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STM-induced luminescence study of poly„p-phenylenevinylene…
by conversion under ultraclean conditions
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Curing-temperature-dependent spectroscopic studies of the conversion process of the sulfonium chloride
prepolymer to the conjugated polymer poly(p-phenylenevinylene! reveal an enhancement of the lumine-
scence efficiency when the films are converted under ultrahigh-vacuum conditions. In these experi-
ments, luminescence is excited by electron injection from the tip of a scanning tunneling microscope and
the maximum luminescence efficiency is found between 225 °C and 260 °C. The optimum conversion
temperature, the total luminescence yield, and the spectral features of the luminescence depend on the substrate
material, heating gradient, and composition and purity of the prepolymer. The curing-temperature depend-
ence of the Franck-Condon intensity distribution has a complex behavior. Maximum luminescence efficiency
is characterized by a spectrum where thev50,1 vibronic transition has maximum relative intensity. Images
of scanning-tunneling-microscopy-excited luminescence show intensity fluctuations within surface domains
as small as a few nanometers in diameter, regions that correlate with the topographic features of the
poly~p-phenylenevinylene! surface.@S0163-1829~97!02028-6#
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I. INTRODUCTION

Organic light-emitting diodes~OLED’s! have become at
tractive candidates for the realization of low-cost, flat, lig
weight, and even flexible displays.1 Among the various
classes of light-emitting organic materials used in these
vices, semiconducting, conjugated polymers in particular
engendering a great deal of interest because of their ea
processability.2,3 The observation of electroluminescen
~EL! from poly(p-phenylenevinylene! ~PPV! has provided
much of the impetus for this field, and the family of ligh
emitting polymers based on PPV continues to be the focu
many studies to improve device efficiency and prolo
lifetime.4,5

In the fabrication of OLED’s based on PPV itself, th
PPV film is formed via a precursor route, the last step
which typically involves thermal treatment of a sulfoniu
chloride prepolymer. Because of the complex chemistry
physics involved, the details of this conversion procedure
critical,6 determining the photoluminescence~PL! efficiency
and influencing charge injection and transport.2,6–9 Wide
variations of the electrical conductivity, PL and EL yield,
well as the spectroscopic signature of the end product
found even for samples produced within the same laborat

In order to elucidate the influence of curing temperatu
substrate, heating gradient, and other environmental fac
on PPV film preparation, we performed a spectrosco
study of the prepolymer conversion process using scan
tunneling luminescence~STL!. With this method, light emis-
sion from the polymer is excited by injecting charge carri
from the tip of a scanning tunneling microscope~STM!.10

The possibility of using a STM to excite light emission wi
nanometer resolution and to probe the electronic prope
of device structures has been demonstrated in experim
560163-1829/97/56~3!/1269~10!/$10.00
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on III-V quantum wells11,12 and quantum wires.13 In the
work described here, the STL technique simulates the op
tion of an OLED, but in a very localized fashion. By excitin
EL without the cathode having to be in physical contact w
the polymer, STL also separates the behavior of the orga
layer from the physical and chemical properties of the ca
ode and cathode interface. This is useful for understand
injection processes as well as cathode-induced degrada
effects. Combined with the fact that we carry out the therm
conversion of our films in ultrahigh vacuum~UHV!, we are
able to monitor precursor conversion under highly control
conditions. We find strong evidence of a correlation betwe
luminescence efficiency and spectroscopic features, suc
the Franck-Condon intensity distribution of the vibron
lines, and the homogeneity and ordering of the polym
chains.

II. EXPERIMENTAL METHODS

Three types of STL experiments were performed:~i! spa-
tially resolved image collection, where total light emission
observed while scanning the STM tip across the sample;~ii !
measurement of wavelength-integrated luminescence in
sity at a given point on the sample for the determination
luminescence efficiency; and~iii ! STM-excited luminescence
spectroscopy, in which an energy-resolved emission sp
trum is recorded at a given point on the sample. The latte
illustrated schematically in Fig. 1. The STM and optics f
collecting the emitted light are mounted in an UHV chamb
~base pressure in the lower 10210-mbar range!, luminescence
is observed from the free surface of the film, and the co
plete optical system is adjustable in thex, y, andz directions
to allow optimum alignment. Outside the chamber, an opti
fiber transmits the collected light to an optical multichann
1269 © 1997 The American Physical Society
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1270 56ALVARADO RIEß, SEIDLER, AND STROHRIEGL
analyzer~OMA!. For spatially resolved image collection an
measurements of wavelength-integrated luminescence in
sity, the OMA and optical fiber are replaced by an avalan
photodiode. A load lock~base pressure in the 1027-mbar
range! is attached to the UHV system to allow insertion
STM tips and samples and both the load lock and the U
chamber have a heating stage for thermal treatment of
samples. Commercially available PtIr tips as well as elec
chemically etched W tips were used.

The sulfonium chloride prepolymer poly(p-pheny-
lene-ethylene-tetrahydrothiophenium chloride! was synthe-
sized by a modification14 of the Wessling route. Films
were prepared by coating a methanol-acetone solution
the prepolymer onto~indium thin oxide! ITO-on-sapphire or
Au-on-glass substrates using the doctor-blade technique
allowing the solvent to evaporate under ambient conditio
The nominal thickness of the prepolymer films ranged
tween 180 and 200 nm. Coated substrates were then cut
approximately 636 mm2 squares, which were placed in th
load lock within about 1 h of thecoating process.

STL characterization of the polymer films was perform
at room temperature after heating a given sample to prog
sively higher curing temperaturesTc in the UHV chamber.
Curing times varied with temperature, and typical valu
were up to 1 day for the range 140 °C–160 °C, 12 h
240 °C, and 2–2.5 h forTc.325 °C. In some cases w
checked to ensure that prolonging the curing time did
change the spectra significantly. For comparison, films w
also cured in the load lock, where the base pressure is hig
The temperature was measured by means of aK-type ther-
mocouple in direct contact with the copper heating sta
upon which the samples were cured. A control measurem
where a second thermocouple was mounted on the subs
gave a maximum temperature difference of less than 5
Spatially resolved STL images were collected while ope
ing the STM in tunneling mode at voltages between 2 an
V and at constant currents up to 400 pA. This allowed
simultaneous recording of topographic and luminescence

FIG. 1. Experimental setup used for the STM-based lumin
cence excitation. For the measurement of the wavelength-integ
intensity, e.g., for luminescence maps, the optical fiber and the
tical multichannel analyzer~OMA! are replaced by an avalanch
photodiode.
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ages. Measurements of wavelength-integrated luminesc
intensity as well as STL spectra were carried out under fie
emission~FE! conditions, where electrons are injected fro
the STM tip at energies in the 100-eV range. Currents w
in the range 5 pA–1 nA depending on the luminescen
yield.

III. RESULTS

In order to characterize the homogeneity of the samp
and the emission intensity with high spatial resolution
took STM and STL images in UHV. Figure 2 shows a typ
cal result comparing topographic and luminescence m
collected on a sample deposited on a Au/glass substrate
cured at various temperatures up toTc5220 °C. The tunnel-
ing voltage wasVT54.6 V and the tunneling curren
i T5340 pA. Under these conditions no significant degra
tion effects of the sample are observed during the tunne
experiment~less than a factor of 2 decrease in intensity ov
several hours!. Typically, the time required to collect an im
age is approximately 30 min.

The luminescence intensity pattern is neither homo
neous nor completely random with respect to the surf
topography. In some regions the luminescence intensity
tern reveals a clear correlation with topographic featur
whereas in others the luminescence is anticorrelated. Fo
stance, some topographic features, e.g., hillocks, appear
@region A in Fig. 2~a!#, while others appear bright@region
B in Fig. 2~a!#. The image shows wide variations of th
excited luminescence intensity within domains as small as
nm @Figs. 2~b! and 2~c!#. Although this luminescence map i
quite typical, we note that the size of the bright and da
areas varies over the sample and 100-nm-wide region
homogeneous luminescence intensity can be found. It is
important to keep in mind that the luminescence map rep
sents the local luminescence efficiency of the material c
voluted with the local injection efficiency from the tip acro
the surface interface into the subsurface region. Fluctuat
in luminescence efficiency of the organic material may th
appear exaggerated in the luminescence map.

Preliminary luminescence intensity vs tunneling volta
( i L vs VT) measurements show that the threshold for lum
nescence excitation varies from 1.60 to 1.8 eV depending
the tip position, suggesting variations of the electronic pro
erties of the PPV films on a 10-nm scale.15 In general, highly
localized variations in the luminescence imply that the s
tem is electronically, and therefore structurally, compl
even at the nanometer scale and suggest that there is a
tential for great improvement of the total luminescence yie

With the present experimental configuration light inten
ties were insufficient to obtain luminescence spectra in t
neling mode. We therefore investigated the spectra of lu
nescence excited by FE. Under these conditio
luminescence arises from multiple electronic excitations c
ated by the impact of the incident electrons, a process
cussed in more detail below. In these experiments the
surface distance is of the order of 1mm, which results in a
spectroscopic signal averaged over an area of about 1mm2.
The spectra are collected in the same location on the sam
to within ;2 mm. In several instances the tip was repo

-
ted
p-



c

p
n
nc

s-
gy,
eju-
the
the
lly
-
ace
to
nt
s

we
y of
of

of
of
d to

ous

es,

a.
on
the
c-

es-

es
rgy,
h in-

lt
e
on
igh
om
pa

th

tra

the
tem-

56 1271STM-INDUCED LUMINESCENCE STUDY OF POLY (p- . . .
tioned by 10–30mm to repeat a measurement and che
reproducibility.

Luminescence spectra of a PPV/ITO/sapphire sam
treated at progressively higher temperatures are show
Fig. 3. As for all such spectra in this paper, the luminesce
intensity is normalized to excitation power (iV). The dotted

FIG. 2. Topography and luminescence maps obtained simu
neously on a PPV/Au/glass sample. The top image shows thx
derivative of the topography giving the impression of illuminati
from the left-hand side. The surface exhibits peak-to-valley he
differences of up to 7 nm. The luminescence map shows s
hillocks as bright features, whereas others appear dark. Com
the luminescence of regionsA andB in the topography. The profile
of the luminescence intensity reveals large local fluctuations of
STL luminescence within nanometer-sized regions.
k
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lines in Fig. 3 are the result of fitting a set of multiple Gaus
ian functions to the data to determine the vibronic ener
linewidth, and peak area. To ensure the least possible pr
dice, all of these were allowed to be free variables in
fitting procedure. No attempt was made to accommodate
different vibrational modes of the polymer chain. Norma
in EL from actual OLED’s as well as in PL studies of poly
mers, the emission arises either from a deep-lying interf
or from the bulk of the organic material, which leads
enhanced self-absorption16 and consequently to an appare
decrease of thev50,0 peak intensity. In STL the radiation i
collected directly from the free surface of the sample~see
Fig. 1!, and because this is a surface-sensitive technique
expect an apparent enhancement of the relative intensit
the v50,0 peak. Thus this technique allows an analysis
the intrinsic vibronic spectra.

The spectra exhibit the typically observed progression
vibronic lines, which arises from Franck-Condon coupling
vibrational and electronic transitions and is often assigne
one vibrational mode, the phenyl ring stretch.2,7,9,17,18The
data reveal a shift of the spectral weight among the vari
vibronic states, and this shift is not monotonic withTc . For
example, the intensity of thev50,0 relative to that of the
v50,1 peak first decreases and then increases withTc . Care-
ful analysis indicates that the intensity ratio of these lin
I 0,1(Tc)/I 0,0(Tc), reaches peak values forTc at which the
wavelength-integrated luminescence yield exhibits maxim
This behavior is observed for polymer films prepared
ITO, Au, and glass substrates and allows the quality of
organic light-emitting material to be determined by inspe
tion of the relative vibronic peak intensities.

Figure 4 shows the peak energies of the vibronic progr
sion as a function ofTc . The data reveal a redshift~by ap-
proximately 60 meV for the high-energy peak! for Tc in the
range 180 °C,Tc,280 °C, whereas at higher temperatur
the peak energies are nearly constant. The vibrational ene
i.e., the spacing between the peaks, also decreases wit

a-

t
e
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e

FIG. 3. Examples of STM-FE luminescence excitation spec
collected on a PPV/ITO/ sapphire sample curedin situ at progres-
sively higher temperatures. Note the change in scale for
Tc5310 °C spectrum. The measurements were taken at room
perature under UHV conditions.
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1272 56ALVARADO RIEß, SEIDLER, AND STROHRIEGL
creasing temperature; the redshift is smaller for higher fin
state vibrational quantum numbersv. In addition, the Gauss
ian linewidth, which is larger for higherv ~for example 115
610 meV for v50,0 and 175660 meV for v50,3 at
Tc5180 °C! tends to decrease withTc . This reduction ap-
pears to be more pronounced for the lower energy peak
this case, the change in the linewidth of thev50,0 peak is
too small to be discerned, but is evident in other data to
discussed below. Thev50,1 andv50,2 peaks decrease b
about 20 meV, as shown in Fig. 5.

Our results are consistent with Raman and PL meas
ments on PPV oligomers19 and with a comparison of the P
from PPV andtrans,trans-distyrylbenzene.20 These reports
describe a steep redshift~greater than 200 meV! of the vi-
bronic spectrum with increasing number (n) of phenyl rings
in the range 3<n<6; however, forn>10 the energy of the
transitions changes more slowly and differs minimally fro
that of PPV.21 In addition, a decrease of vibrational ener
with chain length has been reported for Raman spectra
trans-polyenes.22 The redshift of the electronic transition a
well as the reduction of the vibrational energy observed
our data can be similarly understood in terms of delocali
tion effects.

Figure 6 shows wavelength-integrated luminescence y
versus curing temperature measured on a PPV/ITO/sapp
sample. The data show a weak but reproducible local in
sity maximum atTc.180 °C, whereas the highest observ
intensity occurs between 240 °C and 280 °C. Thus for t
sample the optimum conversion temperature
Topc.260 °C. The temperature at which the luminescen
yield abruptly begins to decrease,Tc.280 °C, correlates
with the region where the temperature-dependent redshi

FIG. 4. Peak energy vsTc of the vibronic progression for PPV
ITO/sapphire.
l-

In

e

e-

of

n
-

ld
ire
n-

is
s
e

of

the vibronic features becomes negligible~Fig. 5!.
To elucidate the effect of chemical interactions betwe

the substrate and polymer we have similarly analyz
samples prepared on Au/glass substrates. The substrates
made by evaporating an 80-nm-thick Au stripe a few mi
meters wide onto glass, thus allowing comparative meas
ments of PPV in direct contact with Au or the adjacent gla
substrate. The thermal treatment was essentially the sam
for the ITO/sapphire substrates discussed above. A typ
spectrum collected on a sample progressively cured up
Tc5225 °C, measured on PPV over the Au-covered reg
of the sample, is shown in Fig. 7. When this particu
sample was heated to temperatures as high as 490 °
showed no signs of decomposition under UHV conditio
i.e., we still see the typical vibronic structure, and the smo
trends in vibrational frequency and linewidth continue u
broken.

The spectra collected on the PPV-on-Au part of t
sample are fairly complex and cannot be satisfactorily
scribed by a single vibronic progression of Gaussian pea
Spectra collected on the adjacent PPV-on-glass region, h
ever, show features typical of, though not identical to, tho

FIG. 5. Gaussian linewidth of thev50,1 andv50,2 vibronic
peaks vsTc for PPV/ITO/ sapphire. The dashed line is a guide
the eye.
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56 1273STM-INDUCED LUMINESCENCE STUDY OF POLY (p- . . .
found in the spectra collected from PPV-on-ITO samp
~see Fig. 3!. Fitting with a set of multiple Gaussians to th
spectra collected on the PPV-on-Au region of the sam
gave two series of lines: one characterized by very sh
features, down to 50 meV~Gaussian linewidth! for the high-
energy line, and the other having linewidths a few tim
broader. Furthermore, the spacing between the lines
slightly greater for the latter series. Note that, owing to
complexity of the spectra, only the first few high-ener
lines as well as the sharpv50,2 peak can be treated as fre
variables. The other fitting parameters were manually fix
i.e., for some peaks the energy spacing was forced to
approximately equidistant. As a result, the uncertainty in
linewidth and energy of the lower-energy peaks is grea
than in the case of the ITO-on-sapphire substrates. Still,
fitting results for the data as a whole are consistent with
vibronic progressions. For the case of the sharpv50,0 peak,
the parameters are determined to high precision. Figur
illustrates theTc dependence of energy and linewidth of t
v50,0 peak for the PPV/Au/glass sample. As was the c

FIG. 6. Wavelength-integrated STL luminescence yield vsTc
measured on a PPV/ITO/ sapphire sample. The dashed lin
spline, serves as a guide to the eye.

FIG. 7. Typical STL spectrum measured on a PPV/Au/gl
sample after curing up to 225 °C. The dashed and dotted lines s
the result of a fit to the experimental data as explained in the t
s
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for PPV/ITO/glass, the redshift is steep in the ran
160 °C<Tc<250 °C and flattens out at higher curing tem
peratures. Note that forTc.180 °C the linewidth of the
v50,0 peak decreases by about 10 meV~Fig. 8!, suggesting
that the homogeneity and/or ordering of the polymer con
ues to improve even at very high temperatures. The lumin
cence yield shown in Fig. 9 exhibits features in the sa
temperature range: a local maximum atTc.180 °C and the
highest observed intensity atTc5225 °C, followed by a
sharp drop. These results roughly reproduce those obta
for the ITO/sapphire substrate.

Whereas the redshift is almost independent of the und
lying substrate, the luminescence yield is very sensitive to
In general we find that luminescence from PPV cured on
is substantially more intense than on ITO. For the spec
data shown here the maximum luminescence yield from P
on Au is more than six times higher than that from PPV
ITO substrates. Other researchers have also shown a sig
cant impact of the substrate on the polymer; a study com
ing the luminescence of PPV converted on ITO and on gl
substrates reports a similar detrimental influence of ITO.9

We find that the details of the temperature history o
sample have a profound impact on the electro-optical pr

a

s
w
t.

FIG. 8. Peak energy and linewidth of the sharpv50,0 peak vs
Tc for the PPV/Au/glass sample.
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1274 56ALVARADO RIEß, SEIDLER, AND STROHRIEGL
erties of the resulting polymer film. The luminescence yie
as well as the relative intensity and peak energy depe
strongly on the heating gradient. For example, a prepoly
film on a Au/glass substrate heated from room temperatur
225 °C in 15 min and then cured at that temperature for
exhibits a higher luminescence efficiency than a sam
heated to 225 °C at a rate 5 times lower. STL spectra
lected on these samples are shown in Fig. 10 and should
be compared to the data in Fig. 7. As the latter sample
cycled between room temperature and progressively hig
Tc it has a very different temperature history.

IV. DISCUSSION

It is important to recognize that while the STL techniq
simulates operation of an OLED, the processes involved
actually somewhat different. The experiments carried out
ing the STM under FE conditions are in principle low
electron-energy cathodoluminescence measurements
submicrometer resolution. Owing to the relatively low k
netic energy of the electrons,Ek.100 eV, the excitations
occur only within a depth of a few nanometers of t
surface.23 The probing depth is determined by this penet
tion length of the incident electrons as well as by the dif
sion of the excitons perpendicular to the surface, which
typically in the 1–10 nm range.25,26 The diameter of the in-
cident electron beam is approximately equal to the
surface distance, which is of the order of 1mm. Electrons
impinging on the surface produce electron-hole pair exc
tions by inelastic scattering. In the dipole approximati
these are optically allowed transitions from the filled valen
states into empty excited states of the polymer. Radia
recombination can occur in all these states, but this is
likely due to fast radiationless decay to the lowest vibratio
level of the lowestp* state. Radiative recombination from
this state leads to the generation of visible light, the o
radiation we monitored with our experimental apparat
Consequently, the spectra observed while operating the S
in FE mode essentially correspond to those observed in
and EL. The main difference from the latter techniques
that the effects of self-absorption of the emitted light a
minimized.

The maximum number of excitons produced by an in

FIG. 9. Wavelength-integrated STL luminescence yield vsTc of
a PPV/Au/glass sample.
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dent electron can be estimated as the ratioEk /Eg , where
Eg is the optical absorption energy gap. The actual num
of excitons, however, is lower because higher vibronic sta
are also excited and, to the extent that the excess ener
dissipated, that energy does not contribute to the lumin
cence. Furthermore, a fraction of the incident electron be
current is elastically reflected at the polymer surface. A c
servative estimate indicates that in STM-FE excitation,
internal efficiency@~total energy emitted!/~incident energy!#
may be as high as 10% for PPV/Au/glass.

In the case of STL, where the tunneling voltages are lo
the generation of electron-hole pairs is negligible. Additio
ally, at tunneling voltages close to the luminescence thre
old, the energy losses associated with thermalization
minimized and hence a higher luminescence efficiency
injected electron is expected. Similar to the STM in F
mode, the probing depth is determined by the penetra
depth of the injected electrons and the diffusion length of
excitons.

The observation of luminescence from the polymer
both tunneling and FE modes implies that charge neutral
tion occurs within the polymer. Injected electrons recomb
with holes moving towards the surface under the influence
the local electric field. Note that in PPV the mobility of hole
is much higher than the mobility of electrons.24 Because of
this and the diffusion length of the injected electrons23 we

FIG. 10. STL spectra measured on a PPV/Au/glass sample
curing at different thermal gradients. Upper spectrum, collected
a sample heated from room temperature toTc5225 °C in 15 min;
lower spectrum, collected on a sample heated toTc5225 °C at a
rate roughly 5 times slower. The curing time is 2 h ineach case.
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expect recombination to occur within a distance below
vacuum interface of the order of 10 nm, which is similar
what is observed in conventional PPV devices. We no
however, that due to our unique electron injection conditio
the detailed charge carrier distributions may differ.

It is also interesting to consider the implications of t
STL technique for degradation studies of organic materi
Regarding the tip/tunnel-barrier/PPV/substrate system a
model of an OLED, our typical experimental parameters
tunneling mode correspond to a device operating at a cur
density of j.2 kA/cm2 and a voltage ofV.4.6 V. Such
enormous current densities, which would normally be c
sidered unreasonable in a conventional OLED at such
voltages, are attainable because of the extremely high fie
the apex of the STM tip, the radius of which is typically
few to several tens of nanometers. Scanning under these
ditions, the luminescence intensity decreases by less th
factor of 2 over periods of several hours. Conventio
OLED’s often show a decrease of the EL intensity, whi
depends on the amount of charge passing through the de
In one study,27 the dependence of the time to half brightne
was found to have the formt1/2} j2x, where 1.5<x<1.8.
From this expression, we extrapolate that for an OLED
erated at current densitiesj.10 mA/cm2, the half-life of our
PPV would exceed tens of thousands of hours even for
typically claimed Coulomb aging case, i.e.,x51. It appears
that PPV is intrinsically a very stable material even wh
subjected to high-current densities.

Owing to the intrinsically high surface sensitivity, opt
mum use of STL requires UHV conditions and samples p
paredin situ. By curing prepolymer films under such cond
tions, we eliminated the chemical reaction of the prepolym
and of the final conjugated polymer with air, ambient co
taminants, and residual gases, thus providing conditions
highly reproducible results and forming the basis for a
tailed understanding and optimization of the conversion p
cess. Residual contamination is found to be so important
not only is an improvement of the luminescence yield o
served upon going from preparation under ambient, inert
or low-vacuum conditions~mbar range! to preparation in the
1027-mbar range, but also an additional improvement is
served when curing the samples under UHV conditio
~lower 10210-mbar pressure range!.

For technical applications the optimum conversion te
perature and conditions at which highest luminescence is
tained are important material and device parameters. Pr
ous reports on the curing temperature dependence of
luminescence provide an inconsistent and confusing pict
Zhanget al.7 report on the conversion of a PPV prepolym
in a nitrogen flow for the temperature range 140 °C,
T,300 °C. They obtain a maximum EL efficiency
Tc.160 °C and a strong decrease at higher temperatu
Their PL data, however, show a very different behavi
The PL efficiency remains practically constant in the ran
160 °C<Tc<210 °C and decreases by a factor of 2 f
Tc5300 °C. In contrast, Heroldet al.9 find that the PL yield
of PPV films decreases monotonically with increasing c
version temperature in the range 100 °C,Tc,180 °C.
Papadimitrakopouloset al.8 report on PL measurements o
PPV films converted under forming gas at 200 °C, 250
and 300 °C, which show a monotonic decrease of the
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intensity with increasing temperature. Various explanatio
are invoked to explain these results, e.g., changes in the
jugation length, and carbonyl formation. We believe that
discrepancies are due to the wide range of preparation
conversion conditions used.

Our results~Figs. 6 and 9! reveal that the efficiency in-
creases significantly in the temperature range 140
<Tc<225 °C. The actual rise in efficiency and the optimu
conversion temperature (Topc) depend on the substrate mat
rial ~ITO, Au, and glass!. For example, for PPV converted o
Au/glass substrates an increase of the luminescence
ciency by a factor of 5 is observed andTopc.225 °C~Fig. 9!,
whereas for ITO/sapphire substrates the luminescence
ciency increases by a factor of only 2 andT opc.260 °C~Fig.
6!. This implies an interaction between the polymer and
substrate material. For instance, In, Sn, or O from the IT
impurities from the glass, or even Au could be diffusing in
the polymer. In particular, oxygen contamination is known
give rise to carbonyl groups, which act as luminescen
quenching centers.28,29Based on previous work,9,29,30we ex-
pect that in our samples In and O diffusion from ITO into t
polymer give rise to a lower luminescence yield in PPV/IT
sapphire samples compared to that of PPV/Au/glass. S
chemical interactions may also account for the fact that fil
cured on Au must be fit with two vibronic progressions wi
different energetic spacings. In this case, possible expla
tions include emission from at least two different phases
the polymer, some of which are more ordered than others
a contribution of a second, strong vibrational mode in det
mining the transition oscillator strength. Either way, interd
fusion and/or a reaction of substrate material with the po
mer could be responsible.

Heating the sample pastTopc, we observe a sharp drop o
the luminescence yield. Preliminary thermodesorption m
spectroscopy~TMS! reveals that this transition occurs clos
to the temperature where the thermal desorption of hyd
chloric acid and tetrahydrothiophene~THT! has been com-
pleted. Additionally, TMS results show that the desorption
THT and hydrochloric acid begin at different temperatur
the desorption of elimination products has passed its p
value for temperatures higher than about 220 °C, and
desorption of elimination products probably is not yet fu
finished even at temperatures above 300 °C.15

The data for PPV/ITO/sapphire~Figs. 4–6! and PPV/Au/
glass samples~Figs. 8 and 9! indicate that the redshift and
decrease in linewidth of the vibronic features occur primar
at temperatures less than or equal toTopc. The redshift of the
electronic transition as well as the reduction of the vib
tional energy observed can be understood in terms of d
calization effects. This may include not only an increase
conjugation length but also intra- and interchain coupli
and ordering, which are also directly reflected by the wid
of the spectral features. Furthermore, the dependence o
linewidth on the vibrational quantum numberv can be un-
derstood by considering that variations of the vibrational
ergy associated with the amount of disorder in the polym
are weaker for the transitions involving levels closer to t
potential minimum.

Taken together, the phenomena that we observe up
Topc are consistent with an increase in~i! the chemical ho-
mogeneity and~ii ! intra- and interchain order of the polyme
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One would expect that the concomitant increase of the ef
tive conjugation length would lead to an enhancement of
exciton mobility. This in turn should give rise to enhanc
quenching at nonradiative defects and thus would caus
decrease in luminescence efficiency. Our results indicate
this is actually not the case, at least in the temperature ra
below the optimum curing temperature. We conclude that
our samples treated under UHV conditions, in contrast
less clean environments, increasingTc leads to an increase o
the conjugation lengthand to the elimination of intrinsic
quenching impurities and imperfections without suffering t
consequences of ambient-induced defect production,
carbonyl formation.

AboveTopc, the trade-off between removal of quenchin
sites and enhanced exciton mobility appears to become
denly unfavorable. We can speculate that at high temp
tures either new defects are being generated or a new me
nism for significantly enhanced exciton mobility has beco
available. The latter might result from increased long-ran
order of the polymer film. In any case, the continued, alb
smaller, oscillations in overall intensity and spectral featu
with increasing temperature indicate that complex proces
are involved. Work continues toward elucidating this hig
curing-temperature behavior.

We also find that the thermal treatment influences
Franck-Condon intensity distribution of vibronic transition
For example, the spectra for PPV/ITO/sapphire~Fig. 3! show
that in the rangeTc5180 °C–240 °C, where the yield in
creases with temperature, the intensity maximum shifts fr
the v50,0 towards thev50,1 transition. To interpret this
result we recall that the luminescence yield is determined
the probability amplitude for vibronic transitions

Tum,ln5Tul^xumux ln&, ~1!

whereTul is the purely electronic transition amplitude eval
ated at the equilibrium position of the nuclei. Thex terms
are the vibrational state wave functions for the upper (u) and
lower (l ) potentials. The absolute square of^xumux ln& is the
Franck-Condon factor, which in a simplified picture31 gives
an intensity of thev50,m vibrational transition proportiona
to

I 0,m5S ^ ñ lm,u0&

^ ñ l0,u0&
D Zmm! e2Z, ~2!

where ^ ñ lm,un& is the mean wave number of thev5n,m
vibronic transition and

Z5
1

2
k~DQ!2/\v. ~3!

Here k and \v are the force constant and the vibration
energy andDQ is the displacement of the equilibrium pos
tion of the upper and lower electronic potentials in the co
figuration coordinateQ. From Eqs.~2! and ~3! we deduce
that the observed intensity shift from thev50,0 towards the
v50,1 transition implies an increase ofDQ ~Ref. 32! with
curing temperature, i.e., with increasing effective conju
tion length, in the rangeTc<Topc. Furthermore, the sudde
drop of luminescence, which occurs betweenTopc and
Tc5310 °C ~Fig. 6! is accompanied by a sharp reduction
c-
e
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at
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the relative intensity of thev50,1 vibronic peak~Fig. 3!.
The data indicate that the relative intensity of thev50,1
transition is maximal forTc.Topc. This demonstrates the
influence of the curing conditions on the interplay betwe
the configurational changes (DQ) of the polymer upon opti-
cal excitation, the vibrational transitions, and the lumine
cence yield, the optimum tuning of which is identifiab
through a particular and characteristic Franck-Condon int
sity distribution of the luminescence spectrum.

For Tc.360 °C, where a local luminescence maximu
occurs ~Fig. 6!, we find that the relative intensity of th
v50,1 transition also shows a local maximum. The sa
phenomenological behavior is observed on PPV/Au/gl
and PPV/glass samples: an intensity shift from thev50,0
towards thev50,1 line forTc<Topc, and for higher values
of Tc , oscillations of the relative intensity of thev50,1
transition in phase with local luminescence maxima. Surp
ingly, the latter oscillations occur in a curing temperatu
range where the redshift of the vibronic lines indicates t
the effective conjugation length continues to increa
though only slightly, with temperature. This observation su
gests that the luminescence efficiency is strongly influen
by subtle geometrical details of the polymer, e.g., bon
length changes, intra- and interchain order, and formation
defects and crystallites. These processes can in turn be i
enced by chemical interaction with the underlying substr
~vide supra!, the extent of which is likely to increase a
higher temperatures. An indication of chemical effects on
spectral intensity distribution has been reported for me
PPV/ITO devices,33 where the precursor was cured in lo
vacuum atTc5300 °C. That work shows that the intensi
distribution of the vibronic peaks depends on the catho
metal ~Ca, Mg, In, and Al!, but no mention is made of the
effect of the cathode material on luminescence efficiency

Finally, given the apparent influence of homogeneity a
chemical composition, the strong changes of the spectra
tensity distribution observed for various temperature gra
ents~Figs. 7 and 10! is hardly surprising. One naturally ex
pects a competition between chemical reactions, m
transport, and ordering processes for the condensed-p
conversion process studied here. Depending on which
these is rate limiting, the properties of the resulting polym
can vary widely and several factors in addition to the te
perature gradient could influence the balance between ra
For example, curing in inert atmosphere is expected to
hibit desorption of elimination products compared to curi
in vacuum. Such effects explain the diversity of results o
material that is nominally always the same, ‘‘PPV.’’

V. CONCLUSION

In order to fabricate polymer-based OLED’s with th
highest possible performance, it is of great utility to und
stand which factors in polymer film formation determine l
minescence efficiency and how these factors can be c
trolled. This is particularly true for a process as complica
as the thermal conversion of poly(p-phenylene-
ethylene-tetrahydrothiophenium chloride! into PPV. It is to-
wards this end that we have investigated this prepolym
curing process over the wide temperature range 100 °
490 °C. By combining highly localized, surface-speci



V
on
e
f

s
rin
m
.
s
de
de

r
iv
n

te
tm
n
ud
b
o
ila
s-

e
u
pe
an
ic
n
i
he
ha
ul
i

ef-

een
tri-
n-
e
re.
ce

vi-
of

ome
di-
na-
ble
is
c-
g-
E
em-
es-
e
un-
ous,
ld

for

y
nd
G.
hart

56 1277STM-INDUCED LUMINESCENCE STUDY OF POLY (p- . . .
spectroscopic STL measurements with curing in an UH
environment, we are uniquely able to probe prepolymer c
version under well-defined conditions. The results obtain
for PPV have manifold implications for the fabrication o
polymer-based OLED’s in general.

We find, in contrast to previous reports, that the lumine
cence efficiency increases by a factor of 2–5 as the cu
temperature is increased from 140 °C to the optimum te
perature ofT opc, whereT opc is between 225 °C and 260 °C
In this temperature range, the redshift of the vibronic tran
tions observed in EL, the decrease in linewidth, and the
crease in vibrational spacing all point to an increase in or
and effective conjugation length of the polymer withTc , in
other words, to the formation of a more ‘‘perfect’’ polyme
film. Under our conditions, therefore, it seems that a posit
trade-off can be achieved between removal of luminesce
quenching sites and enhancement of exciton mobility. W
believe this is a direct consequence of suppressing dele
ous chemical side reactions, such as reactions between a
spheric gases and the polymer, by curing in UHV. Beyo
T opc, though, it appears that the favorable balance is s
denly lost, either because defects are now generated or
cause additional exciton diffusion pathways are opened, b
of which could create new quenching mechanisms. Sim
trade-offs are likely to be important in other polymer sy
tems.

The value ofT opc, the total luminescence yield, and th
details of the spectra for a given sample depend on the
derlying substrate and the heating gradient. These de
dences are a reflection of various chemical reactions
their relative rates, which suggests that other factors, wh
we have only begun to explore, are also quite importa
These include thickness of the polymer film and variations
initial composition, such as purity and solvent content of t
prepolymer. The consequence for OLED operation is t
less surface and bulk contamination of the polymer sho
lead to more efficient charge carrier injection, reduced lum
ro
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nescence quenching, and overall improved luminescence
ficiency.

We have also discovered a surprising correlation betw
luminescence yield and the Franck-Condon intensity dis
bution of the vibronic transitions in PPV. The relative inte
sities of thev50,0 andv50,1 transitions oscillate in phas
with the luminescence intensity as a function of temperatu
Near T opc, where the wavelength-integrated luminescen
efficiency is maximum, the relative intensity of thev50,1
transition is also maximum and this peak dominates the
bronic distribution. This suggests an intriguing means
monitoring polymer film quality.

Perhaps the most important observations, however, c
from the STL imaging experiments under tunneling con
tions. The extreme variation in emission intensity on the
nometer scale clearly indicates that there is considera
room for improvement of average film luminance. But it
important to keep in mind that local variations of the inje
tion efficiency play a role. Moreover, the relatively slow de
radation of our polymer films for both tunneling and F
measurements, as well as the fact that films treated at t
peratures approaching 500 °C still yield substantial lumin
cence, illustrates the intrinsically high stability of PPV. Th
slow degradation of the polymer films observed under t
neling conditions, where the current densities are enorm
indicate that times to half brightness in actual OLED’s cou
easily exceed 10 000 h.
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