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Phosphorus ions were implanted in ZnO single crystals with energies of 50–380 keV having total

doses of 4.231013–4.231015 cm−2. Positron annihilation measurements reveal the introduction of

vacancy clusters after implantation. These vacancy clusters grow to a larger size after annealing at

a temperature of 600 °C. Upon further annealing up to a temperature of 1100 °C, the vacancy

clusters gradually disappear. Raman-scattering measurements reveal the enhancement of the phonon

mode at approximately 575 cm−1 after P+ implantation, which is induced by the production of

oxygen vacancies sVOd. These oxygen vacancies are annealed out up to a temperature of 700 °C

accompanying the agglomeration of vacancy clusters. The light emissions of ZnO are suppressed

after implantation. This is due to the competing nonradiative recombination centers introduced by

implantation. The recovery of the light emission occurs at temperatures above 600 °C. The

vacancy-type defects detected by positrons might be part of the nonradiative recombination centers.

The Hall measurement indicates an n-type conductivity for the P+-implanted ZnO layer, suggesting

that phosphorus is an amphoteric dopant.

© 2005 American Institute of Physics. [DOI: 10.1063/1.1821636]

I. INTRODUCTION

Since the production of large area ZnO single crystals,
1

there has been a growing interest in this material in recent

years. This is due to its wide band gap s3.4 eVd and large

exciton binding energy s60 meVd, which enables its potential

application in short wavelength-light emitting diodes and

lasers.
2,3

However, a disadvantage of this material is the in-

ability to reproduce a p-type conductivity. While some au-

thors have reported the successful fabrication of a p-type

ZnO by either doping with nitrogen
4,5

or codoping with Ga

+N,
6,7

many other researchers have failed.
8–11

There are sev-

eral probable reasons for such a p-type difficulty; for ex-

ample, low solubility of dopants, self-compensation by na-

tive donor-type defects, deep acceptor levels that make it

difficult to be ionized at room temperature, or the formation

of an electrically inactive state. Among these factors, defects

play a major role because they might not only compensate

for the acceptors but also form stable complexes with accep-

tor dopants and convert them to an electrically inactive state.

Ion implantation has become a necessary processing tool

for semiconductor device fabrication. This method can incor-

porate dopants in the selected region in a controllable

amount. During the slowing down of the implanted ions,

various defects are also inevitably created. These defects

strongly affect the activation of dopants during subsequent

annealing. They may also affect other electrical and optical

properties and cause the unexpected degradation of semicon-

ductor devices. The study of the production and recovery

process of these defects is therefore very important

for a successful doping. There have been a number of

studies on the defects induced by ion implantation in ZnO

using Rutherford backscattering,
12,13

photoluminescence and

cathodoluminescence,
14

deep-level transient spectroscopy,
15

secondary-ion-mass spectrometry,
16

and other electrical char-

acterization methods.
17,18

In addition to these methods, pos-

itron annihilation spectroscopy has recently emerged as a

powerful tool for the study of vacancy-type defects in

semiconductors.
19

Due to the Coulomb repulsion from the

positive-ion cores, positrons are more likely to be trapped by

open volume defects where atoms are missing. The annihila-

tion characteristics of the trapped positrons show differences

from the defect-free bulk state, i.e., a longer positron lifetime

and narrower Doppler broadening of the annihilation gamma

rays. Using a monoenergetic slow positron beam, it is pos-

sible to study the defects in the surface and subsurface re-

gions up to a few micron below the surface.
20

In this paper, we implanted phosphorus as a possible

p-type dopant in ZnO. On the basis of a recent theoretical

calculation, phosphorus at an oxygen site sPOd is expected to

be a deep acceptor. However, phosphorus in ZnO is also

reported to be an amphoteric dopant.
21

It may replace O to

form acceptors or replace Zn to form donors.
21

So far, few

papers have reported successful p-ZnO growth by phos-

phorus doping,
22

whereas the results from other studies havea)
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found an n-type conductivity.
23,24

Therefore, it is worthwhile

to reexamine the phosphorus doping in ZnO by the ion im-

plantation technique. Both positron annihilation and Raman-

scattering measurements were employed to obtain compre-

hensive information regarding defects and their thermal

evolution. The optical properties before and after implanta-

tion and subsequent annealing were monitored by cathodolu-

minescence, and the conductivity of the P+-implanted ZnO

layer was confirmed by the Hall measurement after final an-

nealing.

II. EXPERIMENT

Hydrothermal-grown undoped ZnO single crystals with

a double-sided polished surface were purchased from the

Scientific Production Company (SPC Goodwill). These

samples exhibit an n-type conductivity with an electron con-

centration of approximately 5.731012 cm−3. Ion implanta-

tion was performed at room temperature using a 400-keV ion

implanter. P+ ions with seven different energies ranging from

50 to 380 keV were implanted in the Zn face of the ZnO

samples. By choosing an appropriate dose for each ion en-

ergy, a box-shaped implantation profile can be formed after

such a multiple-step implantation.
25

Detailed information re-

garding the multiple-step implantation is presented in our

recent paper.
25

In this work, we used the same dose for each

energy as in Ref. 25. Therefore, the total doses were 4.2

31013, 4.231014, and 4.231015 cm−2; and the beam flux

was 1.231012 cm−2 s−1. The TRIM calculation
26

revealed

the thickness of the implantation box layer to be approxi-

mately 450 nm. The implanted samples were isochronally

annealed up to a temperature of 1100 °C in a nitrogen atmo-

sphere for a period of 30 min at each temperature.

The Doppler broadening of positron annihilation was

measured using a high-purity Ge detector with an energy

resolution of approximately 1.3 keV at 511 keV. A slow pos-

itron beam was used with positron energies varying from

0.2 to 30 keV. The S parameter was used to characterize the

measured spectra, which is the ratio of the total counts in the

central region s511±0.77 keVd to the total area under the

511 annihilation peak s511±8.5 keVd. In this paper, the S

parameters were normalized to the value in the deep bulk

region of the unimplanted sample. Therefore, a value of S

.1 implies the presence of vacancy defects. A pulsed slow

positron beam at the National Institute of Advanced Indus-

trial Science and Technology was also used to measure pos-

itron lifetime.
27

Micro-Raman-scattering measurements were

conducted using the NANOFINDER spectrometer in the

wavenumber range of 200–800 cm−1. The 488.0-nm line of

an Ar+-ion laser was used for excitation, and the incident

laser power was ,1 mW. The measurement time for each

spectrum was 60 s. Cathodoluminescence measurements

were conducted using a scanning electron microscope (TOP-

CON DS130) attached with a beam blanking system.
28

In

this study, the electron-beam energy and current for excita-

tion were 5 keV and 1 nA, respectively. The measurement

time for each spectrum was 5 s. Hall measurements were

performed using the van der Pauw method.
29

The ohmic con-

tacts were fabricated by evaporating gold at the four sym-

metrical corners of the samples. All the above measurements

were conducted at room temperature.

III. RESULTS AND DISCUSSION

A. Defect characterizations

Figure 1 presents the Doppler broadening S parameter as

a function of incident positron energy measured for the as-

grown and P+-implanted ZnO. For the as-grown sample, the

S parameter decreases gradually with an increasing positron

energy and becomes constant at E.7 keV. The higher S

parameter at low energy is due to the positron annihilation at

surface states. With increasing incident energy, the positron

annihilates in the deep bulk region. The positron lifetime

measurement reveals a single lifetime of approximately

182±1 ps in the bulk region sE=10 keVd, which is close to

the bulk lifetime reported in our earlier studies.
30

This con-

firms that in the unimplanted sample, there are fewer vacan-

cies that trap positrons.

After P+ implantation, the S parameters exhibit an in-

crease and maintain a constant value in the energy range of

4–11 keV for each dose. This indicates the introduction of

vacancy defects after P+ implantation. The plateau region

corresponds to the box-shaped implantation layer, suggesting

a homogeneous defect distribution in the box layer. The S

parameter increases up to approximately 1.07 at the highest

dose. The positron lifetime spectrum measured with an inci-

dent positron energy of 7 keV reveals two lifetime compo-

nents: t1=209±22 ps, and t2=343±16 ps, after P+ implan-

tation at a dose of 4.231015 cm−2. The first component is the

average lifetime of positrons annihilated at free and at

trapped states with monovacancies, while the second lifetime

can be attributed to the positron annihilation at the vacancy

clusters. The intensities of the first and second components

are 37±10% and 63±10%, respectively. This means that

these defects are mostly vacancy clusters, with few coexist-

ing monovacancies. According to the theoretical

calculation,
25

the size of the vacancy cluster is close to that

of the hexavacancy sV6d.

FIG. 1. S parameter as a function of incident positron energy measured for

ZnO samples before and after P+ implantation. The solid lines are drawn as

a guide to the eye.
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Figure 2 shows some selected S-E curves for the

P+-implanted sample at a dose of 4.231015 cm−2 after an-

nealing at different temperatures. The S parameters first ex-

hibit an increase with temperature up to 600 °C, followed by

a decrease; finally, the S-E curve approaches that of the un-

implanted sample. After annealing, the S parameters are no

longer constant in the implanted region. This might be due to

the defect diffusion, and therefore, a change in the depth

distribution of defects. We calculated the average S param-

eter from the integrated Doppler spectra measured in the en-

ergy range of 5–8 keV s0.1–0.2 mmd, which corresponds to

the central region of the implanted box layer. The change in

the average S parameter as a function of annealing tempera-

ture is shown in Fig. 3, which exhibits two processes. First, a

continuous increase in the S parameter can be observed after

annealing below 600 °C. This is due to the increase of the

vacancy cluster size through the agglomeration of small va-

cancies, which is due to the fact that these vacancies become

mobile in this temperature range. It is notable that the S

parameters increase to a high value of more than 1.15 at

600 °C. This implies that the vacancy clusters grow very

large, or even that microvoids are possibly formed. Second,

after annealing at temperatures above 600 °C, the S param-

eters begin to drop, and they gradually decrease to the bulk

value at 1100 °C. This implies that the number or size of the

vacancies has decreased. At 1100 °C, all the detectable de-

fects have been annealed out.

A comparison of the present result with that of the pre-

vious study of Al+-implantation-induced defects in ZnO

(Ref. 25) revealed several differences: (1) Both the positron

lifetime and S parameter are lower for P+ implantation (t2

=343 ps and S=1.07) than for Al+ implantation (t2=377 ps

and S=1.08), indicating that P+ implantation produces

smaller vacancies; (2) the difference in the S parameter be-

comes larger after annealing above 400 °C. At 600 °C, the S

parameter is much lower for the P+-implanted sample (Fig.

3); (3) however, a higher annealing temperature is needed to

remove the P+-implantation-induced defects.

A P+ ion is slightly heavier than an Al+ ion, therefore,

since we used the same ion dose and energy, the P+ ion

should produce more vacancies and form larger vacancy

clusters. Such a contradictory circumstance can be explained

by the chemical effects of ions, which affect the damage

buildup and defect stability.
13

In ZnO, the strong dynamic

annealing of defects occurs during ion implantation, and

most of the vacancies are recovered immediately after cre-

ation. Al+ ions might have unique chemical effects that sup-

press the dynamic recovery of vacancies, and much more

vacancies remain after implantation. Therefore, larger va-

cancy clusters can be formed due to the accumulation of

small vacancies. Nevertheless, the S parameter tends to be-

come saturated with increasing vacancy size or concentra-

tion; therefore, the difference in the S parameter between

these two samples is only ,0.01. After annealing, the va-

cancy clusters grow into microvoids with a high concentra-

tion, resulting in a very high S parameter in the

Al+-implanted sample. The amorphous layer is even sug-

gested to have been induced,
25

and during recrystallization,

the microvoids easily recover at temperatures that are rela-

tively lower. For the P+ ion, it may have a weaker stabiliza-

tion effect; hence the size of the vacancy cluster is smaller.

After annealing, the microvoids are possibly formed, but

they have a significantly lower concentration, which is re-

flected by the lower S parameter. This suggests that the lat-

tice structure is not likely to be amorphized by P+ implanta-

tion. This is also confirmed by our Raman-scattering

measurements, which show that ZnO lattice maintains its

crystalline structure after P+ implantation. Therefore, the an-

nealing of the voids requires a significantly higher tempera-

ture.

Figure 4 shows the Raman spectra for the as-grown and

P+-implanted samples. For the wurtzite structure of ZnO, the

Raman-active phonon modes expected from group theory

are: A1+2E2+E1,
31

where A1 and E1 are polar and split into

transverse optical and longitudinal optical (LO) phonons

with different frequencies. In our measurement range of

200–800 cm−1, we observe three vibration peaks for the as-

grown ZnO, which are located at 331, 437, and 575 cm−1.

The predominant 437-cm−1 peak is the high-frequency E2

mode characteristic of the wurtzite structure, while the 331

-cm−1 mode is due to the multiphonon process,
31

which is

twice that of the low-frequency E2 phonon branch at the

Brillouin-zone edge point s166 cm−1d. As for the peak at

FIG. 2. Annealing behavior of the S-E curves measured for the

P+-implanted ZnO with dose of 4.231015 cm−2. The solid lines are drawn

as a guide to the eye.

FIG. 3. Average S parameter in the damaged region (5–8 keV, correspond-

ing to 0.1–0.2 mm) as a function of annealing temperature for the

P+-implanted ZnO with dose of 4.231015 cm−2. The annealing behavior of

Al+-implanted sample is included for comparison.
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575 cm−1, it was ascribed by some authors as being due to

either the LO phonon of A1 (Refs. 32 and 33) or the LO

phonon of E1.
31,34,35

However, this peak might also be a

defect-induced mode, and we will later discuss it in more

details.

After P+ implantation, the peak at 331 cm−1 barely

changes. However, the peak at 575 cm−1 increasingly grows

with an increasing dose and also becomes significantly

broader s500–620 cm−1d. A detailed fitting of this broad

peak reveals two components that are located at 560 and

578 cm−1, and the low-frequency peak is significantly

broader than the high-frequency peak. This broad peak is not

related with the implanted phosphorus impurities, as we have

also observed the same peak in the other ion-implanted or

even electron-irradiated ZnO. For the LO phonon, it should

become stronger in the sample with higher crystallinity, e.g.,

the as-grown sample. After P+ implantation, the LO phonon

band should decrease due to damage. However, we observe a

contrary result. The broadband around 575 cm−1 increases

systematically with ion implantation dose. Therefore, this

broad peak should be mainly a defect-induced band. Al-

though, the defect-induced modes are generally forbidden,

they appear in defective crystals because the Raman selec-

tion rule is relaxed. Several researchers have confirmed that

this band is associated with oxygen vacancies or probably Zn

interstitials
33,35,36

sZnid because they observed its strong de-

pendence on the oxygen stoichiometry. Therefore, we can

use Raman measurements to study the oxygen vacancies pro-

duced by P+ implantation. The strong increase of the broad-

band at 575 cm−1 indicates that a large number of VO are

created. The high concentration of VO cut the long-range

lattice ordering; therefore, the Raman selection rule is re-

laxed, and the G point phonon as well as other phonons par-

ticipate in the Raman spectrum. These contribution becomes

larger when the phonon-density of states is high, i.e., when

the phonon-dispersion curve is relatively flat. Thus, a broad

peak will appear in the Raman spectrum. In a very recent

paper,
37

the same broad Raman peak was also observed in

the N+- and Ga+-implanted ZnO, and was attributed to the

damage-induced phonon mode.

The annealing effect on the Raman scattering is shown

in Fig. 5. Upon annealing at temperatures below 400 °C, the

broad peak at around 575 cm−1 shows a slight decrease, but

rapidly decreases henceforth until it reaches the same level

as that of the unimplanted sample at 700 °C. The E2 peak

also gradually recovers. Figure 6 shows the ratio of the inte-

grated intensity of the broad defect peak at 575 cm−1

s500–640 cm−1d to the sum of the 575 and 437 cm−1 peaks

s380–640 cm−1d. No correction for background was made in

the calculation. Initially the relative intensity of the defect

peak decreases slowly with increasing annealing tempera-

ture. Above 400 °C, it begins to decrease quickly and drops

to nearly the same intensity as the as-grown sample at

700 °C. It is also possible that the Zn interstitial will induce

the broad phonon mode in the Raman spectrum as mentioned

FIG. 4. Raman-scattering spectra measured for ZnO samples before and

after P+ implantation.

FIG. 5. Annealing effect on the Raman spectra measured for the

P+-implanted ZnO with dose of 4.231015 cm−2.

FIG. 6. Ratio of the integrated 575-cm−1 peak intensity to the sum of the

437 and 575 cm−1 peaks as a function of annealing temperature for the

P+-implanted ZnO with dose of 4.231015 cm−2.
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above. However this defect is expected to be annealed out at

much lower temperatures than that for vacancies. A recent

study by Gorelkinskii and Watkins
38

showed that electron

irradiation-induced interstitials in ZnO are mobile above

−163 °C and are therefore not stable at room temperature.

The annealing behavior thus indicates that the broad Raman

peak is not induced by Zni, but primarily by VO.

The annealing result suggests that the oxygen vacancies

are annealed out at ,700 °C. Such an annealing behavior

differs from that of the defects probed by positrons, which

prevail up to 1100 °C. In our electron-irradiated ZnO, which

contains only elementary defects such as VZn and VO, we also

observed such a different annealing behavior by positron an-

nihilation and Raman measurements. This is because oxygen

vacancies are expected to be positively charged, and, conse-

quently, they cannot trap positrons. Theoretical calculation

also revealed that the positron lifetime at oxygen vacancy

site is indistinguishable from the bulk lifetime.
30

Therefore,

the VO revealed by Raman is invisible to positrons. In other

words, the vacancies detected by positrons, such as VZn or

vacancy clusters, are not responsible for the broad Raman

peak at 575 cm−1. A further conclusion is that the VO begins

to migrate above room temperature, which is responsible for

the agglomeration of vacancy clusters during annealing be-

low 600 °C. By absorbing those small vacancies, the size of

the vacancy clusters increases, and leads to an increase in the

S parameter.

The Raman measurements also reveal the possible rea-

son for the high annealing temperature of vacancy clusters

induced by P+ implantation. Though the relative height of the

E2 mode at 437 cm−1 decreases due to the increase of the

defect-induced peak, the E2 peak is still extremely narrow

after high-dose implantation, indicating that the crystalline

structure is maintained. The recovery of large vacancy clus-

ters in the crystalline lattice thus requires a much higher

temperature in comparison with that required for the large

vacancy clusters in the amorphous structure, as in the case of

the Al+ implantation.
25

B. Optical and electrical properties

Radiation-induced damage invariably affects the optical

properties of semiconductors. This is particularly significant

for the ion-implanted ZnO. Figure 7 shows the cathodolumi-

nescence spectra measured for the ZnO sample before and

after P+ implantation s4.231015 cm−2d and annealing. For

the unimplanted ZnO, there is a band-edge ultraviolet (UV)

emission peak located at 3.3 eV, which is due to the recom-

bination of free excitons.
2,39–41

The deep level emission is

rather weak and nearly invisible. Either there are few deep

level centers, or there are nonradiative recombination centers

that have suppressed the deep level emission.

After P+ implantation, all the deep level and UV lumi-

nescence are completely suppressed. This is apparently due

to the implantation-induced defects, and some of them act as

nonradiative recombination centers, which compete with the

deep level and free exciton recombination process. Anneal-

ing at low temperatures below 700 °C has no effect on the

measured spectra. After annealing at 700 °C, the UV emis-

sion shows a slight recovery. This indicates that some of the

nonradiative recombination centers are removed. After fur-

ther annealing at 1000 °C, both the deep level and the UV

emission peak increase considerably, implying that most of

the nonradiative recombination centers are annealed out. At

1100 °C, the UV emission is even higher than that of the

as-grown sample. This is due to the reduction in the number

of nonradiative centers that exist in the as-grown sample, as

proven by our previous study.
30

However, after final anneal-

ing, the deep level emission is still comparatively strong.

This implies that some deep level centers prevail even after

annealing. As the origin of the deep level luminescence is

still under debate,
42–45

we cannot determine the remaining

deep level defects. They are either implantation-induced de-

fects or annealing-induced defects due to defect interaction at

high temperatures.
46,47

The annealing of the nonradiative recombination centers,

however, shows good agreement with the annealing behavior

of the vacancies detected by positrons. The UV and deep

level emission recover gradually from 700 °C, coinciding

with the decrease in the S parameter shown in Fig. 3. After

the disappearance of the vacancies at 1100 °C, the light

emission also exhibits a full recovery. Therefore, it can be

deduced that the vacancies observed by positrons might be

part of the nonradiative recombination centers.

After P+ implantation and final annealing, the implanted

layer is still of the n type, with a sheet resistance of approxi-

mately 253 V /h and an electron mobility of 87 cm2 v−1 s−1.

The backside of the sample, which is unimplanted and an-

nealed at the same temperature, has a sheet resistance of

406 V /h. This implies that both the implanted layer and the

unimplanted substrate contribute to the measured conductiv-

ity. Nevertheless, the measurement suggests that P+ implan-

tation enhances the n-type conductivity. This result is con-

trary to that of Kim et al.,
22

in which they obtained a p-type

ZnO by doping with phosphorus. Since phosphorus is an

FIG. 7. Cathodoluminescence spectra as a function of annealing temperature

measured for the P+-implanted ZnO with dose of 4.231015 cm−2.

013528-5 Chen et al. J. Appl. Phys. 97, 013528 (2005)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.102.82.116 On: Wed, 31 Aug

2016 05:00:09



amphoteric dopant in ZnO,
21

the activation of this dopant

into a donor or acceptor depends heavily on the thermal

treatment.
22

For doping by ion implantation, the activation of

phosphorus is affected by the implantation-induced defects,

which can only be removed at high temperatures of 1100 °C

and above. This might be the reason for the difficulty in

obtaining p-ZnOsPd. The n-type conduction after P+ implan-

tation in ZnO was also observed by Thomas et al. in an

earlier study.
17

IV. CONCLUSION

In conclusion, we have studied vacancies introduced by

P+ implantation in ZnO. Positron annihilation measurements

reveal vacancy clusters after implantation, and they grow

into a larger size after annealing below temperatures of

600 °C. Raman-scattering measurements show the produc-

tion of oxygen vacancies after implantation. They disappear

after annealing at ,700 °C, and are supplied for the agglom-

eration of large vacancy clusters. The crystalline structure of

ZnO is not destroyed after implantation; therefore a high

temperature of 1100 °C is required to completely remove

these vacancy clusters. The P+ implantation degrades the op-

tical properties of ZnO to a large extent through the suppres-

sion of light emission by the nonradiative recombination

centers. They are gradually recovered after annealing above

600 °C, suggesting that the vacancy defects detected by pos-

itrons are part of the nonradiative recombination centers. The

P+-implanted layer still exhibits an n-type conductivity. A

more careful design of the implantation and subsequent an-

nealing process is required to activate phosphorus into ac-

ceptors and remove implantation damage to avoid the degra-

dation of optical properties.
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