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Abstract

Tris(8-hydroxyquinoline) indium (Ing) films were physically deposited
via thermal evaporation technique and were subsglyuthermally annealed
at different temperatures in air atmosphere. Thecefof annealing on the
structural and optical properties of the films wassestigated. X-ray
diffraction showed that the as-deposited and aedefiims at 100 and 200 °C
have amorphous structure, whereas the annealesl dilrd70 and 300 °C have
crystalline structure in which a preferred oriemtatof growth is obtained.
The evolution of the optical properties of the slmue to annealing has been
correlated with their structural properties. Theica properties were studied
in terms of spectrophotometeric measurements of tthesmittance and
reflectance over the spectral range 200-2500 nom fwhich the refractive
and absorption indices were calculated using Mumsaexact equations. The
single oscillator and Drude models were applied @@termining the
dispersion parameters of the films. Analysis of Himsorption coefficient
revealed that the films have direct allowed optlzahd gap of 2.7@V, which
Is increased to 2.88V as a result of annealing. The thermal propertiesew
studied by means of differential scanning calormneind thermogravimetric
measurements.
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1. Introduction

Organic semiconductors with promising optical afettrical properties
are recognized as an important class of interestatgrials for applications in
advanced electronic and optoelectronic devices Mmchv their physical
properties can be tuned by chemical modificatioth@molecular frame. The
domain of organic materials continues to be of igseeentific and commercial
interest due to other advantages such as low odseéase of processing. They
are currently used as active layers in large nurabadvanced electronic and
optoelectronic devices such as light emitting deofid, thin film transistors
[2] and solar cells [3], as alternatives to expemanorganic materials.

Tris(8-hydroxyquinoline) aluminum (A is the first efficient material
in organic light emitting diode (OLED) devices, whiwas reported in 1987
by Tang and Vanslyke [4]. Since then, intense &ffbave been dedicated to
develop and improve the efficiency of such dioddsst of the recent studies
have been directed towards improving morphologstability [5], optimizing
the device characteristics [6], understanding tharge carrier transport
mechanisms [7] and tuning the emission spectru@LdD [8]. Besides, Alg
Is used as a buffer electron transport layer [@] dopant material in organic
solar cells [10]. Ever since the success of;Alg these devices, a lot of
attention has been paid to synthesize and invéstaher counterparts. In this
regard, Ing has been introduced as promising candidate in GLHDggered
by its interesting properties, efforts have beemd gar further material
analysis and characterization. The study of thdcabtbehavior of such
materials in thin film form is a prerequisite fohet successful device
fabrication. Shukla and Kumar [11] have been ingestd the optical

properties of Ing and Alg films by using spectroscopic ellipsometry. The



study showed that the refractive index of3lfitms is higher than Algfilms.
Thangaraju et al. [12] showed that theslfioms have less photoluminescence
intensity compared with that of AJghin film. Thermal annealing was used as
an effective tool for influencing the structuraldaaptical properties of Alg
[13-15] and Gag[16] films.

To the best of my knowledge, the effect of thermahealing on the
structural and optical properties of knthin films has not been extensively
reported. The target of this work is to study thiguence of thermal annealing
temperature on the structural properties and dpfigactions of thermally
evaporated Ingfilms over the spectral range 200-2500 nm. Theianalkaling
Is a common used process in optical applicatiortschvis helpful tool to
improve the film properties. For example, annealwag been used as a vital
process to improve the electrical conversion edficy of solar cells. Thus, it
Is important to find the optimum annealing tempemat at which the film

could possess better optical properties.

2. Experimental
2.1 Synthesis

Tris(8-hydroxyquinoline) indium was prepared ac@ogcdthe procedure
given elsewhere [17]. In typical synthesis, 0.5fBdwydroxyquinoline was
dissolved in a mixture of 10 ml double distilledteraand 2.5 ml of glacial
acetic acid. The mixture was vigorously stirrediluah orange transparent
solution was obtained. Then, 0.3 g of indium ndraydrate was dissolved in
20 ml of double distilled water and stirred untitlaar solution was obtained.
The two solutions were mixed together and stirred 5 min. After that,

ammonium hydroxide was added to the mixture sahgti@rop by drop with



continuous stirring to get maximum precipitationy@llow-green precipitate
was filtered out and washed 15 times with doub#tiltid water and dried at
80 °C under argon gas flow.

2.2 Films deposition and measur ements

Ings films were deposited onto pre-cleaned glass atidally flat fused
guartz substrates using thermal evaporation teaknimder a base pressure of
about 10 Pa by using high vacuum coating unit (EdwardsQ& &). Initially,
Ing; powder was placed inside a quartz crucible thatdesen surrounded by a
tungsten coil capable of supplying sufficient héatthe materials upon
passing an electrical current through this coilrr€ot of about 40 A was
enough to start sublimating Ingowder. The rate of deposition and film
thickness were controlled during the evaporationuBing a quartz crystal
thickness monitor. The rate of deposition was ddpisit 0.15 nm/s. The film
thickness was determined as 386 nm after depodiyospectrophotometeric
method. The substrates were kept at room tempergf% °C) during the
deposition process. Prior to deposition, the sabedr were cleaned
ultrasonically for 15 min with hot distilled wateigllowed by 10 min rinsing
in an ultrasonic bath in acetone, ethanol and liddtiwater, respectively.
Finally, the substrates were dried thoroughly uradgon gas. Glass substrates
were used for structural analysis, whereas quarbsteates were used for
optical measurements.

Ings films were thermally annealed at temperature06f 200, 270 and
300 °C in air atmosphere. Annealing was perfornmedark condition and the
time of annealing was two hours. The temperaturethef samples was

recorded by using NiCr-NiAl thermocouple with aca@acy of +1 °C.



The X-ray diffractometer (Philips X' pert) with Nitered Cuk;-
radiation was used to identify the structural chtastics of both powder and
films. The measurements were performed in theatifion angle (@ range
4-80° with a step size of 0.020(8). Morphology of the films was studied by
field emission scanning electron microscope (Qu&ii& 250).

The optical transmittance and reflectance spectréhe films were
recorded over the wavelength range 200-2500 nmgusdiouble beam
spectrophotometer (JASCO V-570 UV-Vis—NIR). The swaments were
performed under ambient conditions. The absolutaegaof total measured
transmittance],, after introducing corrections resulting from thigsorbance
and reflectance of the substrate were calculatdd &)y

T=T,[-R) (1)
where R, is the reflectance of reference quartz substrate. The
spectrophotometer was also provided with a rethactttachment to measure
the reflectance. The absolute values of the to&glsured reflectancB,,, after
introducing corrections resulting from reflectanoé the substrate and
reference mirror were calculated by:

R=R R,{l+1-R)?}-T?R, (2)
whereRy is the reflectance of the reference aluminum mirror

The thermogravimetric (TG) and differential scamnicalorimetry
(DSC) measurements were performed at heating fat) dC/min and in
nitrogen environment by thermogravimetric analy@BTQ 600 TA.

3. Results and discussion

3.1 Structural properties



Fig. 1 depicts the X-ray diffraction patterns oéd in both powder and
thin film conditions. It can be observed that tipectrum of the powder has
different peaks with different intensities implyimgplycrystalline structure.
Upon thermal deposition, no identified diffractipaaks are found which give
the ambiguous evidence of amorphous structure.séh@ behavior can also
be seen for annealed films at 100 and 200 °C. Upsing annealing
temperature up to 270 °C, a preferred orientatibngmwth along the
diffraction peak centered at diffraction angle 0d3 is obtained indicating
crystalline structure. The intensity of this peak slightly increased by
annealing at 300 °C indicating slight improvemehfilns crystallinity. The
appearance of this diffraction peak at high anngakemperatures is attributed
to the sufficient increase in supply of thermal rgyefor crystallization, re-
crystallization and growth of grains in the filmss-deposited Alg[13] and
Gag [16] films are also found to grow with amorphoususture. Thermal
annealing at 200 °C is found to crystallize Afiims and thermal annealing at
255 °C is found to crystallize Gafiims.

The surface morphology of films plays an importeoié for electronic
and optoelectronic device applications. Surfacepimology of Ing films is
investigated by field emission scanning electroerascope (FESEM). Fig.
2(a,b) represents the FESEM images of as-depasit@@nnealed films at 270
°C with the same value of magnification. The SEMagm shows that the
particles of as-deposited amorphous films haveuwaarshape with uniform of
distribution over the substrate surface. With atinga some of irregular
shaped particles in the as-deposited film are toamed to a more rounded
structure resulting in more defined particles whican be attributed to

crystallization process.



3.2 Optical properties

Ing; films were thermally annealed at different tempaes (100, 200,
270 and 300 °C). The effect of thermal annealindGft and 200 °C on the
transmittance and reflectance spectra of the fims very weak. The attempt
for measuring the transmittance and reflectancth@fannealed films at 300
°C has failed, because that the annealing wastegsiri a decrease in film
thickness and formation of rough surface. So, th#uence of thermal
annealing on the optical properties of the filmaggieved at only 270 °C.

Fig. 3 demonstrates the optical transmittance afidatance spectra of
as-deposited and annealedlfitms. Inspection of this figure shows that the
spectra of as-deposited films can be simply divided two regions. In
spectral range 200-550 nm, the total sumToand R is less than unity
implying the existence of absorption. At wavelemsggneater than 550 nm, the
total sum of T and R approaches unity value i.e transparent region. The
absorption region is separated from transparentbynsharp transmittance
edge. In the transparent region, thandR spectra of the films exhibit many
peaks and valleys. These oscillations are due o itlerference effect
originating from the multiple reflections which agcat the interface of the
air-film and film-substrate systems, constructivad adestructive wave
interference occur periodically. On annealing, tin@nsmittance edge is
slightly shifted towards shorter wavelengths. Tleug of T in transparent
region is also decreased and the corresponding \@IR is increased. It can
be observed that tHEandR spectra of as-deposited and annealed films have

nearly the same behavior in transparent regions Tilicates that the as-



deposited and annealed film have almost the sano&ndss, within the
experimental error.

The optical transmittance and reflectance spediring films were
used to estimate the refractive,and absorptior, indices using Murmars
equations [19,20]. To get the optical constantandk, a computer program
comprising a modified search technique of Abeléaletechnique [21] was
used. The idea of technique is based on minimiziag and ARP

simultaneously, where

2

AT[" = (3)

|AR|2 =|Row ~ F42 (4)

whereT andR are the experimental absolute values calculat@a f£qs (1)

T —T|

and (2), respectivelyR,x and T are the proposed values ©f R using
Murmanns equations. By applying such technique, values eind k are
obtained. The details of these calculations arergiu previous work [22].

The spectral distributions of the calculated rdfv&cindex,n, of as-
deposited and annealed jrdgms are depicted in Fig. 4. It can be seen that
spectrum of as-deposited films exhibits three pdakated at 280, 330 and
440 nm. These peaks represent the anomalous dspertthe refractive
index which can be explained with the multi-os¢dla model [23]. At
wavelength range 550-2500 nm, the refractive irdknreases with increasing
the wavelength and shows non-dispersive behavidrigiier wavelengths.
This behavior is the normal dispersion which canirtderpreted by using
single oscillator model. The value of the refragtindex for as-deposited
films is in the range of 1.9-2 which is slightlyghier than that observed for

Algs [24]. With annealing, the refractive index increasover the whole



spectral range and the peak located at 440 nns Slifhtly towards higher
wavelengths.

Fig. 5 illustrates the influence of annealing ol #bsorption index
spectra of Ingl The spectrum of the as-deposited film is domithdig two
major bands in ultraviolet and visible spectralioeg. Similar behavior is also
observed for Alg [25] and Gag [26]. Muhammad et al. [26] have been
pointed that the band in the visible light regios attributed to the
optoelectronic transition acrogsn* orbitals, whereas that the band in the
ultraviolet region is due to the optoelectroniag@on from 4 to n* orbital.
Inspection of the absorption spectra shows thaintemsity of the absorption
band in the visible light region is decreased byealing, whereas the
intensity of the absorption band in the ultraviotegion is increased. In
addition, the visible light absorption band shtfigsvards higher energy, while
the ultraviolet absorption band shifts towards |lowanergy. From the
foregoing observations, it can be deduced thatctienges in the optical
constants of Ingjfilms as a result of annealing are attributeddoesponding
enhancement in both packing density and intermédednteractions upon
crystallization or rearrangement [27].

In weak absorption region, the dispersion datahef refractive index
can be evaluated according to the single oscillamdel proposed by Wemple
and Di Domenico [28,29]. According to this modéle treal part of dielectric
function, gy, is expressed by:

Ed Eo

=n?-k?=1+——947°
a = E —(hv)

(5)

whereEy andE, are the dispersion and oscillator energies, réshec andhy
is the photon energy. The paramdigris a measure of the intensity of inter-



band optical transitions and it does not dependifstgntly on the band gap,
while E, can be considered as an average value of the yeigam of the
material. Fig. 6 shows the relation betwesh1)" and fw)? for as-deposited
and annealed Indilms. The relation gives a straight line oveoad range of
photon energy verifying Eq. 5. The deviation fromehrity at low photon
energy is observed which can be ascribed to thativegcontribution of
lattice vibration to the refractive index [29]. Thalues ofE; andE, of as-
deposited and annealed irfgms are determined from the slopeEdE,) and
the intercept E/Ey) of the straight lines. The values Bf and E, for as-
deposited films are estimated as 15.06 and %86 respectively. With
annealing, these values are increased to 27.94 @3V, respectively. The
dielectric constants at high frequencg$n.?) were determined from the
intercept of the straight line with the*(1)™* axis at zero photon energy. The
value of &, for as-deposited and annealed films was determased.71 and
4.61, respectively.

The real part of the dielectric function can bealgped to obtain
additional information concerning the contributiohthe free carriers and the
lattice vibration modes to the dispersion. The deeace of the real part of
the dielectric function relation on the wavelength the incident light is

expressed by [30]:

e? N
g&=n"-k’=¢g - — N 6
! Y 4rte P m’ 6)

whereg, is the lattice dielectric constam,s the charge of the electran,is
the dielectric constant of free spaces the velocity of light in free space and

N/m is the ratio of the carrier concentration to ffeetive mass. Fig. 7 shows

10



the variation ofn® with /2 for the as-deposited and annealed; lfilgns. The
relation shows linear behavior at higher wavelesglxtrapolating the linear
portions to zero wavelength value gives the valug,avhereas the rati/m

is determined from the slope of the straight limetipns. The value of, is
estimated as 3.72 for as-deposited films andiitgseased to 4.63 as a result
of annealing. The accordance between the values ahd e, indicates that
the contribution of the free carries is marginaltfee films under investigation
[31]. Besides, the ratibl/m is slightly increased from 1.35xF0o 1.47x16°
Kg™* m* by annealing. The value dfm is in the same order of that obtained
for Algs [13]. The increase in the ratid/m is due to the crystallinity
improvement of the films.

The absorption coefficient of the films was cadtatl by the well-
known relation; a=4nk/A. According to electronic inter-band absorption
theory, optical band gap of non metallic films danevaluated using Tauc’s
relation [32]:

O'hV=B(hI/—Eg)m (7)
whereB is the probability parameter for the transiti&g,is the optical band
gap of the material anioh is the transition coefficient. The exponentakes
the values 1/2 and 3/2 for direct allowed and fdden transitions,
respectively, and takes the values 2 and 3 foreatiallowed and forbidden
transitions, respectively. The experimental dateewrted to different values
of m, and it was found that the=1/2 provided the best fit to the data. This
indicates the existence of direct electronic ttamss between the molecular
orbital energy bands. The relation betweetn)’ and photon energy is

represented in Fig. 8. The extrapolation of thaight line graphsatv)? =0
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gives the values of the optical band gap. The vafug, is estimated as 2.77
and 2.8%eV for as-deposited and annealed films, respectividig.E; value is
lower than that of Ga(2.81€V) and Alg (2.86€V) films [33] which can be
attributed to the effect electrons number in theeoshell for the central metal
cation. The increase in tig value can be correlated with the improvement of
the films crystallinity. The value of the opticahrtd gap of as-deposited and
annealed films verifies the relatiof~2xE,; which is also observed to be
verified for Algs [34].

The behavior of the absorption coefficient in the lenergy range was
found to follow the exponential law given by Urbacbxpression [35]:

a=a, ex;{%} forhv<E, (8)

y
where o, is a constant, anet, is an empirical parameter, which has the
dimensions of energy and describes the width ofldlcalized states in the
band gap. Fig. 9 gives ample evidence that therewpetal data below thi,
verifies Eq. 8. From the slopes of this linear tielaship, the empirical
parametelE, for as-deposited and annealed films was estimased.16 and
0.14 eV, respectively. These results indicate that as-siggm films have
higher values of localized states than the anne#lets which are in
accordance with the X-ray studies.

Fig. 10 depicts the TG-DSC curves of as-prepargslgowder. The TG
curve shows a weight loss starts at 39 up to a®®0€ which is accompanied
with endothermic peak in DSC curve. This peak ifrilaited to the
evaporation of the residual ammonium hydroxide. Theres show also that
the absorbed water molecules start to evapora@® a€ and continue to 109

°C. The glass transition temperaturg, is observed at 198 °C and
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recrystallization temperatur&,, is located at 261 °C. The endothermic peak
observed at 375 °C is corresponding to the meltiomt, T,,, whereas that
observed at 425 °C is corresponding to the degmad#mperature],. The
values ofTg, T, andT,, are reported as 177, 251 and 419 °C, respectifaly,
Algs [36] and are determined as 182, 259 and 286 ‘ewively, for Gag
[16]. In comparison to Algand Gag Ing shows higher thermal stability
which can be ascribed to the stabilizing effectafionic I central metal
atom [26].

4. Conclusion

Ing; powder has polycrystalline structure. As-deposded thermally
annealed films at 100 and 200 °C have amorphoustste. Annealing at 270
and 300 °C results in crystalline films in whichpeeferred orientation of
growth is observed. Indilms are optically absorbing over the spectraiga
200-550 nm, whereas they are optically transpaoget the spectral range
550-2500 nm. The refractive index is found to iase= with annealing at 270
°C. The behavior of the refractive index is invgated in which some
important dispersion parameteks;, E,, ¢.., ¢, and N/m are estimated for as-
deposited and annealed films. The absorption aisalyfsthe as-deposited
films revealed the existence of direct allowed s¢raon with optical energy
gap of 2.77eV. This value is increased to 2.8V due to annealing. Using
Urbach’s relation, the width of the localized staite the band gap of the films
is found to decrease with annealing. Thermal ptaseanalysis showed that
Ings has glass transition and recrystallization tempeea of 198 and 261 °C,
respectively. It could be concluded that the madiifon in optical properties

of the films by annealing is due to crystallization
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Figure captions

Scheme 1 Molecular structure of jmpmpound.

Fig.

1 X-ray diffraction spectra of Igg(a) powder, (b) as-deposited film, (¢) annealed

films at 100 °C, (d) annealed films at 200 °C, énhealed film at 270 °C and (f)

annealed film at 300 °C.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

2 SEM images of Indilms: (a) as-deposited and (b) annealed at 270 °C

3 Optical transmittance and reflectance speaafting thin films.

4 Refractive index dispersion curve ofJfiims.

5 Spectral distribution of absorption index liogs films.

6 The relation between®1)™ and f)? for as-deposited and annealedsffilqs.
7 The variation ofi® with 4 for as-deposited and annealedsffilgns.

8 The relation betweenty)? and photon energy for lgéilms.

9 The relation betweendrandhy for as-deposited and annealedslfilgs.

10 TGA-DSC curves of Ingpowder.
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» As-deposited amorphous Ings films transform to crystalline upon
annealing.

» The influence of annealing on optical properties of Ings films is
Investigated.

» XRD and SEM is used to identify the structural properties.

» Single oscillator and Drude models are used to analyze the refractive
index.

» The absorption edge is analyzed for determining the optical band gap.



