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Er-doped ZnO films were grown on c-plane sapphire by employing the pulsed laser deposition

method. In accordance with the previously reported literature studies, post-growth annealing was

required to activate the optical emission originated from the intra-shell transitions of the Er atoms.

Importantly, the present systematic studies revealed that the thermal activation of the optical activity

is due to the atomistic rearrangements occurring only in the vicinity of the film surface. The processes

exhibit a distinct signature of changing oxygen coordination with the Er atom, as observed by the

x-ray photoemission study. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4986234]

INTRODUCTION

Erbium doped semiconductors are important for optoelec-

tronic devices1–3 because of their intra-4f shell transition

related emission at 1.54 lm and used in telecommunication

technology for their maximum transparency in SiO2-based

optical fibers. Extensive luminescence studies have been car-

ried out in narrow band-gap semiconductors (mainly Si) doped

with Er.4–8 Although strong luminescence was observed in

Er-doped Si at low temperatures, thermal quenching of Er

luminescence9 (due to non-radiative energy back transfer pro-

cesses10) limits its use in practical applications. Fortunately,

this Er luminescence quenching decreases with the increasing

band gap of the semiconductor host, and ZnO being a wide

band gap semiconductor is thus considered as an appropriate

host for the Er dopant.11 Indeed, studies of fabricating Er-

doped ZnO (EZO) films by various deposition techniques12–16

showed that Er-doped ZnO can be used in laser diodes, light

emitting diodes, phosphors for lighting, and optical amplifiers

operating at 1.54 lm in a wave guide structure. As-grown EZO

is usually reported to be optically inactive in intra-4f shell tran-

sitions, and annealing is needed to create a suitable crystal field

around the Er in the ZnO lattice for making these transitions

feasible. Ishii et al. studied the Er LIII x-ray absorption fine

structure (XAFS) spectrum to explore the structural changes

that occur during the annealing process in EZO.17 The differ-

ence in the k3v spectrum of as-ablated and annealed samples

was attributed to Er local structure’s modification as a result of

annealing. The shape of the spectrum of the annealed EZO

sample was found to be similar to that of optical active Er:Si,

which indicates the pseudo-octahedral Er-O structure (like

Er:Si) in the annealed sample. The Fourier transform analysis

of the k3v spectra disclosed oxygen to be the first nearest

neighbor of Er in the as-ablated samples and structural distor-

tion due to the pseudo-octahedron in the annealed sample. The

back Fourier transformation was performed on Fourier trans-

form k3v spectra, and fitting was done by the photoelectron

backscattering theory. The back Fourier transformed spectra

and their fitting revealed a C4v structure in annealed EZO sam-

ples. In the as-ablated sample, the fitted Er coordination num-

ber was found to be �4.56 and �7.64 for the first and second

nearest neighbor, respectively. A model to describe the optical

activation of EZO upon annealing was also proposed. It was

suggested that in the optically inactive (as-grown) EZO, Er on

average occurs in a five-fold coordinatoral configuration with

oxygen, and each Er-O bond has a bond-length of 2.217 Å. Er

bonded with five oxygen atoms is further centred inside an

O cubic structure having one O atom at each corner of the

O-cube. This O-cube was suggested to disturb the crystal field

around Er, leading to the distortion in its intra-4f-shell transi-

tions and thus suppressing the optical activity of the as-grown

EZO. Annealing facilitated the oxygen atoms surrounding the

O-cube to bond with Er, resulting in the formation of a C4v

optical active Er center, while the excess of O atoms (of the

initial O-cube) diffuse out into the ZnO host due to annealing

(see Fig. 9 in Ref.17).

In the present work, systematic studies of the Er-doped

ZnO films fabricated by the pulsed laser deposition (PLD)

were carried out by employing a comprehensive spectroscopic

approach including X-ray diffraction (XRD), secondary ion

mass spectroscopy (SIMS), Rutherford backscattering spec-

troscopy (RBS), Hall effect measurements, optical transmis-

sion measurements, photoluminescence (PL) spectroscopy,

and X-ray photoelectron spectroscopy (XPS). The results

showed that the optical active Er centers stimulated by the

thermal annealing only resided on the surface of the film.a)Email: ccling@hku.hk
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EXPERIMENTAL

EZO films were grown on c-plane sapphire using a

pulsed KrF excimer laser (k ¼ 248 nm) with a pulse energy

of 300 mJ and a repetition frequency of 2 Hz. The back-

ground pressure was 4� 10�4 Pa. ZnO:Er targets with Er

compositions of 0.5%, 1%, and 2% by mass were used for

growing the films. By employing XPS, the Er atomic per-

centage in the ZnO lattice was found to be 0.53% and 1.63%

for the films fabricated from the ZnO:Er (1%) and ZnO:Er

(2%) targets, respectively. During the growth, the substrate

temperature was kept at 600 �C and the oxygen pressure was

1.5 Pa unless otherwise specified. Isochronal (40 min) post-

growth annealing was performed at 650, 750, and 850 �C in

an argon atmosphere. XRD measurements were performed

using a D8 Advance Diffractometer (Bruker AXS) with

a Lynxeye detector, operating at 40 kV and 40 mA with Cu

Ka radiation at room temperature. For the RBS study,

1.6 MeV 4Heþ ions were backscattered into the detectors

placed at 165� relative to the incident beam direction. SIMS

measurements were performed using a Cameca IMS 7f

microanalyzer with 10 keV O2
þ as the primary beam. The

intensity-concentration calibration was performed using ion

implanted reference samples. Room temperature Hall effect

measurements were performed with the Van der Pauw con-

figuration using the Accent HL-5500PC system. The 325 nm

line from the Kimmon 30 mW He-Cd laser was used in the

PL measurements for the excitation source. A monochroma-

tor (focal length¼ 500 mm), lock-in amplifier, and photo-

multiplier (PMT) were used for the PL spectrum acquisition.

To achieve low temperature, samples were loaded in the

Oxford Instrument (10 K) closed cycle He refrigerator. The

hydrogen plasma treatment (HPT) was performed at a power

of 150 W and a pressure of 0.7 Torr at room temperature for

5 min. The XPS measurements were conducted with the

MgKa line using the Kratos Axis Ultra DLS system. The

XPS spectrum was taken at the surface and �20 nm below

the surface of the samples. For the measurement underneath

the surface, sputtering was performed by employing Ar ions

of energy 2 kV with a 3 � 3 mm raster and an extractor cur-

rent of 100 lA. The sputtering rate was adjusted in conso-

nance with SiO2 (0.19 Å/s).

RESULTS AND DISCUSSION

XRD patterns of the as-grown EZO films grown with

different Er contents show only the (002) and (004) diffrac-

tion peaks typical for the wurtzite structure, implying a good

crystallinity for all the samples (not shown). Figure 1 shows

the XRD spectra of ZnO:Er with Er weight compositions of

0.5%, 1%, and 2% upon annealing at 750 �C, which also

exhibits only the ZnO (002) peak with no peak related to

other secondary phases. The c-axis lattice parameters of the

0.5%, 1%, and 2% Er-doped samples were determined to be

5.197 Å, 5.181 Å, and 5.178 Å, respectively, revealing a

decreasing lattice parameter trend with the increasing Er

concentration. The top right inset in Fig. 1 shows the (002)

peak in the XRD spectra of the ZnO:Er (1%) samples in the

as-grown state and after annealing at 750 �C. It is clearly

seen that the annealing leads to the increase in the (002)

peak intensity and slightly shifts the peak to lower angles as

compared to the as-grown sample. Meanwhile, no apprecia-

ble change in the full width at half maximum (FWHM) is

noticed as a result of annealing. The SIMS analysis (bottom

right inset in Fig. 1) of the as-grown and annealed (at

750 �C) ZnO:Er (1%) samples confirms uniform Er distribu-

tion in these samples. Rutherford backscattering spectros-

copy and channeling were also performed on the ZnO:Er

(1%) sample, and the Er substitutional fraction (fS) was esti-

mated to be 0.57 and 0.25 for the as-grown and annealed

samples, respectively.

Table I lists the carrier concentration (n) of the ZnO sam-

ples doped with 1% and 2% Er in the as-grown state and upon

annealing at different temperatures. Samples with both the Er

compositions show similar thermal evolution in the electron

concentration. The electron concentrations are n � 1020 cm�3

for the as-grown samples. After annealing at 750 �C, n abruptly

dropped to �1017 cm�3 and �1019 cm�3 for the 1% and 2%

Er-doped samples, respectively.

Low temperature (10 K) PL was performed to study the

optical properties of the ZnO:Er films. Figure 2, shows the

PL spectra of the ZnO:Er (1%) films annealed at different

temperatures. Annealing introduced the intra-4f-shell transi-

tion emission of Er, namely, 4F9/2! 4I15/2 and 4S3/2! 4I15/2.

Its intensity reached the maximum at the annealing tempera-

ture of 750 �C. Further increasing the annealing temperature

to 850 �C leads to the drop in the emission intensity. Similar

FIG. 1. The (002) peak of ZnO:Er films grown with different Er composi-

tions after 750 �C annealing. The insets show (top) comparison of the (002)

peak for the as-grown versus the 750 �C annealed ZnO:Er (1%) sample; and

(bottom) corresponding Er distribution depth profiles.

TABLE I. Carrier concentration (n) of the ZnO:Er (1% and 2%) samples

treated with different post-growth annealing temperatures.

Composition

As grown

(cm�3)

650 �C
(cm�3)

750 �C
(cm�3)

850 �C
(cm�3)

1% �1.46 � 1020 �1.03 � 1020 �7.00 � 1017 �4.72 � 1018

2% �3.47 � 1020 �1.96 � 1020 �7.30 � 1019 �4.12 � 1018
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annealing behavior was also observed for the ZnO:Er (2%)

samples. The inset of Fig. 2 shows the low temperature PL

spectra of the ZnO:Er samples annealed at 750 �C with the

Er compositions of 0.5%, 1%, and 2%. No intra-shell emis-

sions were observed in the ZnO:Er (0.5%) sample series

regardless of the annealing. Notably, the maximum intra-

shell emission intensity is seen in the 1% Er-doped sample,

while its intensity weakens in the 2% Er-doped sample. This

decrease may be attributed to the segregation of Er into the

grain boundaries.18 We have also carried out study on the

optical active ZnO:Er(1%) samples (i.e., upon annealing at

750 �C) grown with different oxygen pressures to reveal the

dependence of the intensities of the intra-shell transition

emissions on the oxygen pressure during growth. No such sig-

nificant or systematic changes on the emission intensity were

found. It was also found that the as-grown ZnO:Er (1%) sam-

ple could also be optically active for the intra-4f-shell transi-

tions while grown at the higher substrate temperature of

750 �C in 1.5 Pa of oxygen partial pressure (see the spectra in

Fig. 2). However, the emission intensity was 20 times weaker

than that from the 750 �C annealed sample fabricated at the

substrate temperature of 600 �C.

In order to further understand, we have carried out studies

of hydrogen plasma treatment (HPT) and high resolution XPS

on the ZnO:Er (1%) samples. To study the effects of hydrogen

plasma treatment (HPT) and the post-HPT annealing on the

intra-transition emission of Er, room temperature hydrogen

plasma treatment (HPT) was performed on the ZnO:Er (1%)

samples annealed at 750 �C. Figure 3 shows the low temperature

PL spectra of (1) the ZnO:Er sample annealed at 750 �C
(denoted by sample 750 �C); (2) the sample 750 �C subjected to

the HPT (denoted by sample 750 �CþHPT); and (3) the sample

750 �CþHPT annealed at 750 �C again (denoted by sample

750 �CþHPTþ 750 �C). As expected, sample 750 �C exhibits

the characteristic Er intra-transition emission. After the HPT

process (i.e., sample 750 �CþHPT), a strong narrow band

emission line at �370 nm and another emission line at

�750 nm (Ref. 19) appear and the Er intra-transition emission

disappears. The inset of Fig. 3 shows the same PL spectra in

full scale. In a previous PL measurement of H plasma treated

un-doped ZnO films in the wavelength range of 350 nm to

500 nm, the similar enhancement of the UV emission at

�370 nm wavelength (>20 times) was also observed. As

shown in Fig. 3, the PL spectrum of the sample 750 �CþHPT

þ 750 �C (i.e., the sample post-HPT annealed at 750 �C)

shows that the Er intra-transition emission is recovered by the

post-HPT annealing at 750 �C. As HPT at room temperature

usually involves surface modification to the samples,20 it is

reasonable to suggest that the optically active Er responsible

for the intra-4f-shell transition emission resides in the vicinity

of the surface in the Er-doped ZnO film.

Another experiment was performed to elucidate the loca-

tion of the Er optical active center. A very thin film of

undoped ZnO (10 nm) was grown on half of the surface of the

ZnO:Er (1%) sample annealed at 750 �C (see Fig. 4). PL

measurements were conducted on the sample surface covered

and uncovered with the undoped ZnO thin film. As expected,
4S3/2 ! 4I15/2 and 4F9/2 ! 4I15/2 intra-shell emissions were

observed in the PL spectrum taken on the uncovered area (as

shown in Fig. 4). However, the intra-shell emissions were not

found in the PL spectrum of the undoped ZnO covered region

(as shown in Fig. 4). We have also carried out optical trans-

mittance measurements on ZnO:Er samples with and without

the 10 nm undoped ZnO thin film coverage. Their optical

transmittance spectra presented in Fig. 4 showed that the

transmittances of the samples with and without the undoped

ZnO coverage did not have a difference more than the fraction

of 10% in the wavelength range of the Er intra-shell 4S3/2

! 4I15/2 and 4F9/2 ! 4I15/2 emissions. As according to the

light attenuation decay �exp(-xa) and the value of the light

attenuation coefficient a (2.2� 10�12 m�1) obtained from a

FIG. 2. The low temperature PL spectra (10 K) of the ZnO:Er (1%) films

treated at different post-growth annealing temperatures. As-grown A and

As-grown B are the as-grown samples grown at the substrate temperature of

600 �C and 750 �C, respectively. The annealing study was then carried out

with the samples grown with the substrate temperature of 600 �C. The inset

shows the low temperature (10 K) PL spectrum of the 750 �C annealed

ZnO:Er films having various Er contents.

FIG. 3. The 10 K PL spectra of (i) ZnO:Er (1%) as-annealed at 750 �C; (ii)

H-plasma treated after annealing at 750 �C; and (iii) sample obtained in (ii)

annealed at 750 �C again. The inset shows the full-scale spectra.
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transmittance measurement on our undoped ZnO film, 10 nm

of the thin undoped ZnO film would expect to attenuate 6.0%

of light intensity in the wavelength around intra-shell emis-

sions. Thus, the complete diminishment of the intra-shell tran-

sition emission from the covered region was not expected.

One possible explanation is that the added 10 nm undoped

ZnO thin film changed the microstructure of the optical active

Er center residing on the ZnO:Er film surface, thus deactivat-

ing its optical activity.

A high resolution XPS Er-4d peak study was performed

on the optically inactive (as-grown) ZnO:Er sample, the opti-

cal active ZnO:Er sample annealed at 750 �C (i.e., sample

750 �C), and the optical inactive hydrogen plasma treated

sample (i.e., sample 750 �CþHPT). On each of the samples,

XPS measurements were carried out on the surface and also

in the bulk at a depth of �20 nm below the surface, and the

results are shown in Fig. 5. For the optical inactive as-grown

sample, the Er-4d XPS spectra show peaks at the binding

energy (BE) of �169 eV, regardless of the spectra taken on

the surface or in the bulk. The BE of 169 eV is the character-

istic of the Er3þ state.21 After the annealing at 750 �C which

makes the sample optically active, the Er-4d XPS spectrum

taken in the bulk remains at �169 eV, but that taken on the

surface shifts to a larger BE of �171 eV. For sample

750 �CþHPT with the optical activeness deactivated by the

HPT, the Er-4d XPS spectra taken on the surface and in the

bulk show the same peaks at �169 eV. As in the previous

paragraph, the HPT study shows that the optical activity is

activated by annealing the ZnO:Er sample at 750 �C, and the

optically active Er center only resides on the surface. The

BE of Er-4d in the metal is lower than that of Er2O3

[167.25 eV (Ref. 22) and 168.5 eV (Refs. 23 and 24), respec-

tively]. For the as-grown and annealed ZnO:Er samples, only

the XPS spectrum of the annealed sample taken on the sur-

face shows a shift up of BE to �171 eV, and the remaining

all shows a BE of �169 eV. This implies that the Er residing

on the surface (but not in the bulk) has higher coordination

with the oxygen after annealing at 750 �C, which is compati-

ble with understanding that the surficial Er changes to the

six-fold coordination with oxygen, thus leading to the optical

activity of the surficial Er. Spectacularly enough, the blue

shift of the Er-4d peak restores back to �169 eV in the sam-

ple subjected for HPT, which also correlates well with the

loss of its optical activity after the HPT. The XPS spectra of

the optically inactive films and active films taken at the sur-

face and in the bulk showed perfect correlation that the opti-

cal active centers are associated with higher coordination

with oxygen and were only in the vicinity of the film surface.

CONCLUSION

In summary, Er-doped ZnO films were fabricated

by the PLD method. Annealing of the optically inactive

as-grown samples at 750 �C in Ar induced the optical emis-

sion originating from the Er-related intra-4f-shell transition
4F9/2 ! 4I15/2 and 4S3/2 ! 4I15/2 as seen in the PL spectra.

The results of the plasma treatment study, the XPS study,

and the PL spectra of the ZnO:Er film covered with the

addition of the very thin undoped ZnO film showed that the

optical activation was associated with the higher coordina-

tion of oxygen to Er as induced by the thermal annealing,

but occurring only for atoms localized in the vicinity of the

surface.
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FIG. 4. PL signal and optical transmittance with and without the added ZnO

top layer. The schematic of the fabricated sample is also shown in the inset.

FIG. 5. High resolution XPS spectra of the Er-4d peak for the as-grown

ZnO:Er (1%) sample; the ZnO:Er (1%) sample annealed at 750 �C; and the

ZnO:Er (1%) sample annealed at 750 �C followed by HPT.
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