 nm. The 900 �C thermal annealing induced Zn out-

diffusion from the ZnO film is very different for the samples

grown with and without oxygen during the growth. For the

sample grown without oxygen, the ZnO/sapphire interface is

relatively stable, with the diffusion depths of Al and Zn

increased to 50 nm and 40 nm, respectively, after the 900 �C
annealing. However, for the sample grown at 1.3 Pa oxygen

pressure, there is extensive Zn diffusion into the sapphire

substrate with the depth of �100 nm after the 900 �C anneal-

ing. The Al diffusion depth is similar to that found in the

sample grown without oxygen, i.e., equal to �50 nm. It is

unclear why the sample grown with oxygen has more exten-

sive Zn out-diffusion from the ZnO film, and further study is

needed.

Hydrogen has been attributed to be the residual shallow

donor associated with the n-type conduction in undoped

ZnO.28 It would be worthwhile to compare the thermal evo-

lution of the H-concentrations and the electron concentra-

tions to understand the carrier conduction in the present

samples. For the as-grown samples, the sample grown with

oxygen has higher H-concentration but lower electron

FIG. 5. The SIMS depth profiles of H, Zn, and Al of the (a) as-grown; (b)

600 �C annealed; and (c) 900 �C annealed samples grown without oxygen.

FIG. 6. The SIMS depth profiles of H, Zn, and Al of the (a) as-grown; (b)

600 �C annealed; and (c) 900 �C annealed samples grown with oxygen pres-

sure of 1.3 Pa.

FIG. 7. The hydrogen concentration as a function of the annealing tempera-

ture for the samples grown with oxygen pressures of 0 Pa and 1.3 Pa at the

substrate temperature of 300 �C. The hydrogen concentration of the as-

grown sample grown with 1.3 Pa oxygen pressure and 600 �C substrate tem-

perature is also included.
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concentration than those grown without oxygen (Figures 4

and 7). The low electron concentration found in the H abun-

dant sample grown in oxygen could be due to the inferior

crystalline quality as revealed by the FWHM of the ZnO

(002) XRD peak (Figure 3). The H concentrations for all the

samples annealed at 600 �C lay within narrow range of �4–8

� 1018 cm�3 (Figure 6). Irrespective of the initial growth

conditions, the electron concentrations of all the samples

annealed at 600 �C lays within the narrow range of 1–4

� 1018 cm�3, which is close to that of the hydrogen concen-

tration. It is plausible to suggest that hydrogen impurity is

the important shallow donor responsible for the n-type con-

duction for the samples undergone the 600 �C annealing.

Comparing the H concentration and electron concentration

(Figures 4 and 7), the slight increase of electron concentra-

tion after the 900 �C annealing is not related to the hydrogen

impurity.

Figure 8 shows the Raman spectra of the ZnO samples

grown without oxygen undergone the 600 �C and 900 �C
annealing in the Raman shift range of 490 cm�1 to

610 cm�1. Raman peaks of 584 cm�1 and 560 cm�1 have,

respectively, been associated to the intrinsic defects of VO

and Zni.
22–26 The broad Raman peak as seen in the 600 �C

annealed sample (Figure 8) could be well fitted with the two

intrinsic defect related peaks (560 cm�1 and 584 cm�1) in

addition with the sapphire substrate related peak (579 cm�1).

The resultant fitted curve and the corresponding components’

curves are shown in Figure 8. For the Raman spectrum of the

900 �C annealed sample as shown in Figure 8, thermal re-

moval of the two intrinsic defect related peaks are clearly

observed, and only the sapphire related peak remains. It

would be interesting to investigate the stoichiometry depend-

ence of these defect related Raman peaks. The intensities of

the two Raman peaks of the as-grown samples grown with

PO2¼ 0 Pa, 1.3 Pa, and 5 Pa are tabulated in Table I.

Figure 9 summarizes the intensities of the two defect

related peaks against the annealing temperature for the sam-

ples grown without oxygen. The annealing temperatures of

the intrinsic defects associated with the 560 cm�1 and

580 cm�1 Raman peaks are 750–900 �C and 600–750 �C.

Table I clearly demonstrates that the 584 cm�1 peak intensity

dramatically drops by orders of 100 and 10 000 if the grow-

ing environment changes from no oxygen to 1.5 Pa and 5 Pa

oxygen, respectively. For the intrinsic defect associated with

the 560 cm�1 Raman peak, its intensity is less sensitive to

the oxygen environment during growth. Its intensity is

reduced by about 15 times and 30 times while the growing

environment changes from no oxygen to 1.5 Pa and 5 Pa oxy-

gen, respectively. It can be summarized that growing in oxy-

gen environment would suppress the two intrinsic defect

related 560 cm�1 and 584 cm�1 Raman peaks.

The assignment of the 560 cm�1 and 584 cm�1, respec-

tively, to Zni and VO as in the previous literatures such as

Refs. 22–26 is compatible with the oxygen deficient nature as

observed in the present study. VO is generally believed to

have the U-negative property and has the energy state at e(0/

2þ)¼ 0.4–0.8 eV below the conduction band. The Fermi lev-

els calculated from the electron concentration for the present

samples are all well above the e(0/2þ) of VO, and thus the

VO in the present samples should possess a zero charge state.

Janotti and Van de Walle4 have obtained the theoretical value

of 2.36 eV for the migration barrier of neutral VO
0. This

FIG. 8. The Raman spectra of the ZnO samples grown with (a) no oxygen

and Tanneal¼ 600 �C; (b) no oxygen and Tanneal¼ 900 �C; and (c) oxygen

pressure of 1.3 Pa and as-grown. The 560 cm�1, 584 cm�1 and the sapphire

peak are clearly observed in (a). By comparing (a) and (b), 900 �C annealing

has the effect of removing the 560 cm�1 and 584 cm�1 peaks. It is also

noticed from (c) that 560 cm�1 and 584 cm�1 are suppressed by the presence

of the oxygen.

TABLE I. The intensities of the two Raman peaks 560 cm�1 and 584 cm�1

for the as-grown samples grown at different oxygen pressure. The substrate

temperature during growth is 300 �C.

Oxygen pressure during growth

Intensities of Raman peaks

560 cm�1 584 cm�1

0 Pa �4000 �500

1.3 Pa 270 3

5 Pa 186 0

FIG. 9. The intensities of the 560 cm�1 and 584 cm�1 Raman peaks as a

function of the annealing temperature. The Raman peak intensity is in log

scale. The samples are grown with no oxygen.
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corresponds to the annealing temperature of 909 K, which

agrees well with the annealing temperature of the defect asso-

ciated with the present 584 cm�1 Raman peak. The 584 cm�1

Raman peaks is thus attributed to the VO. For the case of Zni,

theoretical calculation yields the migration barrier of

0.57 eV,4 which corresponds to the annealing temperature of

219 K. Optically detected magnetic resonance (ODMR) study

also shows that the Zni anneals out at 170 K.29 In the present

study, the 560 cm�1 anneals at temperature of 900 �C, even

higher than that of VO. The assignment of the 560 cm�1

Raman peak to Zni is thus highly suspicious.

For ZnO materials, PAS technique is selectively sensi-

tive to the Zn-vacancy related defects. To understand the

thermal evolution of the VZn-related defects in the ZnO sam-

ples, PAS study was performed on the samples grown with

the oxygen pressures of 0 Pa and 5 Pa, and their S-W plots

were shown in Figure 10. For the presence of a single type of

vacancy defect, the measured resultant S-parameter is the

weighted sum of the contributions from the bulk state and

the defect state, i.e., S¼ (1� g)Sbþ gSd,30 where g is the

fraction of the positron annihilating at the defect state, Sb

and Sd are the characteristic S-parameters of the bulk state

and the defect state, respectively. Similar relation holds for

the W-parameter,30 W¼ (1� g)Wbþ gWd. Combining the

two equations yields S� Sb¼R(W�Wb). This implies in the

presence of the single type of positron trapping defect, plot-

ting S-parameter against the W-parameter would yield a

straight line with the slope of R. R is the characterized R-pa-

rameter and is a fingerprint of the defect. To normalize

against the Sb and Wb, the normalized Rnormal is given by

Rnormal¼ (Wb/Sb)R.

For the samples grown without oxygen, the S-W data

points of the as-grown, 400 �C, 500 �C, and 600 �C annealed

samples lay on a straight line in the S-W plot, implying single

type of Zn-vacancy related defect (VZn-1) exists in these

samples. For the samples grown at 5 Pa oxygen pressure, the

data points lay on another straight line in the S-W plot,

implying that another type of Zn-vacancy related defect

(VZn-2) exists in these samples. It is noticed that the samples

grown without oxygen annealed at 900 �C and 1100 �C also

lie on the VZn-2 straight line. The two straight lines inter-

sects at Sb¼ 0.5008 and Wb¼ 0.09467, which are the char-

acteristic S and W parameters of the defect free ZnO bulk

state, respectively.

The whole picture is that VZn-1 exists in the as-grown

sample grown without oxygen. At annealing temperature

�600 �C, VZn-1 is the only detected Zn-vacancy related

defect in the samples. Annealing the samples at 900 �C
would initiate the conversion of VZn-1 to another Zn-

vacancy related defect VZn-2 with a different microstruc-

ture. For the samples grown with 5 Pa oxygen, VZn-2 exists

in the as-grown sample as well as the post-growth annealed

ones. VZn-2 persists after the 1100 �C annealing.

In the previous paragraph, it has been stated that the

slight increase of electron concentrations after the 900 �C
annealing was not associated with the hydrogen impurity. As

the S-W data points of 0 Pa/750 �C, 0 Pa/900 �C, 5 Pa/750 �C,

and 5 Pa/900 �C lay on the straight line of VZn-2 implying

the type of Zn-vacancy is the same, their S-parameters are

the direct indication of the corresponding Zn-vacancy con-

centration. From Figure 10, the Zn-vacancy concentrations

of the samples grown with and without oxygen drop after the

900 �C annealing. The thermal reduction of the Zn-vacancy

compensating center could be the cause for the slight

increase of electron concentration after the 900 �C annealing.

Tuomisto et al.8,9 studied the seeded vapor phase grown

ZnO bulk using the PAS technique and showed that Zn-

vacancy is the dominant acceptor in the as-grown and the

electron irradiated samples (denoted by VZn-Tuo). The VZn

has the characteristic fingerprint that the normalized S-

parameter and W-parameter of SD¼ 1.039 and WD¼ 0.87,

and the positron lifetime of 230 ps as compared to the bulk

value of 170 ps. Oxygen-vacancy and a negatively charged

ion are also identified in the modeled analysis of the PAS

data, although their characteristic positron lifetime is close to

that of the bulk. The negative ion is attributed to O-

interstitial or oxygen antisite. The VZn-Tuo has two anneal-

ing stages namely at 400 K and 550 K, indicating that it is

part of two different defect complexes. The oxygen vacancy

anneals out together with the second annealing stage of VZn,

i.e., 550 K. Chen et al.10 carried out PAS study on electron

irradiated hydrothermal grown ZnO bulk samples. Zn-

vacancy related defect (denoted by VZn-Chen1) was induced

by electron irradiation. Post-irradiation annealing at tempera-

ture below �400 �C would reduce the concentration of VZn-

Chen1. Annealing at 400 �C would create another kind of

Zn-vacancy related defect (VZn-Chen2). Combining with

the Raman scattering result which reveal the presence of ox-

ygen vacancy, the formation of the secondary VZn-related

defect (VZn-Chen2) and the simultaneous annealing out of

the VO Raman signal is attributed to the displacement of the

Zn atom neighboring the VO to the VO and thus the forma-

tion of the VZnZnO, i.e., VOþZnZn! VZnZnO. In a subse-

quent study of comparing the experimental Doppler

broadening of annihilation radiation (DBAR) spectrum with

the theoretical one calculated by the local density

FIG. 10. The S-E parameter plot of the ZnO samples grown with no oxygen

(color in red) and 5 Pa oxygen pressure (color in blue). Sample having the

same single type of defect would have the S-E data falling on the same

straight line. The S-E straight lines corresponding to VZn-1 and VZn-2

are shown. The S-E straight lines for the Zn-vacancy related defects as

found in Tuomisto et al.8,9 (VZn-Tuo) and Chen et al10 (VZn-Chen1 and

VZn-Chen2) are also included for reference.
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approximation model, Chen et al.11 confirmed that the VZn-

Chen2 defect is the VZnZnO defect complex.

The characteristic S-W straight lines corresponding to

VZn-Tuo, VZn-Chen1, and VZn-Chen2 are included in the

present S-W plot (Figure 10) for the purpose of comparison.

It is noticed that the VZn-1 and VZn-2 observed in the pres-

ent study are not the Zn-vacancy related defects observed in

the vapor phase grown nor the hydrothermal grown single

crystal bulk samples. However, the S-W data point of the

750 �C annealed sample grown without oxygen (denoted by

VZn-3) lays on the S-W characteristic line of VZn-Chen2,

which is attributed to VZnZnO. It coincides with the annealing

temperature of the 584 cm�1 VO related Raman line. The

same coincidence was also found in the case of the creation

of VZnZnO and the disappearance of VO in the hydrothermal

grown ZnO bulk though at the lower temperature of 400 �C,

which was ascribed to the VOþZnZn! VZnZnO process.10,11

The S-W data point (i.e., VZn-3) is thus attributed to VZnZnO.

It is noticed from Figure 10 that even at temperature as

high as 1100 �C, the Zn-vacancy in the PLD grown film has

not yet been completely annealed out. This temperature is

high as compared to the previously reported annealing tem-

perature of the Zn-vacancy related defects in bulk single crys-

tals, for examples 550 K (i.e., �280 �C) in vapor phase

grown,9 and 400 �C in hydrothermal grown.10,31 The extra

thermal persistence of Zn-vacancy related defect in the pres-

ent ZnO films could be due to the thermally fragile ZnO/sap-

phire interface. Thermal induced inter-diffusions of Al and Zn

were observed in the SIMS measurement of the present study,

as well as in other literature.32 The Zn out-diffusion would

inevitably create Zn-vacancy related defects in the ZnO film

and this could explain the presence of Zn-vacancy related

defect in the present samples annealed at temperature as high

as 1100 �C. The issue of the thermally fragile ZnO/sapphire

interface is important as the thermally induced Zn-vacancy

would influence the electrical property of the film, like com-

pensating the p-type conductivity in the p-doping attempt.

From Figures 5 and 6, it is observed that the 900 �C
annealing induced Zn out-diffusion from the ZnO film for

the sample grown in oxygen is much more extensive than

that grown without oxygen. It is thus expected that the Zn-

vacancy related defects created by the 900 �C annealing in

the sample grown in oxygen is more than that grown without

oxygen. From the S-W plot in Figure 10, the S-parameter of

the 900 �C annealed samples grown in oxygen is smaller

than that grown without oxygen, implying that the Zn va-

cancy concentration in the 900 �C annealed sample grown

with oxygen is less than that grown without oxygen, which is

contrary to the expectation. It seems to suggest that Zn-

vacancy annealing out in the O-rich sample is more effec-

tive. Nevertheless, the exact reason is unknown and requires

further investigation.

IV. CONCLUSION

Thermal evolution of defects in PLD grown ZnO sam-

ples was studied. Extensive out-diffusion of Zn into the sap-

phire substrate (�100 nm) was found at the ZnO/sapphire

interface of the 900 �C annealed sample grown with oxygen,

but the Zn-out-diffusion is limited to �50 nm for the sample

grown without oxygen. The results of the annealing and stoi-

chiometric studies of the 584 cm�1 Raman line are compati-

ble with the assignment of this line to oxygen vacancy.

However, the result of the annealing study of the 560 cm�1

shows that it has higher thermal stability than that expected

for Zni, and thus the previous literature assignment of this

line to Zni is suspicious. Zn-vacancy related defects VZn-1,

VZn-2, and VZn-3 having different microstructure are iden-

tified in the PLD grown samples. Annealing or growing the

sample in oxygen would favor the formation of VZn-2. VZn-

2 persisted after the 1100 �C annealing.
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