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Crystalline erbiurtEr)-doped zinc oxide thin films have been grown by pulsed-laser deposition and
were analyzed by the complementary use of Rutherford backscattering spectroscopy, x-ray
diffraction analysis, atomic force microscopy, and photoluminescence. The composition, structure,
and surface morphology of films were studied, as a function of the growth cond{t@amperature

from 300 °C to 750 °C and oxygen pressure from®l® 0.5 mbay and Er-doping rate, and were
correlated to the emission spectroscopy of Er in the infrared domain. While these studies lead to the
determination of optimal conditions for the growth of high crystalline quality films, results of
photoluminescence experiments show that the insertion of Er ions in the ZnO matrix does not follow
a simple pattern. The Er ions are incorporated from two pathways, one population is found inside
the crystallites and another one at the grain boundaries, as a consequence of the differences in
valence and ionic radius of Zn and Er. )05 American Institute of Physics

[DOI: 10.1063/1.1858058

I. INTRODUCTION semiconductor band-gap enengnaking wide band-gap
semiconductor§ZnO, e.g., Eg=3.3 e)\attractive candidates

Erbium(Er)-doped semiconductors have attracted 'nterffor investigations as hosts for Er doping.

est in optical applications because of the sharp photolumi- As a result, the optical properties of Er-doped ZnO thin

nescenc¢PL) at 1.54um from the intra-4f shell transition in films have been investigat&].ln these studies, the Er-doped

Er** ions. This emission makes such Er-doped semiconducz . .
. ; . N nO films were grown by pulsed-laser deposition under
tors suitable candidates for lightwave communication de-

X : o . . guite specific experimental conditionsoom-temperature
vices such as light-emitting diodes, laser diodes, or plana o ) .

. o deposition followed by a short duration high-temperature
optical amplifiers- A great deal of work has thus been car- .
. . . . hermal treatmentwhich do not allow to correlate the Er
ried out in the study of the photoluminescence properties of ~. . . ) .

. ) . ._emission properties with the structural and microstructural

Er-doped low band-gap semiconductors, mainly silicon, Incharacteristics of the ZnO host matfix.In fact, only the
order to enhance the Er-related emission by various meaqgcal structure of Er center has been .'n esti ,atedy'n 0.5%
(material annealing, additional oxygen do@iﬁj Although d gzuo fil i t nv ¢ '9 foll ! d.b 0
interesting results have been obtained in the emission interk"” hopte " I'I ms ?;0(\)’\(/)”% room empe:a ure ﬁ(; 0\;\/he y
sity at low temperatur€77 K), a significant loss in lumines- a sdor a:ngamg ah - mtr:)xyEge.n atmosphietre. g db
cence efficiency occurs at room temperature, precluding the S-deposited amorphous Tiims the Erions are surrounded by

use in practical applications. Indeed, a nonradiative energ Ve r:lk;St §OT?t°m§ ?rld eight Ol'atoms fas sedc?nd r:e at[est
backtransfer occurs at room temperature, in which an excite eighbors. The short ime annealing performed 1o activate

g . . .
Er ion generates a trapped electron-hole Hafihis PL the ER* ions would change their coordinence, leading to a

quenching was found to decrease with an increase of tthe“do octahedrétoordinence Blocal structure resulting in
an enhancement of Er-related photoluminescénkmieed,

- " s Fisi icada Cersid although the films are heat treated, no detailed information
Permanent address: Departamento de Fisica Aplicada C-XII, Universida ; ; ; ;
Autonoma de Madrid, 28049 Madrid, Spain. goncernlng the crystalline stafstructure, crystalline qualijy

b Author to whom correspondence should be addressed; FAX : 33 01 43 58f the films is presented. _ _ o
28 78; Electronic mail: perriere@gps.jussieu.fr The growth of crystallized Er-doped oxide thin films has
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already been studied in view of planar optical amplifier
applications”'® However, the host oxidegAl,O; or Y,05) 44
presented similarities with ED5 which do not exist in the
case of ZnO. Due to the different oxidation state and ionic
size of EF* and Zrt* ions, the insertion of Er in ZnO gives
rise to new problemsgmiscibility of Er in this oxide, lattice
distortion, and disorder,.), which could have major effects

on the optical emission of Er. Indeed, a photoluminescence
quenching appears when the mean distance between two er-
bium ions is small enough to allow excitation migration and
to increase the probability of nonradiative deexcitafidh. §
the Er ions insertion in the ZnO matrix is not complete, the 800 1200 160
creation of Er-rich zones could allow this concentration Energy (KeV)

guenching, as in the case of Er-doped glasses. _ o
The main purpose of this paper is thus to fill the qa FIG. 1. Rutherford backscattering spectra for 1.5 MeV d@s incident on
purp pap 9 pEr—doped ZnO films grown at 700 °C under-§@nbar oxygen pressure by

concerning the correlation between the structural and opticguised laser ablation of targets whose Er-doping level is O(B&fiow
properties of Er-doped ZnO films, to enlighten the key pa-ircle) and 2%(solid circle), respectively.

rameters that determine their optical quality. We have thus

investigated the influence of growth conditio(substrate jiffractometer with the Culk radiation (\~1.54 A). The
temperature, oxygen pressp@nd Er-doping level of films  an51yses were carried out in the Bragg-Brentano geometry
on their structural and morphological characteristics in orde@_za diagramg and by rocking curve measurements. The
to establish a correlation with their optical properties. Thegrface morphology of films was studied by a Park scientific
substrates used in this study #i®0) silicon wafers covered hstruments atomic force microscopaFM).

with 500 nm thick amorphous silica. These SISi sub- The Er-related photoluminescence was analyzed by an
strates are known to not favor the growth of epitaxial ZnOpRc SpectroPro 750 monochromator coupled to,abbled

films but their low cost and their adaptation to existing mi'germanium detector. An EG&G 5207 lock-in detection was
crolithography techniques would be two great advantages if}sed for a better noise to signal ratio. Lifetimes were mea-

the case of a further industrial development in optoelectrong;red under pulsed-laser excitation coming from an OPO

ICS. (BMI) laser, pomped by the third harmonic of a Nd:YAG
laser.

Zn

" 4

oo o 00 oo o 006000
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Il. EXPERIMENT

The undoped and Er-doped ZnO thin films were grown|ll. RESULTS
by pulsed-laser deposition onto Si3i (100) substrates, but
for comparison purposes some films were grownGuout
(00.1) sapphire substrates as well. The PLD experimental During the high temperature step of the sintering process
setup has been described in detail elsewhetéBasically, a  of doped targets, segregation of the Er species may occur,
guadrupled frequency Nd:YAG lase{266 nm (YAG, due to a high diffusivity of Er in the ZnO latticé. Such a
yttrium aluminum garnetis used to ablate the rotating oxide phenomenon has been evidenced by RBS analyses of targets,
targets. Thein situ growth of the films was achieved by showing an Er enrichment in their near surface region with
deposition onto heated substratesthe 300 °C-750 °C tem- respect to the bulk concentration. To avoid in-depth hetero-
perature range under various oxygen pressurgfrom  geneity in Er content of ZnO films, a careful preablation step
107-0.5 mbay. After deposition, the films were held at the (3 h) was systematically carried out before using these tar-
same temperature dugrl h under a 100 mbar oxygen pres- gets in thin film growth. With such a process, an in-depth
sure, and then cooled down to room temperature. uniform Er concentration was systematically observed in the

The targets used in this work were sintered pellets ofilms, with values equal to those of the target used for the
undoped ZnO and Er-doped ZnO with Er concentrationggrowth(congruence of the PLD procgs§or instance, Fig. 1
ranging from 0.6—2.8 at. %. The appropriate mixture of ZnOshows typical RBS spectra recorded on films grown on
and EpO; powders was pressed and sintered for 12 h aGiO,/Si substrates by PLD of targets with different Er dop-
1400 °C, in order to obtain hard and compact targets. ing levels. The use of theump simulation progrart? leads

The film thickness and composition were determined byto the determination of thickness and composition: 175 nm
Rutherford backscattering spectroscaof®BS) using the 2  thick ZnO:Er(2%) and 70 nm thick ZnO:Ef0.6% films
MeV Van de Graaff accelerator facilities of the Groupe dewere thus respectively grown, the Er concentration being
Physique des Solides. The precise concentration and in-deptionstant with depth. Moreover, in these spectra, the shapes
distribution of the elements were determined by thevp  of the Zn rear edge and Si leading edge of the backscattering
simulation softwaré? The films were studied by UV-visible contributions indicate that the interface between ZnO and the
absorption measurements, allowing to evaluate the band-g&iO, substrate is quite sharp, and no interfacial reactions
value. Microstructure and crystalline orientation of the films(leading to spurious phasdsave occurred during the growth
were investigated by x-ray diffraction using a Philips X-pert process.

A. Film composition
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Wavelength (nm) FIG. 3. Normalized x-ray diffraction patterns for ZnO: &% films grown
at various temperature under~fGnbar oxygen pressure.

FIG. 2. UV-visible absorption spectrum and corresponding Tauc (ot
inserh for a ZnO:Er(2%) film grown at 700 °C under I8 mbar oxygen
pressure.

B. Film structure and crystalline quality
The influence of the growth conditions on the crystalline
Due to the precision of the RBS analysis for the deter-state of the films has been studied, and Fig. 3 shows the
mination of the content in light elementike oxygen), i.e.,  normalized diffraction patternf.e., the diffraction intensi-
about 5%, we cannot exclude a slight oxygen deficiency irties are normalized to the film thicknessf ZnO:Er (2%)
the ZnO films. Two reasons can be proposed to explain sucfims grown under 1® mbar oxygen pressure at several
a possible deviation in stoichiometry. First, these films argemperatures. Two well-defined peaks, identified as the
grown under a quite low oxygen pressure that usually in{00.2 and(00.4 ZnO diffraction lines, are clearly observed
volves an unbalanced incorporation of zinc and oxygen atin the diagrams, indicating that the basal planes of the hex-
oms into the film. Another reason could be the compositioragonal ZnO structure are preferentially oriented parallel to
change of the target during laser irradiation. Indeed, it hashe substrate surface. This oriented growth begins to be no-
been reporteld that the ablated target surface is substantiallyticeable at temperatures as low as 300 °C, and is enhanced as
enriched in Zn, due to backscattering material from thetemperature increases, as it can be deduced from the evolu-
plasma and/or target surface reduction phenomenon. tion of the width and intensity of the corresponding peaks
Oxygen deficiency in ZnO could have important conse-with temperaturdFig. 3).
guences, since oxygen vacancies form defect states in the The influence of the oxygen pressure during the growth
ZnO band gap which induce shallow traps or a deep-levelvas also studied, and Fig. 4 represents the normalized dif-
emission in the visible range, increase the absorption lossdgaction patterns of ZnO: Ef2%) films grown at 750 °C un-
and modify the ZnO semiconducting properties. To avoidder several oxygen pressures. An increase in oxygen pressure
these consequences, a post growth oxygen annealing stdpring the growth leads to a decrease of the diffracted inten-
was included in the film formation, in order to compensatesity and a slight broadening of the peaks. Moreover, for pres-
the lack of oxygen incorporation during the growth. To checksures higher than 0.5 mbar, the preferentidl.1) orientation
the film stoichiometry, UV-visible absorbance spectra for adisappears and the films are polycrystalline.
doped ZnO film grown on sapphire substrates were recorded Finally, the influence of the erbium-doping level has
and are presented in Fig. 2. A high transmittatie®0%) in been also studied. Figure 5 presents thus the normalized dif-
the visible region and a sharp absorption edge around 37faction patterns of ZnO:Exx%) films (x=0, 2%, and
nm are observed, without any absorption band above thi2.8%) grown at 700 °C under I® mbar oxygen pressure.
wavelength. Such films appear thus stoichiometric, since a

large amount of defect states associated with oxygen vacan- 80 ; —F

cies would lead to a smear absorption ei'JGgMoreover, the P X 20

absorbance spectrum clearly shows at the absorption edge, i

the characteristic feature related to the excitonic —_ €07 |

resonancE'*® in ZnO, despite the Er doping of the film. 5 ,

From the Tauc plof(Ahv)? as a function ofhu]'° of the < 40 §

absorption edge region presented in insert, an optical band *E‘ ] §

gap of 3.3 eV can be deduced, a value equal to the one § __J L Mﬁ 750°C - 10° mbar |

recorded in bulk single crystal Zn%S.FinaIIy, the presence £ 201 A t 750°C-0.1 mbar

of oscillations in Fig. 2, due to interferences in the film, ! 730°C_0“.'5 mb;r s Wi
allows to make a rough estimation of the film refractive in- IO Mm
dex. The value found is 2.1, close to the ZnO bulk value. 30 40 60 80

50

o
Dark m-lines measuremengsarried out aih =633 nm con- 200"
firmed that the refractive index is exactly equal to 2, Showingsg. 4. Normalized x-ray diffraction patterns for ZnO: &%) films grown

that dense ZnO films were obtain€d. at 750 °C under various oxygen pressures.
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40 "% 20 7/ tion of the Zrt* ions, the respect of the electrical neutrality of
| the ZnO crystal imposes the creation of cationic vacancies as
30 the following mechanism:
- ' s *t +.
E‘ : (0% 3Zr* -2 EPT+ V2
P 20— —_HE L According to the Krdger-Wink notation, this could be written
'z J ; \ as
k3] | Lo _[Er] =2%
'E:‘ 10 [ O = 2Ean + VZn//

a i [Er]=2.8 % . The induced cationic vacancies created by Er doping could
0:;0 20 50 8 70 30 therefore induce a shrinking of the network, and conse-
20 (°) quently a decrease of the unit cell parameters.
Whatever the growth conditions and the Er concentra-
FIG. 5. Normalized x-ray diffraction patterns for ZnO films grown at tjon, the films present a preferr@ehxis orientation. The ex-
700 °C and 10° mbar with various Er concentrations. istence of a texture in thin film growth is classically ex-
plained by surface free energy considerations, the films
growing with an orientation minimizing this energy, i.e., in
r_general, the planes with the lowest surface energy are found

but the textured growth seems to be favored by low E ; :
doping levels. In fact, the preferentidl0.1) oriented growth parallel to the substrate. The case of ZnO is somewhat dif-
' ferent because th@0.1) planes do not correspond to a mini-

is not essentially impeded up to Er levels near to 2%, while .
y Imp P ° um in free surface energy. On the contrary, due to the

higher values lead to a drastic decrease in the intensit o'?.. . e .
g y wurtzite structure, consisting in interpenetrating O and Zn

diffraction peaks, meaning that the fraction of crystalline ma_hexagonal close packed lattices, the crystal inctbirection

terial in the films decreases. . . .
is an alternate stacking of pure oxygen planes and pure zinc
The Bragg angle of thé00.2 and(00.4 peaks allows to ones. Thes€00.1) planes are thus charged and their free

determine thec parameter of the ZnO cell. Table | presents g\t energy divergéawhile the prismatic planefsuch

the evolution of this parameter as a function of growth CON-25(10.0] are nonpolar and thus have a finite surface energy.
ditions and Er-doping level. The mean value obtained isphis results in a columnar growth, limiting ti60.1) planes
comprised between 5.18 and 5.19 A, which is smaller thanyre, to the top of growth islets, which has been observed in
the bulk valug(5.2066 A. This can be explained by the fact 70 fiims synthesized by PLD and other methods.

that films grown by PLD generally present relatively high |y addition, pole figures of thél1.1) ZnO planes were
residual stresse@ip to 500 MPa in the case of Zn@®ef.  recorded, and showed a fiber texture without any in-plane
22)]. When the temperature decreases, greater valuearef  preferential orientation. This fiber texture could be expected
obtained, which confirms the crystalline quality degradationsince the amorphous nature of the Si@yer does not pro-

at low temperature. In the case of Er-rich films, thearam-  vide any oriented pattern to lead the in-plane orientation of
eter tends to decrease. This could be due to the insertiofne growing film.

mechanism of E¥ ions in the ZnO wiirtzite network in Rocking curve measurements through the full width at
which Zr?* ions are in tetrahedral sites. Considering that thehalf maximum(FWHM) of the diffraction peaks provide in-
doping ions are located on the tetrahedral sites by substitifermation on the mosaic spread of the films, i.e., on the grain

The preferential00.1) orientation of the films is observed,

TABLE I. c parameter calculated from tl@0.2) peak position, Rocking Curve FWHM, and rms roughness of
ZnO films grown under various conditions of temperature, pressure, and Er-doping rate. Two samples with the
same deposition conditiondabeled % are presented in order to get an estimation of the precision of the
experimental results.

Oxygen pressure Er doping rate ¢ parameter Rocking curve FWHM rms roughness

Temperaturg°C) (mbap at. % A) (deg (nm)
400 10° 2.0 5.266 4.7 0.8
500 10° 2.0 5.250 2.8 3.3
600 10° 2.0 5.184 2.3 3.2
700* 10° 2.0 5.181 2.1 3.2
750 10° 2.0 5.181 2.1 3.8
750 102 2.0 5.210 7 8.8
750 0.5 2.0 5.188 26.7
700 10° 0.0 5.191 1.3 35
700 10° 0.6 5.203 2.1 3.2
700* 10°® 2.0 5.187 2.2 3.2
700 10° 2.8 5.169 3.0 5.0
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disorientation. Table | shows the evolution of the FWHM of values of the root mean squafens) surface roughness of
the ZnO(00.2 diffraction peak as a function of the growth ZnO:Er films for different substrate temperatures, oxygen
parameters and Er-doping rate. First, the crystalline qualitypressure, and Er-doping levels. The corresponding AFM im-
tends to rapidly improve with temperature up to 600 °C,ages are presented in Fig. 6, and may be correlated to the
while it hardly changes as temperature increases furthepreviously studied structural characteristics. At low tempera-
Thus, 600 °C appears as a minimum threshold value to growures (T<300 °Q, amorphous films are formed and the
films of good crystalline quality even if ZnO crystallization AFM image does not show any particular structure and ex-
and oriented growth take place at lower temperatures. Thhibits a low surface roughne$8.8—0.9 nm. As temperature
rather large FWHM values observed in this wggk1°) even  increases, ZnO film crystallization occurs and the AFM im-
for films grown at 750 °C under I®&mbar is related to the age of the film grown at 500 °C shows a granular structure,
amorphous nature of the Sj@ubstrate used for the growth, with a low surface roughne$8 nm). This can correspond to
and is identical to the best values reported for ZnO growththe columnar structure which is associated with (06.1)
on amorphous substratésThe FWHM values are roughly ZnO textured growth. Further increase in temperature
constant up to a pressure of #@nbar, which proves that the (700 °Q does not seem to involve large evolution of neither
degree of disorientation of the Zn@0.1) planes is not the structure nor the film surface roughness.
modified in the 10°~10"3 mbar range. Beyond this value, The mean surface roughness of films increases by almost
the higher the pressure, the worse the crystalline quality obne order of magnitude when the oxygen pressure changes
the film. As a result, largely disordered films are grown underfrom 107 to 0.5 mbar. However, this increase is not linear. In
0.5 mbar oxygen pressure. fact, the mean roughness remains constant around 3 nm for
The decrease in crystalline quality with an increase ofpressures from 16 up to 102 mbar. Then, the surface struc-
the oxygen pressure has to be related to the decrease of thee dramatically evolves with the oxygen pressure as it is
kinetic energy of species reaching the growing film surfaceshown in the images in Fig. 6. The grains observed in the
In the literature, ZnO films with the best crystalline quality surface of the films grown at I®mbar become large coars-
(in terms of lowest values of FWHM of rocking curyesere  ened droplets at 0.5 mbar.
obtained around 700 °C—750 °C under a wide range of oxy- The study of the influence of the Er-doping level on the
gen pressure, from 1I®Torr (1.3x10°mba) up to surface morphology shows that slightly doped filifi&r]
10 mTorr(1.3x 102 mbap.?® Indeed, these optimized =0.6 at. %9 exhibit low mean roughness values around 1
growth conditions are related to the target-to-substrate disam. The surface roughness increases as the erbium rate in-
tanced which differs in the various studies. The oxygen creases, leading to non-negligible values of 5 nm for largely
pressure? and the distancd are linked through the follow- doped films([Er]=2.8 at. %).
ing relationship: P X d”=constant(y being comprised be-
tween 2 and B which determines the optimum growth
conditions?® Thus, any variation of the distanakwill in-
duce a correlated variation in the optimal oxygen pressure.
The value of pressure found in this wak0®~103 mbap is ~ D- Optical properties

in very good agreement with the values reported for the  The Er-emission properties were studied as a function of
growth of ZnO films on silica supst_ratzé‘smth acomparable e growth parameters and the Er-doping level, in order to
geometry, which shows a drastic increase in the FWHM ofogreate the photoluminescence characteristics to the struc-
rocI;mg curve when the oxygen pressure is higher than, o) features of the films. However, the results obtained
107 mbar. . _ ~ were unexpected. Figure 7 compares spectra obtained for a
The FWHM value strongly varies with the Er-doping zn0: Er(29¢) film and an Y,05: Er (5%) film, both grown at
level (Table ). An increase of the FWHM value with an 700 °c ynder 10 mbar. The emission in the yttria film pre-
increasing Er content is observed, indicating the clear deletesanis clear Stark sublevels transitiGhsSince both films
rious effect of Er incorporation in the lattice on ZnO crystal- ghtained in the same growth conditions, exhibit a good crys-
line quality. This effect occurs even at small doping levels,ig|ine quality, a similar emission was expected. But the ZnO
since the FWHM value of ZnO:E(0.6% films is almost  fiim emission is broad, with a maximum at 1.58F, two
twice the one of pure ZnO films. Nevertheless, the resul'@arge shoulders at 1.546 and 1.56%, and without any Stark
also indicate that the oxide structure can admit some degreg§ plevels structure. This emission shape is usually observed
of doping without further increase in the disorientation of the;, amorphous materials, such as glass fifiMoreover, the
crystallites, as it is reflected by the fact that the FWHM valuegmission is about 500 times less intense than in the case of
hardly changes when the doping rate ranges from 0.6% tg,q Y, 05 film, for a similar film thickness.
2%. This latter value would be roughly the maximum admis-  This broad emission depends on the growth conditions
sible doping level without larger degradation of the oriented, Er-doping level. First, Figs. 8 and 9 show a clear de-
growth, since IargerOFWHM values are obtained for dopingcrease of the emission intensity with a decrease of the tem-
levels higher than 2%. perature or an increase of the oxygen pressure. A similar
behavior is observed for the diffraction peak intengfygs.
3 and 4. Furthermore, Fig. 10 exhibits a concentration
Atomic force microscopy has been used to study theguenching, since the emission intensity peaks for a 2% dop-
surface morphology of the ZnO films, and Table | shows theing, and then drastically decreases.

C. Surface morphology
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FIG. 6. Evolution of the AFM images with the tempera-
ture, the pressure, and the Er-doping rate.

750°C — 0.01 mbar 750°C — 0.5 mbar

[Er] = 0.6 % [Er]=2.8 %

IV. DISCUSSION present outside the crystallized ZnO grains, i.e., in grain
boundaries as it has been observed in bulk matefifs.
These PL features should be commented and compared However, we have shown that tleeparameter of the
to the structural characteristics of the films, in order to showznO cell, the crystalline quality and the surface morphology
that the insertion of Er ions in ZnO films is not a simple are linked to the Er content. This means that the Er ions play
issue. First, the emission shape, identical to the one observedrole in the crystallization process and that a part of these Er
in amorphous materials, seems to evidence that the Er ioriens is present inside the crystallized grains. This is also
are not surrounded by a well-ordered environment. More<consistent with the fact that the photoluminescence intensity
over, the emission intensity drastically decreases in Er-ricldepends on the growth temperature and preggtigs. 8 and
films. These results strongly suggest that the Er ions could b®). If the Er ions were all located outside the grains, the PL

80 200
—~ 604 ~ 1504
5
L =
2 0] £ 100,
a &
8 {Er:Y,0,(x1) =
=
8= [
E 204 504
4 Er:ZnO (x 500)
0 v =T v T T - T M T v OE T T T v T M L L
1480 1500 1520 1540 1560 1680 1600 1480 1500 1520 1540 1560 1580 1600
Wavelength (nm) Wavelength (nm)

FIG. 7. Photoluminescence spectra of Er-dopg®yand ZnO films grown FIG. 8. Evolution of the PL spectrum of ZnO:ER%) films grown at
in similar conditions(700 °C and 10° mbay. various temperatures under f£0nbar oxygen pressure.
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200 As mentioned previously, the difference in the respective
valence of Ei(3) and Zn(2), and ionic radii(0.89 A for EF*
1504 in coordinence 6, and 0.60 A for Zhin coordinence %can
3 be a problem for the insertion of Er in the hexagonal wurtzite
= . lattice of zinc oxide. Doping ions are frequently added to
%woo- 10” mbar zinc oxide to modify or enhance some of its physical
5 N ties’® Though th i hanism of th
g 10" mbar properties. oug e precise mechanism of rare ear
3 504 (RE) doping is not well known, the incorporation mecha-
= 0.5 mbar . . . .
nisms of such elements in the wirtzite network appear lim-
0 ited. The first one consists in the insertion of RE ions in the
1480 1500 1520 1540 1560 1580 1600 nonoccupied positions of the ZnO structure: four sites in

Wavelength (nm) coordinence 6 per unit cell are possible and the maximum
radius of these unoccupied crystallographic positions is 0.88
A, which is the theoretical ion size upper limit allowed. Nev-

ertheless it has never been demonstrated that ions with an

. . " important size(such E?*) follow this insertion pathway. It
intensity should not depend on the growth conditions. Th%az even bes(n shown ihat42r(0.59 A in coorcrj)inencey)4

presence of Er ions inside the ZnO grains is also confirmeg\lhich is smaller than 74, cannot occupy the intersitial

by Williamson—Hall analysi&® linking the width and the N
. .~ position in the ZnO network, and should prefer to agglomer-
Bragg angle of th¢00.2 and(00.4 peaks, from which strain ate at the grain boundariésAs it has been reported for the

values(e) can be evaluated. In the case of pure ZnO fllms,doping by small size elementie., Ti*) in ZnO films® the

. - 3 )
these s.trau_']s.are equal to. &10 '.BUt’ when the Er con _second possibility is the substitution of the?Zrions in the
centration is increased, higher strains are observed, reach|r|1

Stice but the only experimental result highlighting such a
7.5x 1072 for ZnO:Er(2.8% films. This means that at least . . . . . . .
a fraction of the Er ions is present in the ZnO crystallites anc{nechanlsm 1\4(\,13'toh large ions like Eris obtained by ion
that these ions induce important strains in the ZnO matrix

implantation,™~ which does not lead to the same incorpo-
These strains observed in the doped films could create a Iocr{iltlon process than for the deposition meth¢ abovp
disorder around the Er ions, which could partly explain the

F—llnally, as it has been proposed for ZnO bulk cerarnicé,
broad emission obtained at 1uf. one may cqn3|der tha.t th'e'large size trivalent rare earth ions
. . . acts as grain growth inhibitors, and should prefer to aggre-
There are thus experimental evidences proving that thé . . . o .
ate at the grain boundaries. This segregation in the grain

Er ions are both inside and outside the ZnO grains. Thes ) . . o
. . . . oundaries would explain the amorphouslike emission, the
contradicting results raise the issue of the exact location o

the Er ions in the ZnO films. dramatic decrease of the emission intensity for the highest

A complete substitution of the Zn ions can be ObtainedEr-doplng rate and also the relative low Er emission in all the

by Er ion implantatior11.4'3°In that case, up to an Er-doping f|!ms, c%rglpl)aretj tol?;h;a_r crystallized fllmts._Thls Io_\k/)vl em't‘:’]_
rate of 0.665%, it has been showed that the Er ions are in>'ON Madel 5, [evel fileime measurements Impossible wi

serted in a position very close to the Zn crystallographic site?Yr setup, while this feature would be essential to know if

situated at 0.25 A above the Zn site along thaxis. Never- Ehe Er ions have segregated. Indeed, in Er-rich regions, this
l,4/, level lifetime would be shorfa few tens of microsec-

theless, in such doping method, the Er ions are in a nonequi- ) . ..
ping d nd due to Er—Er interactions. The observed emission could

librium state. When the implanted films are heat treated a?h be d both Er i | din the Zno . dE
temperatures higher than 700 °C, a diffusion of most of thé us be due to both Er ions located in the ZnO matrix and Er

Er ions towards the surface is obtainéd® Thus, whatever lons segregated at grain boundaries.

the doping process, segregation of the Er ions outside theb QurdPL rliitgti.lare also quite d|t1‘)fgrent from the onesd
grains is often observed. obtained on ilms grown at ambient temperature an

heat treated after depositiBK.These last films exhibit an Er
200 emission somewhat intermediate between the one observed

FIG. 9. Evolution of the PL spectrum of ZnO:ER%) films grown at
750 °C under various oxygen pressures.

in Fig. 7 for Er-doped YO and ZnO films with a londl 13/2
lifetime (2 m9. In that case, the amorphous films are heat
~ 1501 treated for a short tim¢5 min) at 700 °C before any PL
;J' measurement, as in the case of glass films. This thermal
2 1004 EN=2% treatment used to “activate” the Er ions, could allow a reor-
2 ganization of the oxygen ions around the Er ions, leading to
£ [Erl=28% a better Er emission at 1.5m, while being too short to
o 501 [Er]=0.6% observe any Er segregation as in our fifiEhese growth
conditions being quite different from the ones used in this
0+ - T . study, it is uneasy to compare these results, but our PL and
1480 1500 1520 1540 1560 1580 1600 structural features tend to prove that two different Er popu-
Wavelength (nm)

lations are present in our films, one inside the crystallized
FIG. 10. Evolution of the PL spectrum of ZnO:E2%) films grown at ~ 9rains and _anOther n the_ grain boundaries. Furthermore,
700 °C and 10° mbar oxygen pressure, with various Er concentrations. ~ even if our films present diffraction features of crystallized
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