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Abstract ZnO single crystals were implanted with

280 keV C? to a dose of 6 9 1016 cm-2. Positron annihi-

lation measurements reveal a large number of vacancy

clusters in the implanted sample. They further agglomerate

into larger size or even microvoids after annealing up to

700 �C, and are fully removed at 1200 �C. X-ray diffraction,

photoluminescence, and Raman scattering measurements all

indicate severe damage introduced by implantation, and the

damaged lattice is partially recovered after annealing above

500 �C. From room temperature photoluminescence mea-

surements, an additional peak at around 3.235 eV appears in

the implanted sample after annealing at 1100 �C, which is

much stronger than that of the free exciton. From the analysis

of low temperature photoluminescence spectra, this peak is

mostly a free electron to acceptor (e,A0) line which is

probably associated with CO.

Introduction

ZnO, as a typical wurtzite semiconductor with direct-band-

gap of 3.4 eV, has been found to have prospective

application to optoelectronic devices, such as UV light-

emitting diodes and lasers, transparent conducting film,

piezoelectric transducers [1, 2]. The large exciton banding

energy of 60 meV [3] makes intense near-band-edge (NBE)

excitonic emission. However, up to now the stable p-type

doping in ZnO is still a difficult task. The possible reason

might be due to deep acceptor levels, or the compensation

of acceptors by intrinsic defects. Therefore, it is important

to investigate the behavior of acceptor levels and their

interaction with defects. Photoluminescence has been fre-

quently utilized to explore the donor and acceptor centers

which may have been produced by doping. Due to pre-

domination of free exciton (FE) emission at high temper-

ature, recombination of bound excitons associated with

donors or acceptors can be observed only from low tem-

perature photoluminescence measurements [4, 5]. How-

ever, the chemical origin and binding energy of underlying

donor and acceptor species are controversial [6, 7]. Studies

from first principles calculations based on density func-

tional theory have not provided convincing explanations

due to underestimation of band-gap and uncertainty of the

defect energy levels.

Carbon is a common amphoteric impurity in ZnO which

is introduced unintentionally during the growth. It is

reported to contribute p-type conductivity [8] and is

expected to be also related to the green emission [9].

Carbon can be also doped in ZnO by other ways such as ion

implantation technique, which is one of the important ways

for incorporation of dopants in the selected area at con-

trollable amounts [10, 11]. Impurities such as N have been

introduced by implantation which act as shallow acceptors

[12]. However, implantation will also introduce large

number of defects which may complex the band-edge

emissions. Hence, it is important to investigate the recov-

ery process of implantation-induced defects and probable
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interaction among these defects. In this paper, we per-

formed positron annihilation and photoluminescence mea-

surements to study the defects and light emission centers in

carbon implanted ZnO. We focus on the role of implanted

carbon on defect evolution and NBE emission in ZnO.

Experiment

C? ions were implanted into commercially available

hydrothermally grown ZnO single crystals (SPC Goodwill)

at room temperature, with ion energy of 280 keV and a

total dose of 6 9 1016 cm-2. The implanted samples were

annealed isochronally in nitrogen from 300 to 1200 �C for

30 min. Positron annihilation, photoluminescence, X-ray

diffraction (XRD), and Raman scattering measurements

were performed to analyze the microstructure and optical

properties of the implanted samples. Details of these

measurements can be found in previous papers [13, 14].

Results and discussion

X-ray diffraction

Figure 1 shows the XRD spectra measured for ZnO before

and after C? implantation and annealing. The unimplanted

ZnO single crystal has good crystallinity of wurtzite

structure as indicated by a strong and sharp (002) peak at

34.54�. After C? ion implantation, the (002) peak shifts to

lower 2h value, which suggests that C ions possibly sub-

stitute O sites and result in increase of lattice parameters.

Besides, an obvious decrease of intensity and broadening

of the (002) peak can be also observed, which shows that

lattice disorder introduced by C? implantation.

After annealing, the (002) peak shows enhancement, but

is still broad at annealing temperature below 500 �C. After

annealing at 500–700 �C and above the (002) peak has a

full recovery. After annealing at 1100 �C, the (002) peak is

even narrower than the unimplanted sample, which indi-

cates further improvement of crystal quality. In the whole

annealing temperature range, the (002) peak is in lower 2h
value compared to unimplanted ZnO. This reveals that C

substitution for O site (CO) has high thermal stability. No

other phase related with the implanted C is observed from

the XRD spectra after implantation and annealing at dif-

ferent temperatures.

Positron annihilation measurements

Figure 2a shows the Doppler broadening S parameter as a

function of incident positron energy (S–E curves) for the

unimplanted ZnO and C? implanted ZnO before and after

annealing. The mean implantation depth of incident

Fig. 1 XRD patterns measured for ZnO before and after C?

implantation and annealing. The inset shows the shifts of (002) peak

(a)

(b)

Fig. 2 a S–E curves measured for ZnO before and after C? implantation

and annealing. The upper horizontal axis shows the mean implantation

depth of positrons for each energy. b The maximum S parameters in the

implanted layer as a function of annealing temperature
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positrons is shown on the upper horizontal axis which is

calculated by using the following equation:

z ¼ AEn

q
; ð1Þ

where E is the positron energy in keV, A and n are con-

stants, and q is the material density. In this paper, the

values of n and A are 1.6 and 4� 10�6 g cm�2 keV�1:6;

respectively [15].

For the unimplanted ZnO, the S parameter gradually

decreases with increasing energy, and reaches a constant

value at E [ 8 keV: This is due to a gradual transfer of

positron from the surface state to the deep bulk state with

increasing positron energy. After C? implantation, the

S parameter shows a great increase in the energy range of

3–15 keV, which corresponds to the implanted region of C?

obtained by Monte Carlo simulation. This suggests large

number of vacancy defects introduced by C? implantation.

After annealing at temperature below 600 �C, the S param-

eters in the implanted layer show continuous increase, after

which they begin to decrease, and finally the S–E curve

approaches that of the unimplanted ZnO at 1200 �C.

The maximum S parameters from each S–E curve were

selected and plotted as a function of annealing temperature in

Fig. 2b. For the as-implanted sample, the S parameter is

about 1.07, which indicates that most of the defects are

vacancy clusters. At temperatures below 600 �C, the

S parameter shows continuous increases, which is a common

phenomenon in ion-implanted ZnO and indicates agglom-

eration of vacancies into larger vacancy clusters. The

S parameter attains a rather high value of 1.177 at 600 �C,

which means formation of microvoids due to vacancy

agglomeration. After increasing annealing temperature to

900 �C, the S parameter abruptly decreases to a value of 1.05,

suggesting partial recovery of vacancy clusters or microv-

oids. At temperature in the range of 900–1100 �C, the

S parameter slightly decreases. After annealing at 1200 �C, it

approaches the bulk value, which indicates full recovery of

vacancy clusters. This recovery temperature is higher than

that for other implanted species but nitrogen, which also

required similar high temperature to anneal out the damage

irrespective of introduction through implantation [16, 17] or

different growth ways [18]. The temperature dependence of

positron annihilation parameters indicates that such

annealing behavior quite likely determined by N [17, 18]. So

possibly the vacancy clusters are stabilized by C impurities

through formation of complexes in this study.

Raman scattering measurements

Figure 3 shows the Raman spectra measured for ZnO before

and after implantation and annealing. For the unimplanted

ZnO, there are two phonon modes. The dominant peak at

437 cm-1 is the E2 (high) mode, which is characteristic of

the ZnO wurtzite structure. The peak at 331 cm-1 is due to

the second-order phonon. After C? implantation, A broad

peak at around 575 cm-1 appears, which is the A1 (LO) mode

and possibly related to defects such as oxygen vacancies [19,

20]. Such broad peak is a typical characteristic in Raman

spectra measured for ion-implanted ZnO [10, 11, 13], and

indicating high concentration of oxygen vacancies or related

defects introduced by implantation. Annealing the implanted

sample at 300 �C causes no apparent change of this broad

peak. After further annealing at 500 �C, it shows a sharp

decrease to much small intensity, This suggests that most of

oxygen vacancies are removed at around 500 �C. In general,

the 575 cm-1 peak was found to be stable up to 700 �C in

many ion-implanted ZnO single crystals [13, 10, 21], except

for the O? implantation, where oxygen vacancies were easily

removed at around 400 �C through the recombination of

oxygen vacancies and interstitials. Therefore, the moderate

thermal stability of oxygen vacancies is clearly due to C ions.

The most reasonable explanation is that oxygen vacancies

are occupied by C ions at low annealing temperatures, then

after annealing at 500 �C, oxygen vacancies are nearly fully

recombined with C ions and lead to full recovery of

575 cm-1 peak.

Photoluminescence

Figure 4 shows the photoluminescence spectra measured

at room temperature for ZnO before and after C?

Fig. 3 Raman scattering spectra measured for ZnO before and after

C? implantation and annealing
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implantation and annealing. For the unimplanted sample,

there is a predominant band-edge UV emission peak and a

very weak visible emission, which is attributed to recom-

bination of FE [22, 23] and deep level defects [24],

respectively. After C? implantation, both of the two

emission bands are completely suppressed. This is appar-

ently due to the implantation-introduced defects, and some

of them act as nonradiative recombination centers and

compete with the UV and visible emission. Annealing at

temperatures below 500 �C has little effect on the PL

spectra, indicating that these nonradiative recombination

centers are stable at least up to 500 �C. Increasing

annealing temperature to 700 �C causes slight recovery of

the UV emission peaks, suggesting that some of the non-

radiative recombination center are annealed out. After

annealing at 1100 �C, the visible emission band shows

abrupt increase and becomes very strong at 1200 �C. This

means that a high concentration of deep level defects are

formed after annealing. The intensity of FE emission also

increases above 1100 �C, and strangely, an additional peak

at around 3.235 appears and dominates the UV emission.

The coexistence of two peaks in the UV emission band

is seldom observed at room temperature in ion-implanted

ZnO. Therefore, we performed low temperature PL mea-

surements for this sample to try to find out origin of

3.235 eV emission peak. Figure 5 presents the tempera-

ture-dependent PL spectra measured in the NBE region for

unimplanted and C?-implanted ZnO. Both the two samples

are annealed at 1100 �C in nitrogen for comparison. At 10

K, a FE peak at 3.375 eV and two neutral donor-bound

exciton (D0XA) at 3.365 and 3.361 eV [25] were observed

for unimplanted ZnO. For C?-implanted ZnO, besides

these three peaks, an additional peak at 3.314 eV appears,

and this peak exhibits redshift and increase in width and

intensity with increasing temperature. It begins to dominate

the whole measured spectrum at 100 K, and two D0XA

emissions are both quenched above this temperature due to

the thermal ionization process. The positions of all these

peaks as a function of temperature are plotted in Fig. 6. It

can be seen that the peak positions of FE and D0XA coin-

cide very well for unimplanted and C?-implanted ZnO.

Their redshift is due to the decrease of ZnO band-gap with

temperature. It is clear that the additional peak is intro-

duced by C? implantation.

The unusual PL peak in C?-implanted ZnO is appar-

ently not related to vacancy defects observed by positrons,

Fig. 4 Room temperature PL spectra measured for ZnO before and

after C? implantation and annealing

Fig. 5 PL spectra measured at different temperatures for unimplanted

and C?-implanted ZnO after 1100 �C annealing

Fig. 6 Positions of all PL peaks as a function of temperature

measured for unimplanted and C?-implanted ZnO after 1100 �C

annealing
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since the enhancement of this peak is opposite to the

recovery process of vacancy defects. A similar peak has

been observed in low temperature PL spectra measured for

N doped and undoped ZnO films [26–28]. However the

origin of this peak is controversial, as it was assigned to

recombination of excitons bound to a neutral acceptor

(A0X) [26] or free electron to acceptor recombination

(e,A0) [27, 28]. The temperature-dependent peak position

of this additional emission can be fitted by the following

equation [29]:

EeAðTÞ ¼ EgðTÞ � EA þ
kBT

2
: ð2Þ

Here,

EgðTÞ ¼ Egð0Þ �
aT2

T þ b
ð3Þ

where a and b are constants. EA is the acceptor binding

energy, and kB is the Boltzmann constant. It can be seen

that the experimental data in Fig. 6 fit well by the above

equations. The fitted value of Eg(0), a and b are 3.44 eV,

8.2 9 10-4 eV K-1 and 700 K, respectively [29]. The

acceptor-binding energy EA is found to be 127 meV. Based

on the above analysis, we believe that the PL peaks at

3.314 and 3.235 eV in our C?-implanted ZnO measured at

10 and 300 K, respectively, is related to (e,A0). The

deviation of the fitted line from the data is observed at 300

K, which might be due to the error in determination of the

peak position resulting from temperature broadening and

the overlap between (e,A0) and FE emissions.

According to the XRD and Raman measurements, the

implanted C? ions probably substitute O sites to form CO.

This could be the acceptor involved in the (e,A0) emission.

However, it is strange that the (e,A0) emission appears only

after annealing the C?-implanted ZnO at high temperature

of 1100–1200 �C. Our positron annihilation results also

show that the vacancy defects are removed at around

1100–1200 �C, such high thermal stability of vacancies is

most related to C. Therefore a possible explanation is that

the CO is first coupled with implantation-introduced

vacancies, so they can survive up to high temperature of

1100–1200 �C. Only after the dissociation of the vacancy–

C complexes, the photon emission related with (e,A0) can

be observed. As for the enhancement of visible emission

with annealing temperature, its most probable origin is

intrinsic defects instead of the implanted carbon, since we

observed such phenomenon in many other ion-implanted

and even unimplanted ZnO [19, 11, 13, 30].

Hall measurement of the C-implanted ZnO after

1200 �C annealing indicates n-type conductivity. The

electron concentration ne, resistivity q, and Hall mobility l
are 1:323� 1017 cm�3; 0:437 X cm; and 108 cm2 V-1 s-1,

respectively. Possible reasons for this discrepancy might be

the donor type impurities or defects, which over compen-

sate these acceptors.

Conclusion

In summary, XRD, positron annihilation, Raman scatter-

ing, and PL measurements all indicates lattice damage

introduced by C? implantation. Most of the defects can be

removed after annealing above 500 �C, however, vacancy

clusters need a high temperature of about 1200 �C to be

annealed out. An additional peak of (e,A0) found in

implanted sample after annealing at 1100 �C. Combining

with results of XRD, Raman, slow positron beam, it is

mostly related to CO.
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