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Abstract

Poly(N-vinyl-carbazole) (PVK) thin films doped with bromine has been studied by scanning electron microscopy, X-ray diffraction,
infrared absorption, X-ray photoelectron spectroscopy (XPS), electron spin resonance (ESR), optical transmission (visible, near ultra violet)
and conductivity measurements. The polymer has been doped at room temperature and at 373 K. It is shown by ESR, XPS and optical
measurements that a charge transfer complex (CT-complex) is formed between PVK and Br. However, if some bromine acts as dopant of the
polymer there is another bromine contribution, which corresponds to bromine covalently bonded to PVK and some only adsorbed. It is also
shown by ESR that there is not only polymer doping by bromine but also some partial polymer degradation. Therefore, it can be said that the
optimum doping condition of PVK thin films with bromine has been shown to be room temperature post-doping. © 2002 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Many authors have investigated the poly(N-vinyl-carba-
zole) (PVK) since the discovery, in 1957, of its photocon-
duction [1,2]. More recently many works have been done on
the luminescence properties of PVK. Electroluminescent
diodes based on PVK, which emits blue light, have been
extensively studied [3—8]. The success of the investigations
in this field of organic electroluminescent diodes (OLED)
has induced a new interest to organic photovoltaic diodes
[9,10]. In order to obtain reasonable efficiency, it has been
shown that such photoactive device is based on the photo-
induced electron transfer from donor type polymer to accep-
tor molecules. Encouraging efficiency is activated by
mixing electron-donor type polymer with suitable electron
acceptor. In such single layer photoactive mixture film, a
‘bulk’ heterojunction is formed between the electron donors
and acceptors [9].

Moreover, the polymer itself should exhibits some
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specific properties such as optical absorption in the visible
domain. One way to improve the properties of this polymer
for photovoltaic application is to form a charge transfer
complex (CT-complex) between PVK and a dopant. The
PVK is an electron donor and the dopant should be an
electron acceptor. As discussed earlier for photovoltaic
effect, the absorption of the CT-complex should not be
negligible in the visible part of the spectrum.

We have shown earlier that the formation of a complex
salt with iodine strongly improves the conductivity of the
PVK, while a broad absorption appears in the visible
domain [11-13]. However, it is difficult to stabilize the
properties of these complex salts by post-annealing treat-
ment, because annealing of PVK under iodine atmosphere
induces PVK degradation. In the case of chlorine, even
when doped at room temperature, there is polymer degrada-
tion [14]. In the case of bromine doping, intermediate results
are obtained. The stability of the CT-complex obtained after
doping is higher than that of iodine doped polymer but the
degradations induced by doping are far smaller than those
induced by chlorine [15,16].

We have also shown that PVK thin films can be obtained
by vacuum evaporation [17]. A systematical study of these
films demonstrates that thermal evaporation has a shorten-
ing effect on the polymer chains, while the vinyl-carbazole
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function is preserved [18,19]. It was also shown that halogen
doped films with the best properties are obtained by doping
the PVK after evaporation and not before [18,21]. More-
over, we have shown that, as in the case of spin coating
films, evaporated PVK films in glass/SnO,/PVK/Al
sandwich structures allows to obtain OLED, which emit
blue light as expected for such molecule [22,23].

Therefore in the present work, we report the study of
evaporated PVK thin films doped, after evaporation, by
bromine.

2. Experimental
2.1. Thin film deposition and doping

PVK and bromine were provided by Aldrich, with a
purity of 99.99%. The PVK films were obtained by the
evaporation of PVK powder, under a vacuum better than
1075 Pa, from a molybdenum boat. This boat has a special
configuration (two superposed multi-holed covers) to avoid
the projection of the PVK powder at the beginning of the
heating. The evaporation temperature was measured by a
chromel alumel thermocouple at a temperature around
590 K.

The substrates were soda lime glass, for X-ray diffraction
(XRD), scanning electron microscopy (SEM) and conduc-
tivity measurements, silica slides for visible, near ultra
violet transmission measurements and electron spin reso-
nance (ESR) measurements. NaCl single crystals for
infrared (IR) absorption and stainless steel plates for
X-ray photoelectron spectroscopy (XPS) studies.

Since it has been shown that the morphology of the layers
depends strongly on the cleanliness of the substrates [17],
they have been very carefully cleaned before deposition.
The NaCl has been cleaved just before it was introduced
into the bell jar under vacuum, while glass and silica have
been cleaned by using alcohol in ultrasonic sound bath, then
HCI solution and finally distilled water heated at 373 K. The
samples are dried in a nitrogen flow.

Before evaporation, the substrates were heated at
T=400K for 1 h to disorber the water vapor. During the
deposition, the substrate holder temperature was 300 K. The
temperature was controlled by a copper-constantan thermo-
couple attached by silver paste to the surface of the sample.
Prior to deposition, the molybdenum boat was slowly heated
to degas the PVK powder. The evaporation rate (1 nms ')
and the film thickness (1-5 pm) were measured in situ
using the vibrating quartz method. After deposition, in
order to dope the thin films, they were introduced, with a
small capillary tube full of bromine, into previously
outgassed Pyrex tube. After sealing under vacuum, the
tube was gently shaken to break the brittle bromine capillary
tube. Then the ampoule was either kept at room temperature
or heated at 373 K for 24 h. While before doping the films

were transparent, they become lightly brown colored after
doping.

Some measurements have been done on solution of Br,
and PVK. In that case, we proceed as follows. First PVK
powder was introduced, with a small capillary tube full of
bromine, in a fused quartz tube previously outgassed. This
tube sealed under vacuum was then shaken in order to break
the bromine capillary tube. The quartz ampoule was heated
at 270 = T =370 K for 24 h.

Then this powder was dissolved in tetrahydrofuran (THF)
or in tetrachlorure (CDCly). It should be noted that the PVK
solubility is quite small in these solvents.

Pure and bromine doped PVK solutions have been
characterized by IR absorption and nuclear magnetic
resonance (NMR).

2.2. Thin film characterization

Observation of the morphology of the layers was
performed using a JEOL 6400F field effect SEM. The
optical measurements were carried out at room temperature
for visible and near ultra violet domains using a carry
spectrophotometer. The optical density was measured at
wavelengths 2—0.3 wm. These optical measurements were
carried out in the Laboratory of Crystalline Physics,
Institute of Materials of Nantes (LPC-IMN).

The IR absorption spectra were recorded using a FTIR
spectrometer. Absorption band positions are given in waves
numbers (cmfl). In the case of solutions, a 89 wm KBr cell
has been used.

The structure of the films was checked by an X-ray
diffractometer using an X-ray system-type, diffract AT V3
Siemens instrument, which uses a graphics program EVA.
The wavelength A was 1.5406 A.

ESR experiments were performed at ambient temperature
on a Bruker ER 200D spectrometer operating at X band. The
decomposition of the ESR spectrum and the interpretation
were made using the method described elsewhere [24,25].
Using the pole method integration [26] with a Gaussian or a
Lorentzian or a mixture of the two line shape, the theoretical
ESR signal can be computed yielding parameters of each
distribution that can produce the signal after comparison
with experimental results.

XPS measurements were performed with a magnesium
X-ray source (1253.6 eV) operating at 10 kV and 10 mA.
The energy resolution was 0.75eV at a pass energy of
50eV.

The quantitative XPS study was based on the determina-
tion of the Cls, Nls, Br3d and Ols peak areas with 0.2,
0.36, 0.67 and 0.61, respectively, as sensibility factors (the
sensitivity factors were given by the manufacturer
(Leybold)). The decomposition of the XPS peaks into differ-
ent components and the quantitative interpretation were
made after subtraction of the background using the Shirley
method [27]. The developed curve-fitting programs permit
the variation of parameters such as the Gaussian/Lorentzian
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ratio, the full width at half maximum (FWHM), the position
and the intensity of the contribution. These parameters were
optimized by the curve-fitting program in order to obtain the
best fit.

Some etching of the films have been done to check
the bromine distribution. Using an ion gun, etching was
accomplished at pressures of less than 5x 10™* Pa with
a 10 mA emission current and 5 kV beam energy. The
Ar + ion beam was rastered over the entire sample
surface.

1H NMR (100 MHz) spectra were recorded on a Varian
XL 100 spectrometer. TMS was used as the internal stan-
dard and CDCl;, CD;—CO-CDj; as solvent and lock.

Conductivity measurements were carried out on
planar structures. The metallic electrodes used were
evaporated gold electrodes. Resistance measurements
were performed at room temperature in the dark with
an electrometer (Keithley). The electrical conductivity
of the films was calculated from these resistance
measurements.

(c)

Fig. 1. Scanning electron micrographs of films deposited on soda lime glass
substrates. (a) Pure PVK film. (b) Bromine doped PVK film at room
temperature. (c) Bromine doped PVK film at 373 K.

Fig. 2. Micrograph of a PVK film doped at 373 K, in the backscattered
electron mode.

3. Experimental results

The properties of the evaporated films doped with
bromine at room temperature and at 373 K will be described
in this section and then they will be discussed in the light of
the results obtained, with pure evaporated PVK films and
with bromine doped PVK powder.

3.1. Morphological and structural study

The scanning electron micrographs in Figs. 1 and 2 show
films of 1 wm thickness.

Whatever the substrate is, the pure PVK films are homo-
geneous and smooth as shown in Fig. 1(a). It can be seen
that the layers are homogeneous and smooth (Fig. 1(a)).
The corresponding X-ray diffractogram corresponds to

26 (%)

Fig. 3. X-ray diffractograms of different PVK samples. (a) Pure PVK film.
(b) PVK film doped at room temperature. (c) PVK film doped at 373 K.
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amorphous samples (Fig. 3(a)). After bromine doping at
room temperature, the films are still homogeneous even if
some features appears on the micrograph (Fig. 1(b)), the X-
ray diffractogram (Fig. 3(b)) stay typical of an amorphous
film. After bromine doping at 373 K, the morphology of the
layers is disturbed by granular features distributed randomly
all over the sample (Fig. 1(c)).

It can be seen in Fig. 2 that, in the backscattered electron
mode, the small features randomly distributed all over the
films appear brighter than the film matrix, i.e. they
corresponds to heavier elements.

Moreover, it can be seen in Fig. 3(c) that a diffraction
peak appears at 26 = 29.73. This peak can be attributed to
the tetragonal NH,Br (JCPDS 85-0959) oriented along the
(200) direction.

The crystallites are preferentially oriented along the (200)
direction, since only the (200) peak appears. Such preferen-
tial orientation is not unusual in thin films.

3.2. Infrared absorption

The resolution of the spectra is far better in the case of
powders dissolved in THF, than in the case of thin films. It
can be seen in Fig. 4 that the main difference is the appari-
tion of small absorption peaks between 700 and 750 cm .
These absorption peaks corresponds to C-Br bonds
(Pouchert CJ. The Aldrich Library of FTIR spectra. Aldrich
Company Inc., 1986: 1.). This is the main information
obtained from IR absorption study of PVK solutions. The
resolution of the IR spectra of thin films is very poor as usual
in thin films. They are not shown here; however, the main
absorption bands of PVK are visible in the spectra. Among
the carbon—carbon bonds, the typical C-N bond
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Fig. 4. IR absorption spectra of solutions Of (wes=) pure PVK; (—) PVK
doped at 273 K.

Table 1
XPS quantitative analysis atomic concentration

PVK thin films C N Br (6]
Pure PVK 89 5 [§
Pure PVK after one 95 2.5 25
minute of etching

Bromine doping at 65 4 21 10
room temperature

Bromine doping at 79 2 13 6

room temperature
after one minute of

etching

Bromine doping at 55 4 32 9
373K

Bromine doping at 76 2 18 4

373 K after one
minute of etching

(1230 cm ") of the vinyl-carbazol function appears clearly
in both spectra.

3.3. XPS analysis

In the incertitude range of the XPS technique, there is a
good agreement between the theoretical and experimental
N/C atomic ratio. This is true before and after doping. There
is only 6—10 at% of contaminating oxygen at the surface of
the films. It should be noted that oxygen contamination
increases slightly after bromine doping. The relative atomic
percentage of bromine presents at the surface of the film is
quite large, it increases when the films are doped at 373 K. It
can be checked in Table 1 that, as shown earlier [18], an
etching destroys the C—N bonds and proceeds to a graphi-
tization of the surface of the films. However, it can be seen
that after etching of only 1 min, the relative atomic percen-
tage of bromine decreases strongly which means that during
doping some bromine is only surface absorbed.

The decomposition of the different XPS peaks are
reported in Fig. 5 in the case of bromine doping of PVK
thin films at room temperature. All the decompositions are
reported in Table 2. Samples being quite resistive, there is
some increase of the measured binding energy, which is
called the charge effect AE (Table 2).

The Cls spectrum (Fig. 5(a)) skewed towards the highest
energy side has been decomposed in three contributions.
The first and main peak corresponds to carbon—carbon
bond. In order to compare the binding energy of the different
components of one sample from another, the values reported
in the XPS decomposition table have been estimated by
using the energy of this carbon—carbon bond as a reference,
as is often the case in Ref. [17], with 285 eV as bonding
energy. Therefore, for each sample, AE corresponds to the
difference between the value experimentally measured and
this reference value.

The second contribution corresponds to C—N bonds,
since it is situated at 286 eV [28]. However, some C-OH
bonds cannot be excluded. After doping the relative
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(a) (b)

5 0 eV 538 536 534 532 eV

Fig. 5. XPS spectra of the (a) Cls, (b) Nls, (C) Br3d and (d) Ols, peaks
after doping at room temperature.

intensity of this contribution increases which should be
related to some C®' radical formation (Fig. 5(a)). The
third peak corresponds to oxygen contamination.

Before doping the N1s peak situated at 400.4 eV can be
assigned to the C—N covalent bond of the PVK. After
doping a second contribution appears, it corresponds to
positively charged nitrogen N°* (Fig. 5(b)).

Complementary information concerning the oxidation
process can be obtained from the Br3d decomposition
(Fig. 5(c)) (Table 2). Some broadening effect of the Br3d
peak on the low energy side is visible. Therefore, one may
expect this Br3d peak to originate from two different doub-
lets superposed in such a way that the peak located at the
smallest binding energy corresponds to the ionic state Br ™,
while the other one is due to covalently bonded bromine. It
can be seen that after etching (Fig. 6), the relative contribu-
tion of the ionic bromine increases (5—8 at% before etching,

Table 2

65 eV

Fig. 6. XPS spectra of the Br3d peak of PVK doped at room temperature
after an etching of 1 min. (—-~—~—) Experimental data; (—) theoretical
curve; (- - -) different components.

25-30 at% after etching), which means that at the surface
the main part of the bromine is covalently bonded to PVK
and/or absorbed. This justifies the relatively high percentage
of bromine, but it is shown that only a small part is active for
PVK doping. There is a preferential etching of this absorbed
bromine, which is only weakly bonded to the polymer and
the ionic contribution increases relatively, while the whole
bromine relative atomic concentration decreases. The co-
valently bonded Br which stays in the films after etching
should corresponds to Br—PVK covalent peaks put in
evidence by IR absorption study of Br—PVK solutions.

The Ols peaks can also be decomposed into two compo-
nents: the first one corresponds to C=0, while the second at
higher energy can be attributed to C—O—H groups.

3.4. ESR and NMR studies

No ESR signal is observed for pure PVK powder and thin
film before doping. After doping, a well-resolved ESR
signal is systematically observed.

Since the ESR signal of bromine doped PVK powder has
been broadly studied in a preceding paper [16], and since
preceding experimental results show that a doping at 373 K
destroy, at least partially, the polymer. The example of room

XPS analysis of PVK samples (first row: binding energy (eV), second row: relative at%)

PVK thin film sample Cls Nls Ols Br

c-C C-N C=0x N~ N* Br~ Br
Pure PVK 285 286 288 400.4
AE=2eV 78 18 4
PVK doped with Br at room 285 286 288.5 400.4 402.6 531 533.5 68.5 70.5
temperature
AE=1.6eV 70 25 5 83 17 25 75 8 92
PVK doped with Br at 373 K 285 286 289 400.4 402.4 530 533 68.5 70.2
AE=12¢eV 52 43 5 87 13 13 87 6 94
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Fig. 7. ESR spectra: PVK thin film doped with bromine at room tempera-
ture. (—~—~—) Experimental data; (—) theoretical curve; (- - -) different
components.

temperature doped thin film only is reported (Fig. 7) and
discussed in the light of the paper [16].

After doping at room temperature, the two main contri-
butions and a small one are necessary to analyze the ESR
spectrum. All distributions are isotropic.

The two main contributions with g = 2.003 and 2.001 are
similar to the contributions called D1 and D3 in the PVK
doped powder [16]. It has been shown in our preceding
paper [16] that the D1 distribution (g=2.003,
FWAM = 6 G), can be attributed to carbon radicals on the
backbone of the polymer as shown by the g value [29]. This
carbon radical on the backbone has been attributed to the
polymer degradation during bromine doping [16]. The other
contribution called D3 (g = 2.001, FWHM = 25 G) cannot
correspond to a free radical. Therefore, this contribution has
been attributed to the bromine doping, which corresponds to
the expected CT-complex formation between PVK and Br
[16]. The third contribution can be attributed to bromine
interaction with backbone polymer defaults introduced
during the evaporation process, which reduces the chain
length.

If PVK is slightly soluble after doping, the only phase,
which is soluble in chloroform and acetone as shown by
NMR, is the NH,Br.

However, it can be seen in Fig. 8 that these compounds
are only present as traces since the signal intensity of these
phases is of the same order of magnitude than that of impu-
nities (acetone:6 = 2 ppm) present in the glass tube contain-
ing the sample. Since it has become insoluble after bromine
doping, the main part of the polymer cannot be analyzed by
NMR which can only shows that NH,Br is present.

3.5. Optical transmission and conductivity measurements

The optical transmission spectra are reported in Fig. 9. It
can be clearly seen that there is a broad red shift effect of the
absorption threshold after bromine doping.

au —»

+ . ¢ " —t— »

<+ ppm

Fig. 8. NMR spectra of (a) pure PVK; (b) PVK powder doped at 273 K;
(c) PVK powder doped at 373 K.

There is also a large increase of the conductivity after
bromine doping. After 24 h at room temperature, the
conductivity is oo =8.75x 107%(Q cm)~ ', moreover, the
conductivity increases with the doping time. A saturation
effect is obtained after three days and the conductivity
stabilizes at 1.75 X 10° (Q cm) .

In the case of doping at 373 K, the conductivity increase
up to 1077 (Q cm) ™ !after 24 h but then it decreases and it is
2.5%107% (Q cm)~ ! after three days.

4. Discussion—conclusion

Thin films have been doped with bromine after deposition
since it has been shown that the halogen doped PVK films
are more homogeneous when they are post-doped [18-21].

6

X(nm)

Fig. 9. Visible and near UV transmission spectra of (a) pure PVK thin films;
(b) PVK thin film bromine doped at room temperature; (c) PVK thin film
bromine doped at 373 K.
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The films have been doped for 24 h at room temperature and
at 373 K.

During doping at 373 K, it appears that bromine induces
some polymer destruction as shown by the NH4Br presence
in the films. In the case of room temperature doping, the
PVK polymer is more preserved with clear CT-complex
formation between Br and the polymer backbone as
shown by the analysis of the XPS and ESR signals.
However, it appears clearly that not only there is CT-
complex formation between Br and PVK, but also as
shown by XPS and IR absorption of Br—PVK solution,
that there is Br—PVK covalent bonds formation, resulting
in Ar—Br bonds.

The optical transmission spectra show that the expected
effect, a red shift of the absorption threshold intervenes after
bromine doping, which induces a broad absorption bond in
the visible range.

The conductivity measurements corroborate the preced-
ing study: a CT-complex is formed during doping at room
temperature, which increases the sample conductivity up to
a stable value of 1.75X 107> (2 cm) ! reached after three
days. In the case of doping at 373 K, the polymer partial
destruction is corroborated by the increase of the conduc-
tivity during the first 24 h (o = 1077 (Q cm) ') and then a
progressive decrease during the next two days
(2.5% 1078 (Q cm) ') which corresponds to the progressive
polymer destruction as discussed in our preceding paper on
bromine doping of PVK powder [16].

As conclusion it can be said that the optimum doping
conditions of PVK thin films with bromine has been
shown to be room temperature post-doping. However,
even at room temperature there is Br—PVK covalent
bonds formation, which are due to the high reactivity of
bromine.
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