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Control of interchain separation enables the optical properties of polymer thin films to be altered.
We present a thin film preparation technique that increases the free volume fraction in spin coated
polymer thin films resulting in reduced interchain interaction. The polaron yield, measured using
photoinduced absorption, was significantly reduced as a direct result of the increased interchain
separation, leading to a higher value for the measured photoluminescence efficiency. Impedance
spectroscopy showed an increase in permittivity, probably due to greater polarizability. Increases
approaching one order of magnitude were observed for direct current hole conductivity and mobility
values. Space charge limited conduction analysis suggests a narrowing of the highest occupied
molecular orbital band tail on treatment resulting in reduced trapping. Single layer light emitting
devices prepared using this technique were found to be significantly brighter and to have longer
operating lifetimes. ©2004 American Institute of Physic§DOI: 10.1063/1.1719261

I. INTRODUCTION of the film morphology due to the fabrication technique used.

Th ilability of ic displdytechnologi " Such an increase would lead to a reduction in the formation
€ avallabiiity ot organic diSplafechnologies Ooflers a - polarons and nonradiative quenching routes, resulting in

viable alternative to existing display technologies in terms o increased PL efficiency. A thin film formation technique that

cost, ease of fabrication, and viewing angle. The next logica ddresses this polymeric property would have important im-

;tep, an electrically p“f.“ped organic |a€§ewould revolu- plications for the future development of optical organic de-
tionize the world of optical communications and data stor-

L S vices.
age. Some limitations however do exist in terms of low lu-

4 - . - The main focus of this work is to study the electrical
minescence efficiency, low charge carrier mobility, and

devi tabilitv. Th d other i h b hi I{)roperties of the treated polymer films relative to conven-
jevice stabiliy. These and Other Issues have been Nigi,,, polymer films. Direct and alternating current measure-
lighted as limiting factors in the fabrication of such a

device?5 ment techniques were used to investigate any differences re-
evice. sulting from the changes in film morphology. The

. Thin po'g:er T;Iflms e>_<h|b|tth5|gn||f|cantly Iovvtertphotolllj- relationship between the polymer thin film preparation tech-
minescence(PL) efficiencies than low concentration solu- niques and polaron formation was studied for both an un-

tions of the same material. Aggregate formation at high CONtoated and a treated polymer film using photoinduced ab-

centration results in poor luminescence efficiency due to th%orption spectroscopy. Light emitting devic8sEDs) were
formation of subgap states that can dissociate excfifns. fabricated using both conventional and treated thin film

Frer\lllqusg,ksamples tﬁztepa:egt byh a thin film prﬁgartat('jorbreparation techniques to enable the effects of the increased
echnique, known as reatedtecnnique, were caliorated efficiency and increased interchain separation to be stud-
for PL efficiency and photostabilityf) The treatment was ied in practical devices

found to significantly improve these two properties by ad-
dressmg the issue of aggregation. The treated films were spi \\-ERIALS AND EXPERIMENTAL METHODS

coated in an inert atmosphere from degassed solutions and

baked under vacuum. The film thickness increased-B9% The copolymer  polgm-phenylenevinylene-co-2,5-
and the PL efficiency by 27%. These increases were calcudioctyloxy4p-phenylenevinylene (PmPV) was used in this
lated as a percentage of the values obtained for conventionalork. The incorporation of thenetalinkage on the phenyle-
polymer films that were prepared in ambient conditions fromnevinylene co-unit is in an attempt to blue shift the absorp-
nondegassed solutions. Both of these were attributed to irtion and Iluminescence spectra relative to poly
creased interchain separation brought about by the alteratigzhenylenevinylene (PPV) by restricting the conjugation
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FIG. 1. The chemical structure of the repeat unit of the copolymer(pely < 81 23 % ‘€
phenylenevinylene-co-2,5-dioctlyoxyphenylenevinylene § 2
B 6] 3 €
2 a
® g
length and thus limiting exciton diffusion to lower energy 1 g
segments of the polymer chain. A blue shift of the absorption , s
and PL maxima compared to the corresponding palfa- 1IN e ?nvggﬁonal
n v raa’
phenylenevinylene copolymer has been obseled. o
The PmPV used in this work was synthesized by the 300 350 400 450  S00 550 600 €50
Organic Materials Synthesis section of Materials Ireland Wavelength (nm)

Polymer Research Center in Trinity College DubfiiTwo
different synthesis reactions have been used with three sof!C: 2 Absorption and normalized photoluminescence of PmPV in the
. . . . solid state for conventiongbpen circle and treatedopen inverted triang)e

vents to give six different synthesis pathways for theg,s.

polymer® The Horner-Emmons polycondensation reactton

in dry toluene was used to synthesize the PmPV for this

work. The chemical structure of PmPV is shown in Fig. 1.
Photoinduced absorptiofPA) spectroscopy was per-

formed to study the relationship between film forming tech-

niques and polaron formation for neat thin films of PmPV

prepared using the conventional and treated techniques. Bo

film types were prepared from 25 g/l toluene solutions of

hole and the electron injecting electrodes, respectively. All
devices were tested in a purpose built test rig. Contacts were
made using conductive silver paint and pressure probes. The
H]robes were connected to a Keithley 2400 source measure
unit for direct currenfdc) measurements and a Zahner Elec-

) . tric IM6e Impedance Spectrum Analyzer for alternating cur-
PmPV and spin coated at 400 rpm on Spectrosil B substrater%ént (a0 measurements. The devices were tested in an argon

The samples were excited by an amplitude-modulated pumgtmosphere. For ac measurensemb mValternating voltage

beam and changeslln the trgnsmssmn of a probe beam WelVas applied in all measurements. The initial run was re-
measured by lock-in amplification of a photodetector. The

. . ) 0corded at 0 V dc bias, while subsequent runs were recorded
457.9 nm line of an argon ion laser at a power density of 30 .., =~ . " : T L
mW erm-2 was used as the pumo beam and a monochromatewnh either positive or negative dc bias incrementing in 1 V
pump scleps to+x4 V. Data was recorded between 0.1 Hz and 1

tungsten white light source was used as the probe. The IorOkWHZ for all measurements. Devices were reverse biased

light transmitted through the sample was passed through RFhile measuring the dc biasédV characteristics, to check

monochromator set tq the same Wavelengt_h as the proq%r symmetricall -V behavior, which is to be expected from
beam. The use of multiple detectors and gratings enabled the

PA spectrum to be investigated between 500—-1800 nm. Thlé'nIIOOIar devices.
pump beam was modulated at 120 Hz by an acousto-optical
modulator and the spectra were megsure_d in a cryostat, undﬁ(_ OPTICAL CHARACTERIZATION
vacuum at 80 K. The PA spectrum is defined as the normal-
ized change in the transmission of the probe beAM/T). The ultraviolet-visible absorption spectra of the conven-
The lock-in amplifier simultaneously measures the in-phaséonal and treated films are shown in Fig. 2. It is immediately
and quadrature signals, which can be compared to determirevident that the absorption coefficietw) is larger in the
the excitation lifetim&® and correlate different PA bands. By treated film. With a~30% film thickness increase in the
measuring the dependence of the PA signal on the lasdreated films resulting from an increased interchain separa-
power it is possible to identify the species responsible for theion, a reduction ine would be expected. However the ob-
observed absorption. served behavior may be due to an increase in the oscillator
For electrical characterization, patterned bottom contactstrength caused by the reduction of interchain interactions
were deposited on glass substrates by sputtering. PmPV filnassociated with increased free volume in the treated film.
were then spin coated on top of the bottom contact from a 2&hanges in the orientation of polymer chains within the plain
g/l toluene solution, at 400 rpm for 60 s. Finally the top of the film could influence the absorption as measured using
contacts were deposited, by thermal evaporation or sputtenormal incidence light and may also be a contributory factor
ing, depending on the metal being deposited. Electron anth the observed differences. The normalized photolumines-
hole only currents were obtained using alumin(#h) and  cence spectra are also shown in Fig. 2,hwat 7 nmbroad-
platinum(Pt) contacts, respectively. Their work functions are ening towards the blue evident in the treated film. It is noted
approximately 4.28 eV and 5.65 eV, respectively, varyingthat this results from the quenching of the 510 nm peak in
slightly depending on deposition parameters. LEDs werghe conventional film relative to the treated film. Morphology
prepared using indium tin oxid@TO) and aluminum as the changes in the treated film would account for this. An in-
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lower refractive index. This would increase the light output
coupling efficiency by increasing the critical angle for
waveguiding and could also be a contributory factor in the
measured PL efficiency increase.

0.0000

-0.0001 1 These results correlate reduced polaron photogeneration
with enhanced PL quantum yield and increased free volume
— within the polymer film. Interchain aggregation can enhance
00002 . polaron photogeneratiorf,which in turn will reduce the PL
)

quantum yield. Polarons quench singlet excitSrmsd if the
excited state absorption and PL spectra overlap, excited state
absorption will also reduce the PL yield. The strong overlap

o
-0.0003 | % 539 of the excited state absorption due to polarons and the fluo-
LA ) rescence in PmPV makes solid state lasing applications un-
&9 o Conventional . . . L . ) . e
op v  Treated likely for this material. This is highly evident in amplified
10,0004 e . spontaneous emissidiASE) experiments. Spectral narrow-
550 600 650 700 750 800 850 900 950 ing under high intensity laser illumination in ASE waveguid-

ing geometries has not been observed in PmPV despite hav-
ing been observed in other PPV derivativé3his has been

FIG. 3. Quadrature photoinduced absorption spectra for the conventionattributed to the quenching of fluorescence due to polaron
(open circlg and the treate¢open inverted triang)efilms. The reduction in absorption and high waveguide losses due to scattering
Eng EgLa\L/rthizizlrfﬁ;fSO nm in the treated film is clearly evident relative tocaused by the polycrystalline nature of PASYL Lasing has
however been reported for PmPV in solutfdnsupporting

the argument that interchain interactions reduce with increas-

Wavelength (nm)

crease in interchain separation would result in the formatiodd interchain separation.
of fewer aggregates, resulting in a broadening towards
shorter wavelengths. IV. AC AND DC ELECTRICAL CHARACTERIZATION

The strongest evidence supporting the argument for in- ) o ) )
creased interchain separation in the treated films comes from The focus of this section is to investigate the effect of
the photoinduced absorption experiment. Figure 3 C|ear|>}r¢atment on the electrical properties of the polymer_fllms.To
shows a significant reduction in the polaron population of théhis €nd dc current voltage measurements and ac impedance
treated film relative to the conventional film. This is evidentStudies were carried out at room temperature. The frequency
in the change in intensity of the peak at 550 nm. The tWOdependent electrical behawor of a semiconductor is de-
absorptions shown in Fig. 3 at 550 nm and 660 nm werécribed by the complex impedanZ¢):
assigned to polarons and triplet excitons, respectively, by 1
measuring their dependence on the pump beam power. Life- Z(®)=R(w)+X;=R(w)+ ' oCl@)’ 1)
times were measured to be 0#48.02 ms for both excita-
tions in both film types at 80 K. It should be pointed out thatwhereR(w) is the resistanceX () is the capacitive reac-
quadrature plots are shown in Fig. 3, as correcting the intance, andC(w) is the capacitance. Alternatively, a semicon-
phase plots for PL proved inaccurate. No other PA peaksluctor film sandwiched between electrodes in a planar geom-
were observed beyond 950 nm. Polarons in PmPV are preetry can be modeled as an equivalent circuit consisting of a
dominantly formed through interchain separation as previresistor and capacitor in parallel with a shunt resisRy (n
ously reported for neat PmPV films and PmPV/polystyreneseries. The total complex impedance of the equivalent circuit
blends™®*® This result indicates that there is increased interds then given by
chain separation in the treated film, agreeing with film thick- R— 1wCR2
ness measurements for treated films relative to conventional Z=Rg+ m 2
films. The reduction in polaron formation contributes to-
wards the increased PL efficiency measured in the treatefihe raw frequency dependent real and imaginary impedance
film relative to the conventional film. The PL efficiency was data was fitted to Eq2) using a Levenberg-Marquardt non-
measured with excitation at 354 nm using an integratindinear least squares fitting routifieé* with R and C as free
sphere. parameters. R& and ImZ were fitted individually and si-
The pump wavelength used for the PA was in the tail of themultaneously, resulting in three solutions ferand C. An
absorption for PmPV. This could give rise to differences inexample of a R& and ImZ vs angular frequency plot and
the PL compared to spectra taken with shorter pump wavethe least squares fit, for platinum electrodes, is shown in
lengths, due to the excitation of aggregate species, thus irrigs. 4a) and 4b) for a conventional and treated film, re-
fluencing the PA absorptions measured. It was however notespectively. In both graphs the dc bias is 0 V. These plots have
that PL spectra for PmPV taken at the absorption maximunibeen normalized for film thickness and clearly show that the
of 407 nm had the same line shape as spectra taken at 45%&sistance of the treated film is lower than that of the con-
nm. It should also be considered that the increases in fregentional film. This can be gauged by the value ofZRat
volume associated with the treated film would result in alow frequency. It is noted that the individual fits are obscured
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FIG. 4. ReZ (solid circles and|Im Z| (solid inverted trianglesvs angular

frequency, for(a) a conventional andb) a treated PmPV film. The indi- : d tri il ; umi | de) |
vidual (dotted liné and simultaneoussolid line) fits are also shown. Both (OP€N inverted trianglePmPYV film using aluminum electrode) log | vs

devices were prepared using platinum electrodes. The ac bias is 5 mv ar@dV Plot for a conventionalopen circle and a treatedopen inverted

the dc bias is 0 V. Both plots have been normalized for film thickness. It ist"2ng!& PmPV film using platinum electrodes. Linear, quadratic, and non-
linear fits to the data are shown.

noted that the individual fits are obscured in the plot due to the excellen
correlation between the simultaneous fits and the individual fits t8 &
Im Z. The Cole-Cole plot for the data is shown in the inset.

FIG. 5. (a) log | vs logV plot for a conventionalopen circle and a treated

gion or that the film is fully depleted. In order to rule out the

latter possibility the capacitance was measured as a function
in the plot due to the excellent correlation between the siof applied voltage. Application of a voltage to such polymer-
multaneous fits and the individual fits to Reand ImZ. metal contacts acts to change the width of any depletion

If a significant energy mismatch exists between theregion present, thus altering the capacitance. However, in the

Fermi energy of an electrdimole) injecting electrode and the voltage range studied the capacitance was found to be inde-
lowest unoccupied molecular orbitdlUMO) [highest occu- pendent of voltage for both device types. This is strong evi-
pied molecular orbitalHOMO)], a Schottky barrier may be dence against the presence of a Schottky barrier in any of the
formed at the interface. Depending on the relative positionsamples studied here suggesting reasonably Ohmic contacts
of the Fermi energy and the LUMMOMO) the subsequent in all cases. This is supported by current-voltage\() data
alignment of the Fermi energies may result in the formatiorpresented in Fig. 5.
of a depletion region due to the presence of impurity dop-  The real and imaginary impedance data shown in Fig. 4
ants. As the work function of Al is greater than the electroncan be transformed to give the frequency dependent capaci-
affinity for organics in general, depletion region formation istance. For all films the capacitance was constant in the fre-
more likely than charge accumulation. When the data shownquency range 12 Hz—1 MHz. Variations were observed be-
in Fig. 4 is presented in Cole-Cole form@nse, a single low 12 Hz. This allows the calculation of the relative
semicircle is observed. This suggests that the film acts as ermittivity (¢,) of the two film types both from the fre-
single layer, suggesting either the absence of a depletion rejuency dependent capacitance and from the fits of the im-
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pedance to Eq(2) with both methods giving very good and treated films. For the treated film the mobility was 1.3
agreement. The values calculated show a clear distinctiox 10~ m?/V s which is a factor of 6 larger that the conven-
between the conventional and the treated film types. Th@onal value of 2. 10" 2 m?/V's. The final difference be-
values measured were &2.4 and 7.5 0.6, respectively. tween samples is that the conventional sample displays a
This represents a 21% increase in the valuespin the  sharp increase in current at approximately 40 V. This in-
treated film. Changes in the macroscopic parametedi-  crease is linear on a log-log plot with slope+1=6. As in
rectly correlate to changes in the microscopic polarizabilitythe electron only case this is consistent with the presence of
of a material as described by the Clausius-Mossotti equatioran exponential trap distribution extending into the band gap
The higher value foe, measured in the treated films is evi- from the HOMO with a characteristic trap depth of 0.13 eV.
dence of increased polarizability. This is almost certainly dueNo evidence of this distribution is observed for the treated
to a reduction of interchain interactions as a result of in-sample. A deeper understanding of this dc analysis of trap
creased interchain separatforiThus the increase is, con-  distributions can be attained through film thickness and tem-
firms the increased interchain separation inferred from theerature dependent measurements.
film thickness, absorption, PL, and photoinduced absorptiols discussed previously analysis of the optical and ac elec-
measurements. trical data suggests the major effect of the treatment tech-
It should be noted that the values measuredefoare  nique is to modify the polymer morphology so as to lead to
larger than values previously reported’ for conjugated the introduction of more free volume. This in turn reduces
polymers. It is however noted that some authors have alsgolymer interchain interactions. It is likely that for the con-
reported similar valué8?® to the ones presented in this ventional film, these interactions act to modify the polymer
work. A possible contribution from a fluctuating permanentdensity of states such that the HOMO band edge is broad-
dipole associated with the presence of alkoxy side chaingned into a band tail with approximately an exponential dis-
may account for the larger values, although a more detailegibution. It is possible that the reduction in interchain inter-
study is needed to establish the exact nature of any possibigstions in the treated film results in less broadening of the
sidechain contribution. bandtail. As a result a high exponent power law region is not
The dc current-voltage graphs for conventional andseen in the holé—V curves for the treated sample. In addi-
treated unipolar devices are presented in Figa) &1d §b)  tion the reduction in traps in the treated sample would ex-
for electron only and hole only devices, respectively. Theplain the increase in effective mobility in that material. The
graphs are plotted on a logarithmic scale. For the electroeffective mobility is given by the product of the intrinsic
only samplesAl/PmPV/AI), the |-V curves for both con-  mobility (u,) and the fraction of free charge:
ventional and treated PmPV are almost identical, with any
differences due to film thickness differences. In both cases an  #ef= 4ol Ne/(Ne+N7)], (4)

approximately Ohmicl(xV) region is observed below40 \yhareN, is the number density of free carriers aNg is the

V. This is followed by a highly nonl'inear region that foII_ovys number density of trapped carriers. This suggests that the
a power lawl V™, m+1~11. This result is characteristic j,crease in mobility between conventional and treated

of the presence of an exponential trap distribution extendmgammes is due to the reduction in the number density of
into the band gap from the LUMO band edge. The Charactrapped charge in the latter.

teristic depth of this distribution is given by mkT, which is o wvever it should be pointed out that the treatment tech-
calculated to be 0.25 eV. The similarity between the CONVeNpique alters the density of states at the HOMO band edge in
tional and treated data sets suggests that the treatment teGhza case of hole only transport but no evidence of any alter-
nique has very little effect on the electron transport. HoweveLion is seen for the LUMO band edge in the electron only

it should be pointed out that electron transport is not de'samples.

graded by the film morphology changes. In the case of the epg were prepared using both the conventional and the
hole only (PYPmPV/Pt data however significant differences yreateq film preparation techniques to investigate if the im-
are observed between conventional and treated samples. Jn v ement in photoluminescence efficiency and the in-
both cases, at low voltage an Ohmic region is observedergased hole mobility in treated films translates into brighter
However for the tr_eatgd sample, the conductivity d  anq more efficient LEDs. The plots of légvs logV and
=3.6x10"° S/m which is a factor of 5 larger tha_ngthe CON- gutput light intensity vs loy are shown in Fig. 6. The cur-
ductivity of the conventional film,oc=6.6X10 " S/m. (ot yoltage curves both show a low slope region followed
When the voltage exceeds approximatet£0 V the |-V 4 high slope region with a transition voltage of 28.2 and
curve becomes nonlinear with a slope on a log-log plot ofy5 4 v for the conventional and treated devices, respectively.
approximately 2. This quadratic dependence of current ofpq high slope regions have approximately the same expo-
voltqge i§ consistgnt with unipolar space chgrge limited congant (m+1~12) and indicate the presence of an exponential
duction first described by Mott and Gurney in 1540: trap distribution, which is typical of such organic devices and
J=98 uorV2/8d3, 3) has beeq WiQer reported. The presence of such a high
slope region in the treated sample is probably at least in part
where J is the current densitys is the permittivity of the due to the exponential electron trap distribution. It can be
polymer, we is the effective mobilityV is the applied volt- seen that the turn on voltage for light emission is slightly
age, andl is the thickness of the polymer film. This allows lower in the treated device at 34 V compared to 36 V in the
the calculation of effective mobility for both conventional conventional device. At the device failure voltage of 50 V the
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-3 7T 30 to these results. It was observed that the treated devices were
o Conventional: Voltage-Current H ofi : H
||+ Treted: votage current s | e_1|so significantly more stable and had longer operating life
e Conventional: Voltage-Light Intensity J8 [ 25 times.
v Treated: Voltage-Light Intensity vvvo v [ ~
S5 S8 v 3
oo c Fa V. CONCLUSIONS
6 1 75 « [ = . .
< P _ g Photoinduced absorption measurements show a clear re-
> 7 f 15 E duction in the formation of polarons in the treated films of
3 ¥ -] PmPV. This result, coupled with the film thickness, absorp-
-8 v L | . . ..
ga°° + L1 s tion, photoluminescence spectral and efficiency measure-
v r Q. N .
o1 . gog - ! ments, supports the argument presented for an increased in-
IR . terchain separation in the treated films due to changes in the
~10 1 o ° ;f i film morphology emanating from the preparation of the
" o ﬂ 3_0 films. This suggests that by controlling thin film processing

06 08 12 14

Log V (V)

1.0

16

1.8

the photophysical properties of thin films can be engineered.
In this work we have shown that increasing interchain sepa-

ration can significantly reduce the number of polarons
formed in thin films of PmPV. This decrease in polaron for-
mation results in a measured photoluminescence efficiency
increase of 27%. This work has important implications for
understanding further the photophysics of luminescent poly-
mers and more immediately in developing a successful poly-
intensity of the light emission from the treated device is ovemrmer for use as an emissive layer in an electrically pumped
four times greater than that in the conventional device. A plobrganic laser.

of output light intensity vs current density) is shown in Electrical measurements on PmPV thin films have en-
Fig. 7 for the two device types and enables the relative effiabled the effect of increased interchain separation on the
ciencies to be established, in terms of light output per unitlectrical properties to be characterized. The important point
current. At low current densities no discernible differencess that the treatment of PmPV films is not detrimental to the
are evident. With the increased PL efficiency in the treatecperformance of electrical devices. The calculation of the
devices an increase in efficiency would be expected. At currelative permittivity enables the polarizability of polymeric
rent densities above 40 A the efficiency of the conven- materials to be compared. The value measured for the treated
tional device starts to drop off relative to the treated devicefilm was 21% larger than that in the conventional film, indi-
This saturation does not occur in the treated film until acating a larger polarizability. This is an important result as it
current density of 190 An¥ is achieved. This shows that at supports the findings of the PA experiment through an inde-
the top end of the operational capacity of conventional dependent experimental technique. The current-voltage charac-
vices, the treated devices are starting to become more effieristics showed the presence of an exponential hole trap dis-
cient. The improved hole mobility resulting from a reduction tribution in the conventional but not the treated samples. An
in trapping sites in the treated films is thought to contributeincrease of nearly an order of magnitude in the hole conduc-

FIG. 6. logl vs logV for conventional(open circley and treated(open
inverted trianglesPmPV LEDs. Also shown is the output light intensity vs
logV for the conventionalsolid circle3 and treated(solid inverted tri-
angle$ PmPV LEDs.

25 1
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v Treated

20 4

15 1

Output Light Intensity (A.U.)

50 100
J (Am?)

150
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tivity and mobility in treated films of PmPV was also ob-
served, again indicating the reduction of trapping. The dc
electrical properties for electron only currents were the same
for both film types. The fabrication of single layer LEDs
using both film preparation techniques showed that for cur-
rent densities above 40 A a significant improvement in
output light intensity efficiency was achieved. In conclusion
the preparation of treated devices from PmPV had a positive
effect on device performance. This is shown by the higher
hole conductivities that were measured and the higher value
of the output light intensity and saturation current density
measured in the treated LEDs.
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