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OPTICAL PROPERTIES AND STABILITY
OF BILAYER RUBRENE-Alq3 FILMS FABRICATED
BY VACUUM DEPOSITION!

We report on the optical and structural characterization of the two-component vacuum de-
posited (VD) rubrene (Rub)-Alg3 films. As is known, Rub-doped OLED active materials
demonstrate both promising electroluminescence and transistor characteristics. However, in
terms of operational lifetime, the Rub practical application in basic devices has a few draw-
backs related to its chemical instability. Our main attention was focused on the role of the
Alq8 coverage and the isomeric transformation of a Rub molecule on its chemical stability in
these structures. By monitoring the evolution of PL emission in time, we found that the Rub
degradation in Rub-Alq3 films is slower than that in vacuum-deposited Rub layers. These re-
sults demonstrate that the deposition of an Alq3 layer can be a way to enhance the stability of
Rub to the photo-oxidation in optoelectronic devices. The Rub amorphous film crystallization
at elevated temperatures in open air was observed for the first time.

Keywords: rubrene, Alg3, oxidized rubrene, vacuum deposition, thin films, FTIR spectra,

photoluminescence.

1. Introduction

In the last decade, the problem of OLED stability
and long-term degradation is in the focus of organic
semiconductor researches [1-3], since the operational
stability of the current generation of such devices is
limited by chemical reactions of the molecular com-
ponents of devices. Recently, varioius approaches to
the stabilization of OLEDs such as the doping of a
hole transport layer, introducing a buffer layer at the
hole-injecting contact, and using mixed emitting lay-
ers of hole- and electron-transporting molecules were
applied [4-6]. However, the complex mechanisms of
OLED degradation are still to be completely un-
derstood. Recently, we have studied the molecular
structure, morphology, and photoluminescence (PL)
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of Rub layers deposited on freshly cleaved KBr(100)
or Au(111) substrates by the vacuum thermal evap-
oration. Additionally, the two-component vacuum-
deposited (VD) Rub-tetracene (Tc) films were stud-
ied. Special attention was paid to the susceptibil-
ity of films to the oxidation under ambient condi-
tions. It was shown that Rub molecules in VD thin
films are subjected to the strong oxidation in open
air and, in the bi-layer structure, the deposited Tc
layer only slightly enhances the stability of Rub
to the photo-oxidation. In continuation of that re-
search, we report on the optical and structural charac-
terization of vacuum-deposited bilayer rubrene-Alg3
films.

I The paper was presented at the XXIII Galyna Puchkovska
International School-Seminar “Spectroscopy of Molecules
and Crystals”.
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Alg3 belongs to small organometallic complexes,
which generally demonstrate good light emitting
properties, but do not have good enough parameters
for field effect transistors (FETs), probably because of
their amorphous morphology in OLED devices. Alg3
is widely used in these devices due to its high fluores-
cent efficiency, relatively good electron mobility, and
thermal stability [7]. Despite its low environmental
stability, rubrene single crystals have demonstrated a
high carrier mobility in FET devices [8], so it was as-
sumed that the doping with rubrene could effectively
help to maintain both FET and PL performances of
OLED materials.

Rub was reported [9] to be used in important Alg3-
based OLEDs to improve their operational param-
eters by reducing the formation of unstable Alg3
cationic species [10]. Since the properties of the
organic-organic interface to a great extent affect the
performance characteristics of FET and OLED de-
vices, the investigation of the interaction between
the two organic components is of importance. In this
work, we will focus on the effect of an Alq3 coverage
on the VD Rub film stability and the aging rate in
a simple model system consisting of a Rub film de-
posited by the thermal evaporation in vacuum on a
fresh-cleaved KBr (111) or glass surface and an Alq3
cover layer deposited on this film in the same deposi-
tion environment.

2. Materials and Experimental Methods
2.1. Materials

Rubrene (Cyg2Hog, 5,6,11,12-tetraphenyltetracene,
Rub) and Alg3 (tris (8-hydroxyquinoline) aluminum,
Co7H1sN3O03Al1) of 98% purity were received from
Merck and used without further purification. The
Rub molecule is an aromatic molecule consisting of
a Tc backbone with four additional phenyl groups. A
Rub molecule can exist in two different structures
known as twisted (D2) and planar (D1) isomers. The
planar isomer is more stable in the crystal phase, since
it favors the more dense packing of Rub molecules,
while the twisted isomer is energetically more favor-
able for free molecules and those adsorbed on di-
electric surfaces [11-12]. The chemical structure of
Rub planar and twisted isomers and two possible
geometrical isomers of Alg3, meridional (C1 sym-
metry) and facial (C3 symmetry) forms, are shown
in Fig. 1.
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2.2. Samples preparation

The thermal vacuum deposition of organic semicon-
ductors is widely used for the fabrication of various
organic devices including organic FETs [13-14] and
OLEDs [15]. In our experiments, Rub was deposited
on a freshly cleaved KBr(100) or glass substrate held
at room temperature. In some experiments, Alq3 lay-
ers of about 2040 nm thick were deposited on the
Rub surface. The Rub and Alg3 molecules were sub-
limed from a polycrystalline powder. The deposition
was carried out at a pressure of ~5 x 10~ Torr, with
a deposition temperature of 120 °C and a deposition
rate of 5 A/min. The substrates were kept at room
temperature. The thickness of the deposited Rub lay-
ers was controlled with a digital quartz balance mon-
itor and varied from ~1 to 150 nm.

2.3. FTIR spectroscopy

FTIR transmission spectra were used to examine the
chemical structure and molecular orientation in the
VD thin Rub and Rub-Alqg3 films. The infrared spec-
tra of the films were measured with a Bruker IFS-
88 FTIR spectrometer in the spectral range of 380—
4000 cm~! at room temperature and in the temper-
ature range 25-200 °C. The spectra were recorded
with 1-cm™! resolution and averaged over 64 scans
to obtain the high signal-to-noise ratios. The back-
ground spectra were recorded for a bare substrate of
the same film. OPUS 4.2 software package was used
for the spectral data processing.

2.4. UV-vis spectroscopy measurements

Photoluminescence measurements of the VD Rub and
Rub-Alg3 films on KBr or glass substrates were car-
ried out with a LOMO MDR-32 monochromator. The
spectral sensitivity of the system was previously cali-
brated. The samples were irradiated with a Hg lamp
through a filter of 365 nm. Origin 6.1 software pack-
age was used for the spectral data processing. All
measurements were performed at room temperature.

3. Results and Discussion

3.1. FTIR spectra
and stability of the VD films

FTIR spectroscopy can be used as a very helpful
tool for the investigation of molecular interactions
and the recognition of subtle structural changes in
solid state compounds due to its high sensitivity and
resolution. The vibrational spectra of Rub and Alg3
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Fig. 1. Molecular structures of Rub Do and Dgj, isomers obtained from the geometry optimization at the
BP86/TZVP level (a) and two geometrical isomers of Alq3 (b). Reproduced from [9] and [10], correspondingly
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Fig. 2. FTIR absorption spectra of a single-layer VD Rub
film as-deposited on KBr (100) surface (solid line) and bulk
polycrystalline Rub (dotted line). Framed peak positions are
for newly emerged bands due to the Rub film degradation in
air. Asterisks indicate the absorption bands originating due to
impurity centers in KBr windows

molecules were described elsewhere in our previous
papers [16-17], and the assignment of their major
absorption bands to characteristic vibrations of Rub
and Alg3 functional groups has been reported in var-
ious papers using experimental spectra and theoreti-
cal calculations [18-20]. In the present paper, we use
these assignments for the analysis of the FTIR spec-
tra of our samples.

First, we checked a safe vacuum deposition of
single-layer Rub in our experimental environment.
The results of comparative FTIR transmission mea-
surements of Rub polycrystalline samples and single-
layer Rub VD thin film (with a thickness of about
150 nm), are shown in Fig. 2. As seen from Fig. 2,
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in the FTIR spectra of the VD Rub film, all major
absorption bands of polycrystalline Rub (the C-H
out of plane bending bands centered at 667, 697,
and 763 cm ™!, bands of out-of-plane CH vibrations
centered at 843, 911, 971, 1027, and 1074 cm™!,
the middle intensity bands at 1492, 1464, 1440, and
1393 cm ™! of the acyl backbone benzene rings C—C
stretching vibrations, and the bands at 1589 and
1574 cm™! assigned to phenol ring vibrations [21])
are observed, though most of them in the spectra of
the VD film are broaden, which suggests an inhomo-
geneous local surrounding of the Rub molecules in the
VD film due to random positions and orientations of
the neighboring Rub molecules, and thus confirms an
amorphous structure of the obtained film. Note that
the amorphous structure of the fabricated single-layer
VD films was also confirmed in our STM studies (not
shown here) and reported elsewhere [16]. A similarity
between the IR spectra of the VD Rub films and those
of a polycrystalline sample implies the lacking of the
formation of chemical bonds between Rub molecules
and the substrate, confirming the safe vacuum depo-
sition of Rub.

However, it should be noted that the FTIR spec-
tra of as-deposited single layer Rub thin films give
evidence of a chemical transformation in the film
just after the vacuum deposition. This is confirmed
by the emergence of new absorption bands centered
at 721, 1040, 1279, and 1726 cm~!. Since Rub is
known to easily react with oxygen under the expo-
sure to air with the formation of rubrene peroxide
(C42Hog05), we might expect to see new absorp-
tion bands of ¥(0O-0) and v(C-O) stretching modes
due to the Rub oxidation. In some cases, as with
the formation of rubrene endoperoxide, the oxida-
tion of acene will lead to a loss of planarity in the
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backbone [22]. This could lead to a distortion of the
local force field and the appearance of twisted Rub
isomer vibrational modes with frequencies somewhat
different from those observed for a planar isomer in
the vibrational spectra of a Rub crystal. This may
be a cause for the new strong narrow absorption
band at 723 em~!, which could be attributed to a
twisted Rub conformer CH wagging mode. In the vi-
brational spectra of peroxides, the characteristic fre-
quency is due to the v(O-0) stretching mode, which
gives rise to strongly polarized Raman bands about
900-700 cm~! [23] being, however, weak in the IR
absorption. According to [24], the v(O-O) stretch-
ing vibration interacts with other skeletal C—O and
C—C bonds bending vibrations, and there is an ex-
tensive coupling between the v(0-0), v(C-0), and
§(C-0-0) modes. In addition, with the oxygen grad-
ual permeation into the amorphous Rub film under
the photo-excitation with visible light, a subsequent
chemical reaction between O, and rubrene pendant
phenyl groups may take place with the formation of
benzoic acid moieties. This process could be respon-
sible for the observance of the carbonyl stretching
mode at 1726 cm ™! in the FTIR spectra of the Rub
film after the deposition (Fig. 2). So, the changes ob-
served in the FTIR spectra of single-layer Rub-films
probably are due to the contribution from v(0O-O)
and v(C-O) modes of Rub peroxide and other oxi-
dized Rub moieties, as well as the contribution from
twisted Rub isomers. These changes indicate the for-
mation of oxidized species such as Rub endoperoxide
within the amorphous Rub film under the exposure
for a few minutes under ambient conditions just after
the VD deposition. This observation is in compliance
with previous findings of other authors [25-27].
Next, we checked the molecular composition of
the as-deposited bilayer Rub-Alq3 VD films by us-
ing infrared spectroscopy to detect any changes in
the absorption spectra of the films after the deposi-
tion. In Fig. 3, the room temperature FTIR transmis-
sion spectra of the obtained bilayer Rub-Alq3 films
are compared with those of individual components —
polycrystalline Rub and Alg3. As can be seen from
Fig. 3, the FTIR spectrum of the bilayer Rub-Alg3
structure shows all major absorption bands charac-
teristic of both polycrystalline Rub (the bands cen-
tered at 697, 763, 911, 971, 1027, and 1074 cm~!
[21]) and Alg3 (the bands centered at 647, 748, 804,
and 825 cm~! related to ring deformation/breathing
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Fig. 3. FTIR absorption spectra of an as-deposited bilayer
Rub-Alg3 VD film (solid line), bulk polycrystalline Rub (da-
shed line), and bulk polycrystalline Alg3 (dotted line). Spec-
tra were normalized by the 647-cm~! Rub absorption. Framed
peak positions mark the new v(O-0) and v(C—-O) bands due to
the Rub degradation in air. Asterisks indicate the absorption
bands originating due to impurity centers in KBr windows

and CH wagging vibrations, the bands at 1113, 1229,
1282, 1327, and 1381 cm™! characteristic of CH
bending vibrations, the bands centered at 1465 and
1497 cm~! that correspond to CC/CN stretching +
+ CH bending vibrations, and the bands at 1579 and
1602 cm ™! originating from CC ring stretching vibra-
tions [19, 28]).

This observation implies the lack of the formation
of chemical bonds between Rub or Alg3 molecules in
the film, and also that no significant changes in ei-
ther Rub or Alg3 molecular structure occur after the
bilayer film deposition. However, just after the depo-
sition, the new bands centered at 1279 and 1725 cm ™!
are present in the FTIR spectra of the bilayer Rub-
Alg3 films. These new bands could be attributed to
v(0-0) and v(C-0) stretching vibrations due to the
formation of endoperoxide under the Rub exposure
to open air like those observed in the spectra of
an as-deposited single layer Rub film. At the same
time, there is no sign of Alg3 chemical transforma-
tions within a few hours under the vacuum deposi-
tion. Considering that the peroxide bands are not ob-
served in the spectra of Rub polycrystalline samples,
this suggests that amorphous Rub films are oxidized
much faster than polycrystalline ones. These findings
well agree with observations of the Rub oxidation by
other authors [22, 25, 29].
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Fig. 4. FTIR absorption spectra of as-deposited (dotted line) and exposed to ambient conditions (solid line)
single-layer Rub (a) and bilayer Rub-Alg3 (b) VD films. Spectra were normalized by the 647-cm~! Rub ab-
sorption. Framed peak positions mark v(O-0O) and v(C-O) bands due to the Rub degradation in air, and water
adsorption bands. Asterisks mark the absorption bands originating due to impurity centers in KBr windows
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Fig. 5. Thermal treatment effect on the FTIR spectra of
single-layer Rub VD film: bulk polycrystalline Rub (1); amor-
phous VD Rub film (2); amorphous VD Rub film annealed to
180 °C (8). All spectra are normalized by the Rub 647-cm~1!
absorption band and shifted vertically against each other for
clarity The inset shows the magnified region of C=0 stretching
vibrations

In Fig. 4, we compare the FTIR spectra of single-
layer Rub and bilayer Rub-Alq3 VD films after their
light-exposure in air for 48 hours with those of as-
deposited films. In particular, we note the appear-
ance of new absorption bands at 1004, 1240, and
1726 cm™' in both exposed films after the expo-
sure. We consider that these new bands may be as-
cribed, correspondingly, to v(0-0), v(C-0O), and
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v(C=0) vibrations of endoperoxide species formed
under the Rub interaction with oxygen under the
light-exposure. The band centered at 1670 cm™! is
ascribed to bending vibrations of adsorbed water
molecules. As could be seen from Fig. 4, the observed
spectra are much similar, and no detectable changes
were observed as for the relative intensities of the
emerging v(0-0), v(C-0), and v(C=0) bands. We
may ascribe this to the chemical oxidation of the very
Rub in the bilayer structure, while, from the perspec-
tive of molecular structure, the number of degraded
AlQ3 molecules is not substantial for their detection
by FTIR spectroscopy. Therefore, we can conclude
that the presence of the Alq3 cover layer has no sig-
nificant effect on the Rub degradation in the VD films
under the impact of ambient environment.

3.2. Thermal treatment
effect on Rub VD films

There have been also attempts in several research
groups to improve the crystallinity and stability of
Rub thin films [22, 25, 30]. Here, we investigated the
effect of elevated temperatures on the VD Rub film.
Upon the 48-h exposure in air, the oxidized amor-
phous Rub film, which became colorless, was heated
to 180 °C under ambient conditions. The FTIR spec-
tra of a VD Rub film before and after heating are
shown in Fig. 5. After the Rub film annealing at ele-
vated temperatures, we observed a pristine orange-
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Fig. 6. PL spectra of (a) the as-prepared and (b) light-exposed single layer Rub (circles) and Alg3 (squares),

as well as bilayer Rub-Alg3 (triangles) VD films.

red colored film with clearly seen crystalline grain
structure. Major differences are also observed in the
FTIR spectra of the Rub film after the annealing. The
relative intensities of the ¥(0O-0) and v(C-0O) bands
at 1004 and 1246 cm~! due to the Rub degrada-
tion in air, as well as that of adsorbed water at
1670 cm ™! significantly decrease, thus suggesting the
decomposition of endoperoxide moieties at high tem-
perature. The bands associated with pristine Rub,
such as the bands at 697, 763 cm ™!, become very nar-
row, and their relative intensity increases similarly to
that observed in the spectra of polycrystalline Rub
with the strongly decreased intensity of the band at
723 cm ™! characteristic of twisted Rub isomers. The-
refore, we could conclude that the changes observed
in the FTIR spectra of an amorphous Rub film after
the annealing at temperatures 150-180 °C suggest the
formation of pristine non-oxidized Rub. The observed
structural changes appeared to be irreversible on the
cooling.

3.3. Photoluminescence studies

We monitor the time evolution of the visible PL
emission from the two types of fabricated VD films
during the exposure under ambient conditions. Ear-
lier, we investigated the influence of the protective
layer of tetracene on the degradation rate of the
photoluminescent properties of VD Rub films [16]. It
was shown that such a layer slows down, but does
not completely eliminate, the process. In this work,
we checked the Rub degradation behavior in VD
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Fig. 7. PL spectra of the VD Rub film light-exposed in air for
1 month before (open circles) and after the thermal treatment
(filled circles)

thin layers with Algs as the protective cover. Unlike
tetracene, Alq3 demonstrates the intense photolumi-
nescence. Therefore, the PL spectra of the bilayer
structure contain the emission bands from the both
layers. In our experiments, the PL. was excited with
a Hg lamp from the side of the Alg3 layer, and the
PL emission spectra were recorded from the side of
the substrate. Therefore, the PL emission from Alq3
was partially absorbed by the underlying Rub layer
in the spectral range of Rub intrinsic absorption.
Figure 6 shows the PL spectra of single-layer VD
films of Rub and Alg3 and a bilayer Rub-Algq3 VD
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film on a glass substrate before and after the light
exposure in air.

The PL spectrum from the as-deposited VD Rub
film consists of two strong broad emission bands cen-
tered at 565 and 610 nm. According to the literature,
the 565-nm band corresponds to the M-polarized
emission (along the short axis of a rubrene molecule),
and the 610-nm band to the L-polarized emission
(along the long axis of rubrene) [31].

It can be seen from the comparison of Fig. 6, a
and b that the PL spectra of the VD films exposed to
ambient conditions indicate the degradation of Rub
both in the single- and bilayer structures. The ob-
served overall decrease in the photoluminescence in-
tensity is accompanied by a change in the shape of the
spectrum. A new emission band appears at 485 nm,
which is characteristic of oxidized Rub species [31]
and indicates the Rub oxidation in the bilayer struc-
ture. This was also confirmed by IR spectroscopy,
as shown above. It is noteworthy that the band at
485 nm is more pronounced in the absence of a pro-
tective layer.

As was reported elsewhere [29], only twisted iso-
mers of Rub molecules react with oxygen, while pla-
nar ones do not undergo the oxidation. This was also
confirmed for the VD Rub films in our previous pa-
per [16]. The ratio of twisted and planar isomers in
the film is determined by the technological features
of the preparation of samples, in particular, by the
temperature of a substrate [32].

The thermal treatment of the VD Rub film light-
exposed for 1 month in open air described in Sub-
sect. 3.2 leads to the restoration of the photolumines-
cence spectrum of the initial film. The changes ob-
served in the PL spectrum of the VD Rub film after
the thermal treatment (Fig. 7) suggest the formation
of pristine non-oxidized crystalline Rub. The nature
of such a phase transition is not completely clear so
far and needs the further investigation.

4. Conclusions

With FTIR spectroscopy, it is shown that Rub or bi-
layer Rub-Alg3 thin films deposited by the thermal
evaporation in vacuum on freshly cleaved single crys-
talline KBr (100) or glass substrates are of amorphous
structure.

Changes in the FTIR spectra of VD Rub and Rub-
Alg3 films indicate the formation of oxidized Rub en-
doperoxide species under the film exposure to light
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under ambient conditions. These changes are less ob-
vious for the bi-component films.

The PL degradation kinetics of the deposited Rub
and Rub-Alq3 films suggests that the protective Alq3
layers are only slowing down the Rub oxidation
process in the films, but do not eliminate it com-
pletely. This can be related to the diffusion of oxygen
trough the Alg3 layer to the rubrene molecules.

The Rub amorphous film crystallization at elevated
temperatures in open air is observed for the first
time. The changes observed in the FTIR spectrum
of an amorphous Rub film after the annealing sug-
gest the crystalline phase formation of pristine non-
oxidized Rub that leads to the restoration of the pho-
toluminescence spectrum.
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OIITMYHI BJIACTUBOCTI

I CTABIJIBHICTBH ABOIITAPOBUX

TOHKUX IIJIIBOK PYBPEH-Alq3, OAEP>KAHUX
METOZJOM BAKYYMHOI'O HATIOPOIIIEHHAA

Peszowme

JociizkeHo onTuYHI Ta CTPYKTYPHI BJIACTUBOCTI JBOKOMIIO-
HEHTHUX IUIIBOK pyOpen-Alg3, ogep:kaHnx METOIOM BaKyyMHO-
ro nanoporuenss (BH). Bigowmo, mo qonosani pyGpeHoM akTHB-
Hi MaTepiaiu AjIs OPraHiYHUX CBITIOBUIIPOMIHIOBAJIBHUX JiO-
IiB Ta TPAH3UCTOPIB JEMOHCTPYIOTH IIOKPAIIEHI eJIEKTPOJIIOMi-
HECI[EHTHI Ta €JIEKTPOTPAHCIOPTHI XapaKTEPUCTHUKHY, aje IIpa-
KTUYHOMY 3aCTOCYBAaHHIO TAKHX CHCTEM IIEPEIIKOKAE XiMi-
9HA HECTabLIBbHICTHL PYyOPEHy, 1[0 CKOPOYYE EKCILIyaTalliiHui
TepMiH ciry>k0u BinnmoBimuux mpuctpois. B poboti mociimkeno
BILUIUB 3axucHoro mapy Alg3, a TakoxK HasgBHOCTI pI3HUX i30Me-
piB MoJleKysIn pyOpeHy Ha HOro XiMiuHy cTablibHICTD y JBOIIA-
POBHX TOHKOILIIBKOBUX CTPyKTypax. Ha oCHOBI ekcrepumen-
TAJIbBHUX JOCJI2KeHb crieKTpiB [Y rnmorsimHasHs Ta 9acoBOl €BO-
Jroniil crieKTpiB hOTOJIFOMIHECHIEHITT OY/I0 TOKAa3aHO, 10 MPO-
nec dorogerpaganii (yTBOpeHHsI NEpeKKUCy) pyOpeHy y IIiB-
Kax pyopen-Alq3 BinOyBaeThbCst G1/IbII TOBIIBHO, Hi?K Y TOHKHAX
mapax caMoro pyopeny. Pesynbraru cBigyaTh npo Te, 110 Ha-
HeceHHs 3axucHoro mapy Alg3 moxke 6yTu 3acoboM IiBUIIIEH-
He ximivHOl cTifikocTi pyOpery 10 OTOOKUC/IEHHS y ONTOEIE-
KTPOHHUX IpuIaiax. TakoK HaMM BIEDIIE BUSBJIEHO IIPOIEC
KpucraJizarii amopdHOl mIiBKu HOTOOKUCIEHOTO PYyOpeHy mif
gac 11 BHCOKOTEMIIEPATYPHOI'O BiJaJry, sIKHil CyIIPOBOJIKYIO-
ThCs Bi/THOBJIEHHSIM I1€PBiCHOI XIMIYHOI CTPYKTYPH MOJIEKYJIH
pyOpeHy.
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