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Abstract

We present a study of vapor-deposition polymerization (VDP) to produce thin layers of poly(phenylquinoxaline)
(PPQ), a material that can be used as an electron-transport layer in multilayer organic electroluminescent devices. The
polymer is prepared by the thermally-induced polycondensation reaction of 1,3-bis(phenylglyoxaloyl)benzene and 3,3’-
diaminobenzidine. The two monomers are deposited by evaporation onto an atomically clean Au(111) surface under
ultrahigh-vacuum conditions. Polymer formation is monitored in situ by scanning tunneling microscopy. Photo-
luminscence (PL) spectroscopy measurements, performed in situ, reveal that the PL spectrum of the VDP product
corresponds to a reference spectrum for solution-synthesized PPQ. For monolayer coverage, polymer clusters are
formed with the chains oriented parallel to each other. STM images suggest that the VDP-prepared films can be much
smoother and more uniform than films deposited by spin coating. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 81.15.Gh; 81.40.Tv; 73.61.Ph; 61.16.Ch
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1. Introduction

Polycondensation is a large-scale industrial pro-
cess used to produce millions of tons of commodity
plastics such as poly(ethyleneterephthalate) (PET)
and Nylon every year. The condensation of two
different monomers each having two functional
groups is usually carried out in the melt or, in fewer
cases, in solution. Up to now, gas-phase processes
have only seldom been used in polycondensations

[1].
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For some advanced applications, e.g. for opto-
electronic devices such as organic light-emitting
diodes (OLEDs), ultrathin polymer films with a
thickness of 100 nm or less are required. Such films
are usually made from polymer solutions by spin
coating. An alternative approach to ultrathin or-
ganic layers is the use of low-molar-mass com-
pounds which are thermally evaporated in high
vacuum.

Vapor-deposition polymerization (VDP) is a
gas-phase process that combines the character-
istics of both processes. The principles of VDP are
shown in Fig. 1. The evaporation process is carried
out in a high-vacuum chamber. The two different
monomers are heated in two separate crucibles,
evaporated and then deposited simultaneously
onto a common substrate. This coevaporation
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1. Co-evaporation

process is usually followed by a thermal treat-
ment (baking step) in which a polymer is formed
by a condensation reaction between the two
monomers.

The solvent-free method guarantees clean and
well-defined processing conditions. The coevapo-
ration process offers access to insoluble or infus-
ible polymers, which cannot be prepared from
solution or melt. An in situ thickness control of the
growing layer is possible, providing the option of
preparing even thinner films than those that can
be obtained by solution techniques such as spin
coating. Thus vapor-deposition polymerization
has become an interesting procedure for the prep-
aration of thin dielectrics [2,3]. Recently first
OLEDs using organic layers prepared by a variety
of VDP methods have been described [4-8]. We
have prepared thin layers of poly(phenylquinoxa-
lines) (PPQs) serving as electron transporter in
two-layer OLEDs [9]. Electron-deficient phenyl-
quinoxalines are known to exhibit excellent prop-
erties regarding electron transport because of their
high mobilities [10]. Their low-lying lowest unoc-
cupied molecular orbital (LUMO) levels facilitate
electron injection from various metal electrodes
[11-14].

2. Baking

Fig. 1. Principle of vapor-deposition polymerization.

Here we present the first study in which poly-
mer formation and polymer chain ordering of thin
films produced by VDP were monitored directly
in situ by means of scanning tunnelling micro-
scopy (STM) and by photoluminescence (PL) spec-
troscopy. The entire experiment was carried out
under ultrahigh-vacuum (UHV) conditions.

2. Experimental details

We used the two monomers 1,3-bis(phenylgly-
oxaloyl)benzene (tetraketone) and 3,3-diamino-
benzidine (tetraamine). The tetraamine was
purchased from Aldrich, whereas the tetraketone
was prepared as described in [11]. Both monomers
were carefully purified by repeated sublimating
prior to use. The chemical structures of the tetra-
ketone, the tetraamine and the polycondensation
reaction are shown in Fig. 2. In the course of the
polycondensation reaction four moles of water are
split off.

The experiments were performed in a multi-
chamber system under UHV conditions and with
the base pressure in the lower 107!° mbar region.
Fig. 3 shows a schematic representation of the
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Fig. 2. Polycondensation reaction of 1,3-bis(phenylglyoxaloyl)beneze (tetraketone) and 3,3'-diaminobenzidine (tetraamine) to a

poly(phenylquinoxaline) polymer.
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Fig. 3. Schematic of the UHV system consisting of an OMBE chamber, an STM/PL chamber, a tip and, not shown, a sample-
preparation chamber and a load lock for introducing samples and tips. Samples can be moved between the various chambers without

exposure to ambient conditions.

system. The organic molecular-beam evaporation
chamber (OMBE) allows the simultaneous evapo-
ration of both monomers onto a temperature-
controlled substrate.

Each of the monomers is filled into a separate
temperature-controlled effusion cell. Film-thick-
ness monitoring is done by a quartz microbalance,
whereas water eliminated during polycondensation

is monitored by mass spectrometry. Prior to the
VDP experiments the filled effusion cells as well as
the substrates were thoroughly outgassed to mini-
mize emission of residual gases and water mole-
cules. An Au(l11) single-crystal substrate was
used. The substrate was cleaned by Ne-ion bom-
bardment (800 ¢V) and annealed at 500°C. This
leads to atomically clean substrate surfaces with
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atomically flat terraces a few 100 nm in lateral
extension, which exhibited the typical herringbone
reconstruction [15]. The OMBE chamber is con-
nected to a UHV chamber equipped with an STM
(see Fig. 3). Samples can be transferred between
the chambers without exposure to ambient con-
ditions. For the STM work Pt/Ir tips are used. In
addition, characterization of the samples can be
done by PL while the samples are in the STM
chamber. The thickness of the PPQ polymer films
was estimated by using the STM to measure the
tip-height difference at low tunneling voltage bias,
Vr = 0.1 V, where the tip images the substrate, and
at high 71 (typically 2-3 V), where the tip images
the surface of the thin polymer film. For details of
this technique see [16,17].

3. Results and discussion

Our aim was to monitor polymer formation
during polycondensation by means of STM. For
this purpose we first deposited a thin film, half a
monolayer (ML) thick, of the tetraketone mono-
mer on a Au(l11) substrate at room temperature.
Fig. 4 shows an STM image in two different
magnifications. Fig. 4(a) shows that the tetrake-
tone accumulates by forming clusters at the cor-
ners of the atomic terraces on the gold surface. The
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clusters have an average diameter of 10 nm and a
height of about 2.5 nm. This demonstrates the
high mobility of the tetraketone on the gold sur-
face, which is a prerequisite for polycondensa-
tion. An STM image with higher magnification
(Fig. 4(b)) shows ordered molecular features, in-
dicating that the clusters consist of cyrstallized
tetraketon molecules. The periodicity of the mo-
lecular features (=5 A) in the image corresponds
approximately to the distance between two phenyl
rings in the tetraketone molecule [18].

The next step of the experiment was to deposit
~0.5 ML of diaminobenzidine on this tetraketone-
covered substrate. The STM image (Fig. 5) shows
that the benzidine molecules form larger clusters.
The smaller tetraketone clusters, however, are no
longer visible, suggesting that they have become
engulfed by the tetraamine. Note that cyrstalline
order can no longer be discerned in the STM ima-
ges.

Then the substrate with the two monomers was
heated to 280°C. From studies using differential
scanning calorimetry we know that the high tem-
perature is necessary to complete the polycon-
densation reaction. Fig. 6 shows STM images of
the product of the reaction.

For this low coverage (0.5 ML tetraketone +
0.5 ML tetraamine), the STM reveals that the re-
action product forms isolated clusters, a few
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Fig. 4. STM images showing Au(l 1 1) substrate after deposition of half a mono-layer of tetraketone in two different magnifications.
The tetraketone forms crystalline clusters at the terrace corners of the substrate.
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Fig. 5. STM image of the tetraketone-covered substrate (see
Fig. 4) after deposition of half a monolayer of tetraamine: the
tetraketone clusters have been engulfed by the tetraamine, re-
sulting in extended clusters exhibiting no crystalline order.

100 nm in lateral extension, each consisting of
arrays of polymer chains tightly bundled together
and that the polymer chains are oriented parallel
to each other. In some cases monolayer polymer
sheets seem to emanate from the base of the clus-
ters. Fig. 6 shows an image of such a polymer
sheet. In this case it is possible to obtain molecular
resolution as the polymer chains are fixed because
of the interaction with the substrate. STM images
collected from different locations on the film in-

50 100 150 200 250
nm

dicate that the polymer chains are oriented along
preferred directions. These preliminary results
suggest that substrate topographic features, such
as steps, direct chain packing. The spacing of the
bright spots in the image suggests that they cor-
respond to repeat units in the polymer chain. A
possible model of the arrangement of the chains is
shown in Fig. 7(b). A rough estimate of the length
of the polymer repeat unit can be obtained from a
MOPAC calculation (MSI Cerius 3.5) for a dimer
of the PPQ structure (Fig. 7(a)). On the clusters it
was not possible to observe molecular details with
such high resolution. This is may be due to the lack
of rigidity of the bulk polymeric material, which
tends to yield and move in response to the forces
exerted by the tip of the STM.

The evolution of water during the polymeriza-
tion step was monitored by mass spectrometry.
Given the detection limit of the mass spectrometer
used, a 20-nm-thick sample (10 nm tetraketone +
10 nm tetraamine, nominal thickness) was pre-
pared by coevaporation of the two monomers on
the clean Au(111) substrate at room temperature.
The evolution of water during the heat treatment is
shown in Fig. 8. It can clearly be seen that water
begins to split off at ~100°C, a temperature cor-
responding to the melting point of the tetraketone.
The maximum amount of water evolves at
~185°C, close to the melting point of tetraamine
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Fig. 6. STM images of the reaction product of 0.5 ML tetraketone and 0.5 ML tetraamine, see Figs. 4 and 5, obtained after heating to

280°C.
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Fig. 7. (a) MOPAC calculations for a phenylquinoxaline dimer. (b) Possible chain conformations for the observed orientation of PPQ

in Fig. 6.
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Fig. 8. In situ mass-spectroscopic investigation of the water
formed during baking process; upper curve: tetraketone and
tetraamine film (20 nm); lower curve: tetraketone film (20 nm).

(175-177°C), because of the enhanced diffusion of
the two monomers in the liquid phase. Thereafter
the evolution of water decreases with increasing
temperature as the reaction comes to an end owing
to reactant depletion. We have also observed this
behavior in model differential scanning calori-
metry studies of 1:1 mixtures of tetraketone and
tetraamine monomers. The amount of water de-
creases with increasing temperature and finally
reaches the background level. The lower curve in
Fig. 8 shows the reference curve measured on a

substrate covered only with tetraketone monomer.
After thermal treatment of the 20-nm-thick tetra-
ketone + tetraamine film, the PPQ layer had an
average thickness of about 4 nm, as determined
with the STM by means of tip-height versus tunnel
voltage measurements [16]. This reduction in
thickness is partly due to reevaporation of unre-
acted tetraketone and tetraamine molecules from
the substrate. The determination of the exact ma-
terial attrition for given thermal treatment pa-
rameters requires more precise studies at different
heating rates, curing temperatures and times. PL
spectroscopy measurements, performed in situ,
reveal that the PL spectrum of the VDP product
corresponds well to the reference spectrum for
solution-polymerized PPQ (M, = 15,000 g/mol
[11]), see Fig. 9. The VDP-PPQ spectrum shows a
blue shift of ~11 nm, which could be explained by
the different morphologies of the well ordered PPQ
obtained by VDP and the solution cast PPQ ref-
erence sample. STM images suggest that the films
prepared by VDP are much smoother and more
uniform than polymer thin films, e.g. poly(p-
phenylenevynelene) and its derivatives, that we
have deposited by spin coating. The PPQ film ex-
hibits no pinholes. An STM trace demonstrating
the uniformity of the PPQ thin film is shown in
Fig. 10. In this particular region of the film, the
thickness is 3.3 +0.6 nm. The fluctuations of
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Fig. 9. Photoluminescence spectrum of a 3.3-nm-thick PPQ

thin film prepared by UHV VDP (@). A reference spectrum
obtained on solution-synthesized PPQ is also shown (—).
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Fig. 10. STM trace collected at low and high tunneling voltage
biases (lower and higher levels respectively), allowing an esti-
mate of the thickness and uniformity of the VDP-grown PPQ
film. The mean film thickness is 3.3 + 0.6 nm over lateral dis-
tances of several 100 nm.

0.6 nm correspond approximately to the polymer
chain thickness.

In addition, preliminary measurements of the
band gap for charge-carrier injection were done

using STM z(V) spectroscopy [16,17]. The ob-
served band gap of about 3.1 eV differs from the
optical band gap derived from absorption mea-
surements, 2.96 eV. The energy difference can be
attributed to the exciton binding energy.

4. Conclusions

We have prepared ultrathin films of poly(phe-
nylquinoxaline) by VDP. All reaction steps, in-
cluding the evaporation of the two monomers, the
thermal treatment and the STM characterization,
have been carried out under UHV conditions,
leading to clean materials and interfaces. The
polycondensation process could be monitored by
in situ mass spectroscopy and photoluminescence.
Evaporation of the two monomers leads to the
formation of intermixed clusters that favor the
condensation reaction. For monolayer coverage,
the clusters are isolated and the substrate is
not fully wetted. For a sample having an initial
thickness of unreacted material of ~20 nm, how-
ever, the polymer film obtained, which is only a
few nanometer thick, exhibits no pin holes and
has a smoothness that indicates a superior quality
compared to that of films produced by standard
solution-deposition techniques such as spin coat-
ing. We provide direct evidence that the thermally
activated reaction of the mixed clusters gives rise
to arrays of polymer chains ordered parallel to
each other. This experiment shows for the first
time that using STM it is possible to visualize the
morphological changes during polymer formation.
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