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Room-temperature blue luminescence from ZnO:Er thin films
X.T. Zhang, Y.C. Lit#* *, J.G. Ma, Y.M. L@, D.Z. Sheéh , W. Xt , G.Z. ZhoAg , X.W. Fan

80pen Laboratory of Excited State Processes, Chinese Academy of Sciences, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, 1-Yan An Road, Changchun 130021, PR China
PInstitute of Theoretical Physics, Northeast Normal University, Changchun 130024, PR China

Received 23 August 2001; received in revised form 11 April 2002; accepted 11 April 2002

Abstract

In this paper, room-temperature blue cathodoluminescence from ZnO:Er thin films has been studied using different electron
beam currents. The ZnO:Er thin films used in our experiment were prepared by simultaneous evaporation from ZnO and Er

sources. The X-ray diffraction spectra showed that the thin films had a strong prefereatisd (0002 orientation with a
hexagonal crystalline structure. The blue light emission at 455 nm originating from the intra-4f shell tra(f§isjigr> *l1,5/,) in

Erf* ions was observed at room temperature. This is because many Er ions in the ground states resonantly absorb the energy
from the emission related to deep-level defects and cathode ray, then fill i the H state, the non-radiative relaxation rates
from the* kg, statetothé H,, state are completely suppressed. The non-linear dependence of the cathodoluminescence intensity

on the electron beam current showed a blue light emission above the threshold electron beantigiroéit.6 wA, which was
attributed to the phonon bottleneck effect. Furthermore, the near infrared luminescence atni.B4s obtained at room
temperature.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction sion band at approximately 520 nm correlated with
deep-level defectB,d].

In recent years, wide-band-gap semiconductors In order to make the emission energy of the deep-

(WBGS) ZnSe- and GaN-based materials have made |€Vel defects in the ZnO thin films be absorbed by the
substantial progress. They are coming into practical useE" 10ns in the ZnO matrices, the rare ea(RE) metal

[1-5. However, another stimulated WBGS material, Er is introduced into the ZnO matrices by thermal
ZnO, which has an energy gap of 3.24 eV at room evaporation technique. If the energy from the emission

temperature, has attracted enormous interest in relatiorc/related with deep-level defects can transfer to the

to UV emissions. This is because ZnO has a large £ 10ns in the ground stat€,s,), then, a resonant
exciton binding energy of 60 meV at room temperature excitation occurs, resulting in a direct transition from
1 4 .

which is approximately three times as large as those of 1€ ground stat€®l;s,) to the excited staté’H, ,), as
ZnSe and GaN. Another notable property is the large ywll be_dls_cussedzlater. As a result, the exmtecf*l;r
Zn-O bond strength, which allows a high damage '°"S WI|| fill the “H,y), s_tate, and the non-radiative
threshold for laser irradiatiori6]. Up to now, many  elaxation rates for other ions are reduded], accom-
different techniques have been used to prepare ZnO thinPanying by a saturation of multiphonon at high density

films [7]. In general, the photoluminescen@eL) spec- excitation. In other words, the multiphonon relaxation

tra of the polycrystalline ZnO thin film show an emis- Processes from the statFs/,) to the excited state
(*H,4,») in the ER* ions will be effectively suppressed
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595-5387. light source with the high excitation state-density, as
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ZnO:Er films, X-ray diffraction spectra(6—20), as

Fig. 1. Energy band diagram of Er-doped ZnO. The wavelengths Shown n Fig. 2, were .measure.d by using ;zini_i}ax-rA
shgown for tra%iition betwe%nﬁr ion Ievr()els are experimentally mgas— X-rayo dlffraCtometer(ngaku) with the Cukx line of
ured in ZnO:Er thin film. 54 A.

To study the optical properties, the sample was excited
Er-doped ZnO thin fim[11]. Thus, we should have by the cathode rayCR) generated by the anode accel-
observed luminescence with wavelengths shorter thaneration voltage of 10 kMprecision: 0.07%; accuracy:
green light related to the deep-level defects from the 1%) and an electron beam current ofu\ (precision:
ZnO:Er thin films under the condition of the high density 0.1%; accuracy: 0.5%at room temperature. The spot
excitation. In recent years, the near infra@g) lumi- of the electron beam is approximately 7 fim . The
nescence from ZnO:Er thin films is well recorded in the emitted light was collected using a quartz lens focused
literature [12—14, however, the visible luminescence on the entrance slit of the UV-360 Spectrophotometer
has, so far, been lacking. In this paper, we report a blue (Shimadzl. The optical signal was detected by a
cathodoluminescenceCL) at room temperature for the photomultiplier. The near IR photoluminescence spectra
Er-doped ZnO thin films prepared by simultaneous have been measured at room temperature using an IR
evaporation from ZnO and Er sources. This emission is Biorad PL-9000FT spectrophotometer. A p-i-n Ge diode
a radiative transition from thé o,  state to the ground cooled by liquid N was used as a detector and the 488
%l,5/, State of the E¥* ions. The phonon bottleneck nm line of an Ar" laser of 50 mW was used as an
effect [15] is used to discuss the mechanism of blue exciting wavelength.

luminescence. 3. Results and discussion

2. Experiment Fig. 3 shows the cathodoluminescence spectrum. The

emission spectrum consists of four peaks at 364 nm,
A hydraulic press was used to prepare ZnO tablets

using a high pressure of 28 toft?. Compressed- —r 11

powder tablets were composed of Zi@urity 99.99%),

the rare earth metal Efsolid, purity 99.99% was

ground, then, two sources were simultaneously evapo-

rated to prepare ZnO:Er thin films with an approximate

Intensity (a. u.)

thickness of 200 nn{Er density of ~10%° cm3). The N CT s

substrate temperature was kept at 4@ The films I {

were formed on a quartz substrate in ap O ambient of [

10~* Torr by simultaneous evaporation from two r‘wwA/\—J

sources, i.e. the ZnO:Er thin films used in our experi- —
ment were made by electron beam evaporation, and 360 420 480 540 600 660
simultaneously the rare ear(RE) metal Er was doped Wavelength (nm)

into the ZnO matrices by resistance heating of a molyb-

denum boat. After deposmon,_ the ZnO:Er th_ln films Fig. 3. The cathodoluminescence of the ZnO:Er thin film excited by
were annealed at 65 for 5 min in an Q ambientto  the cathode rafCR) with the anode acceleration voltage of 10 kV
activate the EY" ions. To characterize the structure of and the electron beam current ofu8\ at room temperature.
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Fig. 4. The PLE spectrum responsible for the 154 emission.

385 nm, 455 nm and 520 nm. The weak peak at 364
nm is attributed to the transition from the G  state to
the 1,5, state of the Er ior{16]. The 385 nm UV
peak is from the exciton emission of Zn{17]. The
wide luminescence band at approximately 520 nm, as
shown in Fig. 3, is considered to be mainly due to the
emissions related to the deep-level defects in the ZnO:Er
thin films. The other radiative transition from the excited
state (*Hj,/,) to the ground staté“,s,) of the EP*
ions is very weak with a narrow line width, and is
contributed to the wide band at approximately 520 nm.
The sharp peak at 455 nm originates from the intra-
4f shell transition in the Brf ions of ZnO matrices,
which is from the excited stat€*Fs,,) to the ground
state (*l15/2) [16]. In general, this emissior(“Fs,-
“l15/2) in other materials, such as GaN:Er, is very weak.
We will discuss it from non-adiabatic Hamiltonian cal-
culation now. At first, to understand the absorption and
radiative transition mechanisms related to the blue emis-

sion, we take the PLE spectrum as a reference from the

literature [13]. Although it is not the actual PLE spec-
trum for the monitored wavelength of 455 nm, as shown
in Fig. 4, it is useful to understand resonant absorption.
According to the PLE result, the €r ions in the ground
state (*l,5,,) must resonantly absorb the energy from
the green light emissiot620 nm correlated with deep-
level defects of the ZnO matrices. As seen from Fig. 1,
the EP* ions have to go directly from thfeys),  state
to the ?H,,,, state, then fill in the® H,, state. In
addition, when the sample is excited by high density e-
beam, many ions will populate tife £,  state by direct

excitation processes and radiationless relaxation process-

es from higher excited states. Pelle et[aB] performed

a systematic study of the excited-state population density

effect on multiphonon radiationless processes of RE
excited multiplets. Pelle et al18] suggested that the
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Fig. 5. Calculated multiphonon relaxation rates of RE excited states
in tellurite glass vs. the excited-state density fa) Er** (?H,,,,)

and (b) Nd®* (“F5/,). Experimental data are shown for*Er (solid
squares.

example, multiphonon relaxation rates for two levels in
tellurite glass are plotted in Fig. 5 with respectNg,.
(the excited-state densjty{18]. The multiphonon pro-
cess from the N#" (“Fs;,) multiplet is completely
suppressed at highv,,. value (Fig. 5b). Wyg (non-
radiative relaxation ratgsare plotted in Fig. 6 as a
function of N (the multiphonon ordgrin semilogarith-
mic scale for tellurite glass for differen¥,,. values
[18]. From the Fig. 5 and Fig. 6, we can deduce that
non-radiative relaxation processes are completely sup-
pressed by the high density excitation in our experiment.
Meantime, in the non-adiabatic Hamilton, using the
Stirling approximation Wy is given by an exponential
gap law with ana parameter depending ONg,. as

follows [18]:
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Fig. 6. Variation of the exponential gap law vs. the multiphonon order

saturation of the multiphonon process is observed eventor different N.,. values: (8) 107 cm 2: (b) 6x10% cm2: (c)

when the interaction between the ions occurs. As an

8x 108 cm 3.
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" uﬁf) [[1 - N(12+)Z)]L°g[%]

+Log(1+x)— 1] 2

where N is the multiphonon order, So is the Huang-
Rhys coupling parameter at 0 K is the averaged
number of excited ions in lying in the diffusion volume
v, around one excited iofi is a function ofN,,.), A w

is the phonon energy and/, stands for promoting
modes. Non-radiative relaxation rat€®,z) for fixed
energy gap(N>3) as a function ofv,,. has been fitted

using Eq.(1). Least-squares fit is represented in Fig. 5 0 2 4 8 8
by the solid lines. In each case, the calculated curves

are in good agreement with experimental value. We do Electron Beam Current (u A)
a quantitative calculation by using the non-adiabatic

Hamiltonian. This result |nd|cate_s t_hat It Is pQSSIble to, Fig. 7. The intensity of the blue light emission at 455 nm for the
completely suppress the non-radiative relaxation rates inzno:Er thin film as a function of the electron beam current with the
our experimental condition. We propose the following anode acceleration voltage of 10 kV at room temperature.
microscopic process to explain the saturationVia§g.

One excited ion gives off its energy and relaxes to the the*F;,, state toth@ H,, state of the®r ions in the
?H1,/, state, the possibility of another excited ion nearby zno matrices are not effectively suppressed, which leads
to occupy the? H,, state is decreased. So, transitionsto a weak blue light emission. When the electron beam
for the other excited Er ions nearby from the excited current density is over the threshold EBG,), the blue
state(*Fs,,) to the ground staté€’l ;5,,) of the EP* ions  |ight emission intensity increases rapidly. This is because
in the ZnO matrices are significantly enhanced, when many EF+ ions in the ground statél,s/,) resonantly
the excited Er ions fill thé i, state. In other words, absorb the energies from the green light emission cor-
the non-radiative relaxation processes should be effec-related with deep-level defects of the ZnO matrices and
tively suppressed from the . state to the,, i state cathode ray, then fill thé H,, state. Thus, the non-
of the EF* ions in the ZnO matrices when the sample radiative transitions from thé 5 state to tRe,;H

is excited by high density excitation. Hence, the blue state of the Ei" ions, accompanying by releasing

CL Intensity (a.u.)

light emission is observed in our experiment. phonons, are effectively suppressed on the basis of the
To understand the blue light emission of 455 nm from results. The intensity of the blue light emission, as
the excited staté*Fs,,) to the ground staté”l;5,,) of shown in Fig. 7, is determined by the number of

the EP* ions in the ZnO matrices, the cathodoluminec- optically active E¥* ions in the film(i.e. almost all
ence spectra were measured for the ZnO:Er samplesoptically active E¥* ions are excited by the energy
excited by different electron beam current densities at transfer and cathode raySo, the saturated intensity of
room temperature. Fig. 7 shows the intensity of the blue the blue emission is observed. An analogous saturated
light emission at 455 nm as a function of the electron phenomenon has been reported in the doped-Er nc-Si
beam current. From Fig. 7, the threshold electron beam[19].

current(Z;,) of 0.6 wA can be seen to cause a blue light  To further investigate the intra-4f shell transitions of
emission. For above the threshold electron beam currenthe EF* ions, the near IR spectrum is measured under
(I;) and less than 1uA, the blue light emission the excitation of the 488.0 nm line of an Ar laser light
increases super-linearly. Then, it increases slowly for the with a power of 50 mW at room temperature, as shown
electron beam current in the range of 1gB. Finally, in Fig. 8. From Fig. 8, there is only one PL peak at
the saturated cathodoluminescence intensity is observed..54 um with a FWHM of 4.3 nm, which originates
for the electron beam current overp5A. These results  from the intra-4f shell transition from the first excited
can be explained by considering the phonon bottleneckstate (*l,5/,) to the ground stat€*,s,) of the EP*
effect, which occurs at high density excitation. When ions in ZnO:Er thin films. The PL peak position does
the electron beam current density is low, the emission not change under different exciting wavelengtd§7.9
related to deep-level defects is weak. Therefore, very nm, 488 nm and 514.5 nmThis result confirms that
little of the energy from the emission correlated with the PL observed is caused by identical Er emission
deep-level defects can transfer to thé'Er ions in the centers in the ZnO:Er thin films. Meanwhile, the ‘direct
ground state(*l,5,,). Also, there are few B ions in  excitation’ of the Ef* ions has to yield 1.54m
the?H,,/, state. Thus, the non-radiative transitions from emission followed by a cascading transition from some
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