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Abstract

The application of Alumina-doped ZnO (AZO) films meninescent material for large area
lighting sources has been evaluated. Thin filmsewgrown on quartz using magnetron
sputtering and subsequently annealed under argoasahere in a rapid thermal annealing
experiment. Below 550 °C, red-shift of the optitelnd gap and increase of the visible
emission are observed in agreement with Al diffasamd formation of interstitial oxygen
atoms. At temperatures higher than 800 °C, diffussoactivated and Ostwald ripening leads
to the formation of larger grains and an increade tlee crystalline phase. The
photoluminescence (PL) intensity is enhanced, fipalty in the UV range. As a result the

emission spectrum of AZO thin films can be adjudigdhe annealing conditions, with equal



contributions from the UV and orange parts of thesPectrum resulting in an efficient white
emission as quantified using the color space maphef Commission Internationale de

I'Eclairage.
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1. Introduction

Zinc oxide (ZnO) is an abundant and non toxic oxidech has been widely used as catalyst,
sun screen or for medical applicatidn&.more recent interest focuses on the optoeleictron
properties of ZnO. With a direct band gap of 3.¥7amd an exciton binding energy of 60
meV, ZnO is a promising candidate for room tempeaeaultraviolet optoelectronic devices,
such as light emitting diodés.

The luminescence of ZnO presents a wide varietgnaission lines, with strong dependence
to structural details. Photoluminescence (PL) spedre usually separated in two
contributions: a UV-peak around 380 nm and a wesdwmntribution. Whereas the UV line is
associated with the exciton recombination, the eagdgin of the visible luminescence is still
controversiaf Defects inside the material act as strong recoatinin centers and emission
bands are generated by donor-acceptor pair transitiThose defects can be oxygen or zinc
vacancies or interstitial atoms, or even pollutdnts

A large variety of n-dopants can be incorporatesid@a the ZnO to increase the range of
applications from spintronicsferroelectric layer§,or transparent conductive oxid@oping

or co-doping the layer (with elements from the g®oU 1llIb or V) modifies the energy levels
and is also widely used to adjust the luminescgmoperties of ZnO thin films, by either
shifting or broadening the several emission geakdoping leads particularly to a yellow

luminescencé,whereas Li doping is used to adjust the peak iposind its intensity® Co-



doping of these elements therefore leads to a Hvaad yellow-white emissiot. Obtaining

a white luminescence with Alumina-doped ZnO (AZ®j}herefore a challenge.

There is an emergent need for large lighting saur€e obtain AZO thin films on large areas
and achieve a precise control over the doping,tisoitbased processing (like the sol-gel
method) is widely usetf:'* However, the large solvent content inside the ratéeads to
porosity and reduces coating life-time. Along thkeysical method used for the AZO
deposition, magnetron sputtering emerges as an wagyto coat surfaces at the window
scale. The versatility of this method enables tkpodition on various substrates such as
sapphire:* silicon® or glass®

To improve the coating properties after depositisamples are subsequently annealed.
Control over the annealing atmosphere is of gmagbrtance to obtain the desired properties.
Annealing in air or oxygen generally leads to @l increase of the visible luminescence
and a reduction of the UV peak!® This can subsequently be recovered by annealieg th
sample under reducing atmosphEr&urthermore, annealing in vacuum or under nitrogen
leads to a specific increase of the UV part ofsgpectrunt’

In applications, fast annealing is a requisitethis work, we have probed the impact of Rapid
Thermal Annealing on the luminescence of AZO thimd$ on quartz. The films were
annealed during five minutes under argon atmospheremperatures up to 950 °C. The
structural and optical properties of the obtaindchd were investigated. Impact on the
luminescence was determined. In particular we stiaivwhite luminescence can be obtained

in specific conditions.

2. Materials and M ethods

The AZO films were grown on quartz substrates (¢ quartz, Shin-Etsu, Japan) by

RF magnetron sputtering from an AZO target (GfEnkak Germany). Quartz was chosen as



substrate because of its high transparency in bl and UV ranges and for its chemical
stability. The doping amount of AD3 in the AZO target ranged between 1 and 4 weight
percent.

Quartz wafers (10x10 cm?) were used as receive@koed onto a 30x30 cm? glass plate
into the sputtering chamber. The chamber was evedua 16 mbar. Argon was introduced
through a mass flow controller and the working pues was maintained to 8-10~1fhbar.
The input power was kept at 2 000 W. The substatesn translation under the AZO target
and the growth rate is 30 nm‘min™.

The thickness of the films was 750 nm as measuréd @ surface profilometer
(DEKTAK 3, USA) and Scanning Electron Microscop\e(8, LEO DSM 982 Gemini).

The AZO samples were subsequently cut into pie¢e®x@ cm? and placed into the
annealing oven. The chamber was flushed with adyomg 10 min prior to annealing, and
the gas flow (50 sccm) was maintained during amngal he heating time was set to 10 s and
the cooling rate was about 5 K.sSamples were annealed at different temperatuges T
(between 350 °C and 950 °C) for various timgbétween 15 s and 300 s).

X-Ray diffraction (XRD) film patterns were obtainedith a PHILIPS PW1830
diffractometer ¢-260 Bragg-Brentano geometry) operating with Cu tédiation {=1.5418 A)
and equipped with a graphite back monochromator.

Optical transmissions of the films were measuredeumormal incidence by a UV-VIS
spectrophotometer between 350 and 800 nm. Photokstence (PL) spectra were collected
at room temperature under normal incidence usiBg am focal length spectrometer with a
300 gr/mm grating, coupled to a Peltier-cooled CC&inera. Samples were excited at an
incidence angle of 50 ° using a 325 nm He-Cd lastéran output power of 5 mW. The laser
beam was focused to 100 um with a 35 mm asphdeoal The presented spectra were

corrected by the spectral responses of the measuatesat-up.



3. Results and discussion

3.1 Effect of annealing temperature on the struaitproperties
Figure 1 a-d presents top views of the surfacd@fAZO films obtained by SEM, before (a)
and after thermal annealing during 300 s &650 °C (b), 800 °C (c), and 900 °C (d). The as-
deposited film is well crystallized with an averagrain size of 40 nm. Figure le presents a
side view of the as-deposited film. The film is ab@50 nm thick and presents a columnar
structure with a lateral size of the columns of dhéer of 40 nm, which is consistent with the
top view?* The columns are not perfectly straight becausestitistrate is moving under the
target in the magnetron chamber during the spuatiedieposition. At the beginning of the
sputtering, the substrate is not under the targdtthe flux of atoms arrives at the surface
under an angle, which results in the tilt of thuoms. Upon translation, the substrate arrived
right under the target, and no angle is observeullly, when the sample is far away from the
target a tilt in the other direction is observetieimal annealing at temperatures lower than
750 °C does not induce modifications of the surfaogphology and grain size (Fig. 1b). At
800°C, the grains start growing and an averagengiae of 60 and 100 nm is observed after
thermal annealing at 800 °C and 900 °C respectindtyreover, the geometry of the grain is
also affected by the annealing and a faceting®ftiains is observed, with the formation of a
120 ° angle at the boundary between three grahmsas on Figure 1d). This increase of the
grain size and the modifications in the grain motpgy may be induced by Ostwald
ripening; zinc oxide diffusion becomes significait temperatures higher than 800°C and
allows for the formation of larger graifis.
The crystalline structure of the samples was furingestigated by X-ray diffraction

(XRD). Figure 2a presents the diffraction patteohshe films before and after annealing at

950 °C. The diffraction patterns are dominated Ipgak at around 34.5 ° and a smaller one at



74°. These peaks are respectively assigned to [@0€] and [004] orientations,
demonstrating the marked texture of the film alding c-axis of the hexagonal structure in
complete agreement with the columnar structure rebseby SEM. The inset on Fig. 2a
shows the position of the [002] peak after anngadihvarious temperatures fge300 s. A
progressive shift to highe©2/alue is observed even at relative low temperatutéhas been
previously shown that, after the deposition, theDARyers are in slight compressionThis
initial compressive stress along with the compresdihermal stress is relaxed during
annealing, due to the formation of a larger cryisialphase. After full thermal treatment the
residual stress is tensile, resulting in the sifiwn on Fig. 28

Another evidence of the modification of the crywst@ structure is obtained from the
shape of the XRD peaks. Figure 2b presents the greakand the full-width at half-maximum
(FWHM) for the [002] peak after annealing at vagoiemperatures. As;lincreases, the
FWHM decreases, reflecting an increase in the griaief® Very little variations are observed
for T,<750 °C, while the grain size increases signifigatbove 800 °C, as previously
demonstrated on Fig 1. On the other hand, At 80@r&Sp. 900 °C), the peak intensity
increases by 25% (resp. 60%). This shows the foomatf a larger crystalline phase inside

the materials.

3.2 Effect of annealing temperatures on the opicaperties

The electronic properties of the ZnO samples caddnwed from the optical transmission
spectrum. The gap energy can be measured usiriglitheing formula?®’
Ahv=C(Eg-hv)*?2 (1)
where o is the absorption coefficient of the samplethe Planck constang; is the

frequency of the incident ligh&y the gap energy an@ a constant. Figure 3 presents the



evolution of g¢hv)?2 as a function of the photon energy For the as deposited sample, the
absorption is not sharp and the gap energy is &4 2After thermal annealing at 350 °C, the
gap increases to 3.54 eV. For thermal annealirmghier temperatures, the gap progressively
shifts to lower values to finally readf= 3.27 eV. A first possible explanation is a Moss-
Burnstein shift due to the progressive reductiontre charge carrier density inside the
material with the thermal annealing. In the inisshte, the presence of electron donors leads
to an increase of the optical gap: as the firstlewf the conduction band are already filled,
electrons from the valence band need more energgaith the first unoccupied levels in the
conduction ban@ Upon annealing at 350 °C, the Al-dopants are at#iv leading to a slight
blue shift of the optical band gap. This effect faieady been observed for magnetron
sputtered AZO thin films and is consistent with @crease in the film electrical
conductivity*®

During annealing at temperatures higher than 450tR€ charge density decreases; this
empties the lower levels of the conduction band eadld explain the reduction of the
absorption edge energy. To further study the orgjithe absorption edge shift, the sample
annealed at 950 °C under Argon was further anneale450 °C for one hour but under
hydrogen. Hydrogen is known as reductant and léadsn increase of the charge carrier
density™® Figure 4 presentsiiv)? as a function of the photon energy for the sanapinealed
under Argon and the one subsequently annealed tH3dérvery small shift of the absorption
band edge of 10 meV is observed after the redudtigatment. This shift is more in
agreement with the values commonly found for semdcator doping? Therefore, the Moss-
Burnstein shift is not the main reason of the modtfon of the absorbance spectra above 450
°C.

Recent XANES studies suggest another explanatiorthi® absorption modifications.

Increasing the substrate temperature for magnesgmritering AZO films leads to the



formation of secondary phases of insulating ZnO afwAl,O, from Al,O3(Zn0);
homologous phas&3!' In our experiments, annealing at 450 °C and abgix®s enough
energy at the Al atoms to allow for diffusion ariefore segregation. The Al segregation
leads to a different material and so to anothedlsructure. This explains why a very large
red-shift of the absorption edge is observed witina value closed to the optical band gap of
pure ZnO.

Annealing also affects the shape of the absormitge. For annealing above 800 °C, a
transition in the absorption edge is observed waitlhigher slope and a shoulder in the
absorption around 3.32 eV. This shoulder may bégmasd to the first exciton of zZn®.
Finally, the position of the gap in the near UVasated with the sharp absorption edge leads
to a high transmission of the sample. After theraratealing, even at low temperatures, the
optical transmission can reach 82%. The overaligmission is limited by the reflection at

the air/AZO interface due to the high index of AZO.

3.3 Photoluminescence properties of AZO samples

Figure 5 presents the photoluminescence (PL) sp@ftthe samples after annealing at
various temperatures. The spectra were plottedog-acale to emphasize the strong increase
of the PL intensity with thermal annealing. All tepectra present the two main luminescence
contributions: the near band edge emission aro@d480 nm and the “orange emission”
between 450 and 650 nm. The overall intensityr#tie between these two contributions, and
the shape of the peaks show a strong dependentg 8efore annealing (black curve), the
AZO sample presents a very weak luminescence andigimal is in the UV range. When the
annealing temperature is increased, the near baige emission increases and is

progressively shifted to higher energy. Due toitftezease of the grain size after annealing,



the chances of non-radiative recombination areaediand the PL signal is increased. Above
650 °C, the near band edge emission presents takspe 380 and 390 nm. This type of
splitting was already reported for the study ofrmo@mperature cathodoluminescence of ZnO
thin films3? Actually, this is not a real splitting. The doulpeak structure can be simply
explained by Fabry-Perot fringesindeed, this can be further evidenced at lowergne
where the oscillations of the transmission spectiaespond to the modulation of the PL
signal. To confirm this effect we simulated the Inascence by simply multiplying the
transmission spectrum with two Gaussian peaks fanthe near band edge emission at 375
nm and the other to account for defect emissioneced at 590 nm. The result is shown on
Figure 6. Dashed lines correspond to local maxima iustrate the very good agreement
between the experimental data and the simulatectrsipe

For annealing temperatures greater than 800 °@pagsincrease of the overall intensity
and more specifically the near band edge emissiobserved. After annealing at 800 °C and
900 °C, the intensity of the near band edge emmssicespectively 8 and 80 times higher than
after annealing at 750 °C. The increase of thengsaie observed previously with SEM and
XRD explains the strong increase of the near balgk eemission. For larger grains, the
chance of a non-radiative recombination of the texcion defect at the grain boundary is
reduced and therefore the PL signal is increased.

Furthermore, the orange emission strongly increassT, and indicates the creation of
interstitial oxygen>?® This observation is a further evidence of the atfiffusion and phase
segregation inside the materials. To heal the tefeeated by the phase segregation and
control the ratio orangel/visible emission, subsatwmnealing into B atmosphere was
performed. The reductive annealing leads to areas® of the ratio UV emission vs. visible

emission of a factor 5.



The emission color was measured according to thedatds of the Commission
Internationale de I'Eclairage, (CIE) as definedl®B813* The tristimulus values X, Y, and Z
were obtained by convolving the emission spectrth whe three Standard Colorimetric
Observers. The chromaticity of the sample anneate850 °C were x=0.383 and y=0.437.
These values are reported on the Figure 7. CletmbyJuminescence of the sample is set in
the white region and is less orange than previoregiprted values for doped ZnO filthdo
further characterize this white emission, the pomding color temperature was calculated
from the x, and y values and was found equal to04&0This is significantly higher than
incandescent light bulb values, meaning a coodgt Wwith a less yellowish contribution. The
presence of a broad and significant near band edgssion around 390 nm explains why

such a high value is found for the color tempegatur

3.4 Investigation of the Al segregation at 550°C

The Al segregation at low temperature can be furtihgestigated by varying the
annealing time to follow the kinetics. Samples wamealed at 550°C for various times
ranging from 15 to 300 s. Annealing at 550°C setmise a good compromise between the
need of a rapid annealing and a sufficiently slometics to observe the variations. Figure 8
presents the FWHM and the position of the [002kpaaXRD experiments on the AZO thin
films after annealing at 550 °C. The [002] peaktstb higher 28 value even for very short
annealing time and shows little increase for lorgmealing. Even for shod, the residual
compressive stress after deposition can relaxyedsiing the annealing and the beginning of
the cooling phase. After cooling, this leads taralftensile stress and a shift of the XRD
peak. The FWHM shows little decrease during theeahng; this evidences the limited

impact of annealing at low temperature on the atse structure of the films.
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Figure 9 shows the evolution of the optical bang, gaeasured from the absorption of the
sample (see Fig. 3). The same progressive reduofidthe band gap due to the partial Al
segregation of the films is observed. The valueh®mhormalized visible emission, defined as
the ratio of the “orange emission” to the near badde UV emission; is also reported in
Figure 9. This normalized visible emission increas&ongly during annealing. To better
understand the link between the PL spectrum andofiteeal properties, the normalized
visible emission is given on Figure 10 as a functéthe gap energy. The results confirm the
crucial role of phase segregation in the optical eminescence properties of the AZO thin
films and demonstrate how a fine control over theealing conditions enables the tuning of

the emission properties.

4. Conclusions

AZO films were deposited with magnetron sputterile impact of Rapid Thermal
Annealing was investigated in close connection wstructural, optical and electronic
properties. During annealing, two phenomena oaculifferent temperature ranges. Between
350 and 550 °C, phase segregation occurs insidaybe as assessed by the gap shift and the
increase of visible luminescence. A kinetics stadgws the relation between the intensity of
visible luminescence and the shift of the gap. Ab&D0 °C, there is an increase of the
crystalline phase and grain size, as demonstratetRb and SEM. This increase leads to an
overall increase of the luminescence and spedyiadl the UV peak. It is then possible to

modify the PL spectrum of AZO thin films to obtafficient white emission.
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Figure captions

FIG. 1. SEM images of AZO thin films. a-d: top vi@fithe surface before (a) and after
annealing during 300 s atF650 °C (b), 800 °C (c), and 900 °C (d). The staeis 200 nm.
e: side view of the film. The scale bar is 500 nm.
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FIG. 6
Bottom Experimental luminescence after annealing at*4ad op Simulated spectrum
obtained from the sum of two Gaussian peaks (réisguositions are indicated by the
arrows) multiplied by the transmission. The daslesk illustrate the coincidence of the local
maxima.
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FIG. 7 Chromaticity of the emission of the AZO fikmnealed at 950 °C as reported in the
color map defined with the CIE 1931 standards

18



_:[ LI L ] LINNLENL B B DL B B B rrrrTyprrTra [_
— . — 0.182
o 34601 —— P o vs0
= LN -
o [ e A
9 :_.A'*A ‘.\ -40.178 E
S 34.55]; TN e— =
g L ... H0176 2
& : Teel L |
S i Tt - -- 10174

3450...
0 100 200 300

Time of annealing at T_=550 °C (s)

FIG. 8 X-Ray Diffraction experiments on AZO thiinis before and after annealing at
550 °C for various time,t Full-width at half-maximum (square) and posit{tnangle) for the
[002] peak.
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FIG. 9 AZO thin films annealed under argon at 560@r various annealing times. Optical
gap energy (triangles) measured from the absorpbefficient and ratio between the visible
and the UV peaks (square) in PL experiments agetiin of the annealing time.
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FIG. 10 AZO thin films annealed under argon at %6Gor various annealing times. Optical
gap energy as a function of the normalized visiildantensity..

20



