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Quenching of photoluminescence in a substituted polythiophene in the presence of a depgdagdr@s
studied by steady-state and time-resolved photoluminesdétge The steady-state PL is evaluated by con-
sidering the interference of the absorbed and emitted electro-optical field in the thin film coupled to exciton
diffusion in the conjugated polymer. PL quenching occurs for excitons generated within 5 nm from the
heterojunction. A blueshift of the polymer emission spectrum is observed wkgeis @eposited on top of a
polymer thin film. The blueshift is shown to be caused by PL quenching before the excitation is transferred to
the lowest-energy sites.

INTRODUCTION have used the polymerginterface to estimate the diffusion
range in conjugated polymets® In devices made of

Photovoltaic devices made from conjugated polymers angolymer/G, heterojunctions, the interpretation is made more
Ceo molecules have attracted much interest due to the effidifficult due to the mode structure of the incident optical
cient charge separation of excitations between conjugateelectric field, which can either enhance or decrease the field
polymers and &, Following absorption of photons in the at the interface of polymerj due to the presence of a
polymer, electron transfer from the polymer tgo@ccurs in  highly reflecting contacusually aluminum and also the
the subpicosecond range while the back transfer is on thabsorption of photons in dg contributing to the photocur-
order of milliseconds. This makes the charge separationrent. In order to decouple the quenching process from the
very efficient and promises efficient charge collection at condevice performance we have performed photoluminescence
tacts of devices made of polymeggblends or heterojunc- quenching experiments on polymegi@eterojunctions.
tions. Small amounts of g mixed with conjugated polymers

can quench the photoluminescence by a few orders of mag- EXPERIMENTAL METHOD
nitude, but in such systems the charge collection at the con-
tacts is hampered by the formation of isolategl @gions Details of the synthesis of pd§{4'-(1",4",7"-

which are not connected to the electron-collecting contact. Itrioxaocty)phenylthiopheng (PEOPT, shown in the inset
order to make a continuous path ofCto the electron- of Fig. 1, can be found elsewhet&hin films were made by
collecting contact, the £ content must be close to 50%. The spin-coating filtered ¢=0.45um pore sizg¢ polymer solu-
performance of polymerigg diodes is therefore much depen- tions (chloroform on top of quartz substrates. The polymer
dent on the morphology of the blend. Polymeg®@etero- film thickness was controlled by varying the polymer con-
junctions have the advantage of being much better definedentration(10—0.46 mg/ml but keeping the spin speed con-
than blends due to the continuous hole and electron transpastant (1000 rpm). Solvent was removed from the films by
path to the contacts. In addition, the well-defined interface iplacing samples in dynamical vacuurP<1x10 6 Torr)
suitable for studying the charge separation process. As thier 1 h. For the thick polymer films, thicknesses were mea-
excitation transfer between the conjugated chains occurs isured with a Dektak 3030 profilometer. The surface rough-
picosecond$;? faster than the lifetime of the excitons, the ness of the quartz substrate was measured with atomic force
excitons have time to diffuse from the bulk of the polymer microscopy and found to be about 1-2 nm. The polymer/air
material to the interface of polymer{gwhere the charge surface was also smooth and had a surface roughness similar
separation occurs. The electron transfer is dependent on the that of the quartz substrate. Thgy#polymer interface was
electron transfer range, i.e., the transfer rate depends on tiséudied with ellipsometry and was found to be shagpthin
overlap of the electronic wave functions of donor and acceplayer (<5 nm) of Cg, molecules was evaporated® €1

tor, and since the electron wave function falls off exponen-x 10~ Torr) on part of the polymer film. As theggcovered
tially with separation of donor and acceptor, the transfer rat@nly part of the polymer film, the photoluminesceriee) of

will follow the same distance dependence. Several authorthe polymer with and without £ could be measured with
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FIG. 1. PL spectra of a 7.3 nm polymer film with and withouta  FIG. 2. Absorbance spectra of polymer films of varying thick-
4 nm G layer on top(the intensity from the polymer film with nessegdotted lineg as well as for the same samplestwi 4 nm
Cso on top is lowey. The chemical structure of Cgglayer on top(solid lines.
poly{3{4'-(1",4",7"-trioxaocty)phenylthiophen¢ (PEOPT is
given on the left side. nealed films, the absorbance and emission spectra are much

redshifted due to a planarization of the main chains, indicat-

only a small translation of the sample, thus making errorsng a much higher intermolecular interactidhe long red
due to sample variations small. The complex index of refractail in the absorbance spectra for energies below 2.1 eV is
tion,n= n+i«k, for the polymers and §gwas measured with due to reflections at the different interfaces air-substrate-
spectroscopic ellipsometiyd. A. Wollam Co., Ing. Optical  polymer-Gy,. By using the complex index of refractiom (
absorption spectra were measured on a Perkin-EIn®er = 5+ix) as obtained from ellipsometry for the polymer,
spectrometer. Steady-state emission spectra were collect€, and the substrate, we simulate the absorbance spectra
by exciting the samples with monochromatized light cen-and can from that extract the polymer thickness. Thicknesses
tered at 2.34 eV from a tungsten lamp, and detecting thextracted from linear absorption showed good agreement
emission with an Oriel Instaspec IV diode matrix spectrom-with thicknesses obtained from the profilometer measure-
eter. Time-resolved fluorescence spectra were measured byent (for thick films where the profilometer could be uged
exciting with 3.1 eV radiation from a cw mode-locked and and the red tail is also reproduced. We observe that thick-
frequency-doubled Ti:sapphire laser generating 80 fs pulsesesses extracted from the linear absorption of the film scale
[full width at half maximum(FWHM)]. A Hamamatsu streak linearly with the concentration of the solution used for spin-
camera(FESCA with an apparatus response function of 1.3coating the film.
ps (FWHM) was used to collect the time-resolved spectra. The relative quenching, i.e., the reduction of the number
To avoid degradation, samples were put in a basing the  of emitted photons, when (g is deposited on top of the
quartz substrate as window with polymer layer facing intopolymer film, normalized to the number of emitted photons
the box and flushed with nitrogen for 5 min prior to excita- of the neat polymer film, is shown in Fig. 3. When the poly-
tion. Excitation was performed witkpolarized light through  mer film thickness is decreased, a larger portion of the total
the substrate at 45° and the emission was collected normal tfumber of excited states can reach the polymgyrit@erface

the substrate surface. and hence the relative quenching increases. We have mod-
eled the quenching process of the excited states inside the
RESULTS AND DISCUSSION polymer layer by using a one-dimensional continuity equa-
Photoluminescence spectra of a tHin3 nn) polymer flon as
film with and without G, on top are shown in Fig. 1. The  jn(z,t) n(zt) n(z,t) g(zt)
quenching of the PL for the sample withyd®n top is obvi- e 27 —S(z)n(z,t) + hy
ous and is attributed to efficient electron transfer from the 0 )

polymer donor to the g acceptof The PL spectrum of the

neat film is redshifted by 0.2 eV with respect to the PLwhere the change with time of the excited-state density
spectrum of the same polymer in solutibhe different  n(zt) is given by an exponential decay with time constant
shape of the PL spectrum in the filtbroad compared to 7 (intrinsic PL decay in neat filijnand the second term is the
that found in solution(narrower transition with clear vi- one-dimensional diffusion characterized by the diffusion co-
bronic progressionindicates that emission from aggregatesefficient D. The third term describes the electron transfer at
contributes to the steady-state PL in films. The PL spectrunthe polymer/G, interface(S is set to zero when no g is

is blueshifted relative to the spectrum of the film without deposited on the polymerThe generation term(z) is given
Ceso, When G is deposited on top of the polymer film. In in W/m®, which, divided by the energy of absorbed photons
Fig. 2 absorbance spectra of polymer films with and withouthr, gives the rate of excited states generated perHqua-
Ceo are shown for different polymer thicknesses. Absorbancéion (1) is simplified by assuming an infinite surface quench-
spectra are broad and structureless and no or very little longng rate at the polymer/§g interface, with noz dependence.
range order is expected in these spin-coated films. For arHence, the surface quenching term in the equation can be
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As the emitted light is detected through the substrate, the
© emitted light will be modulated by interference in much the
same way as the absorbed light. To model the interference of

quariz substrate Polymer  C
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neat

iE the emitted light, we assume, at a positiowithin the poly-
58 osf Ploomarcss o 4 mer film, two plane waves with amplitudés, emitted(co-
gt PLoy herently in the positive and negative directions. For the
T g . . . . -
5 ol / | §|mplest case with only one refleg:tmg interface w!th refl_ec-
g3 Excitation tion coefficientr at the polymer/air interface, the intensity
ey emitted through the substrate will be proportional to
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~ FIG. 3. The relative quenching of the polymegQeterojunc-  where ¢ is defined ag =|r|e'?, andE, is the plane wave
thn for. dlﬁgrent polymer quer thl.ckngssédlamondsn together emitted from the polymer emitter at a distanzérom the
with a fit using Eq/(2) assuming a diffusion length of 5.3 nfsolid g hstrate/polymer interface. The electric field traveling to-
line). For comparison, the relafive quenching assuming an exponenya g the substrat&,, will interfere with the field reflected
tial decay of the incoming radiatio.g.,| =1,e~*%) for diffusion at the polymer/air interfacﬁore‘”””(d’z)“ hence giving a

lengths 5.3 nm(dashed I!nke anq ! nm(brokep-dashed I!r)eare strong modulation of the transmission of light generated at
shown. Also shown is a simulation of the relative quenching assum-

ing no quenching at the interface between the polymer and ghe Cdr:ffetrent p0_5|t|_0ns \?V'r.h'rr:tthe polytmgr Trtnh. We h_a_ve .(tjﬁfmed
layer, i.e., the contribution due to interference of absorbed and emitt- e transmission Or lignt generated a e positowithin

- . . . _ 2
ted light (dotted ling. Inset shows the sample configuration and the _polym_er f”m_W'th intensityl o= |Eo| _asl_(z)/lo, Where
how the sample is excited. the intensityl (z) is a plane wave traveling in the negatixe

direction(in Fig. 4) through the quartz substrageote that a
transmission larger than unity is feasiplén the real simu-

the polymer/G, interface is used, for polymer thickneds lation, a full analysis with all interfaces is taken into account.
At the polymer/air and substrate/polymer interfaces the sur- When_ f|tt|_ng the steady-state data to_m‘_”e can set_the
face quenching is assumed to be low and the boundary cofime derivative to zero and assume an infinite quenching rate
dition an/dx=0 is used. at the polymer/g, interface. The only fitting parameter will
As the excitation is impinging through the quartz sub-then be the diffusion length defined as
strate, as shown in Fig. 3, there will be a considerable _ b
amount of interference when light is reflected at the polymer/ La= VD 7o. )
air interface and a pure exponential decay of the excitatioRhe pest fit(displayed in Fig. 3, solid lineis obtained for a
light inside the polymer film is not expected. Therefore, thetysion length of 5.3 nm. If the interference inside the thin

distribution of excitons generated inside the film with andims is neglected and an exponential attenuation of the light

Witt“’“t Ceo is calculated by taking the derivative of Poynt- jntensity inside the film is assumed, the data points cannot be
ing’s vector with respect to distance inside the polymer filmsitiaq with the same precision. This is shown in Fig. 3 for

z, giving two different exciton diffusion length€5.3 and 7 nm The
dotted line in Fig. 3 shows a simulation of the resulting sig-

removed and the boundary condition(z=d)/dx= —« at

_ Cepam 2 —az 2wz nal if no exciton quenching occurs at the polymeg/@ter-
9(2)= 2 E.(0)|"e"*+|E_(0)% face. The lowering of the PL signal is thus due to interfer-
4 ence effects in the thin film.
* ™1 In the lower panel of Fig. 4 the optical mode structure is
2B+ (OE-(0) COﬁ( X 7Y @ shown, for light incident from the substrate sith 45° to

the substrate normalinside a 60 nm polymer film. Two
whereE, (0) andE _(0) are the calculated electric fields in effects due to interference are found. First, the absorption at
the polymer film at the polymer/quartz interface=(0) trav-  the polymer/G, or polymer/air interface is higher than at the
eling from the interface into the polymer filfplus sign and  substrate/polymer interface, which is certainly not the case
through the interface into the substrateinus sign. E_(0)* when an exponential decay of the absorbed light is assumed.
is the complex conjugate d&_(0). Theabsorption coeffi- Second, the absorption in the polymer will be lower when
cient is denoted byy, 7 is the real part of the polymer re- Cg, is deposited on the film due to an additional phase shift
fractive index, andy is the relative phase betwedh, (0)  and absorption of the reflected beam. With thickgg f@ms
andE_(0)*. With an angle of incidence other than normal, the differences will increase. In the top panel of Fig. 4 the
Eq. (2) will be modified, but still thez dependence can be transmission of light generated at different positions in the
expressed by the two exponential functions and the cosinpolymer film is shown. Light generated close to the polymer/
term. The electric field is calculated assuming that no interair interface has much higher transmission than light gener-
ference is present throughout the 2 mm quartz subsivatg  ated further away from the polymer/air interface. The strong
incoherent transmissipnwhereas there is interference in the modulation can be understood by considering the high re-
thin polymer and &, layers. fractive index(1.8) of the PEOPT film at the emission wave-
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3 ® s presence of quenching sites. With,@n top of the polymer,
E 0.001 | \ i the PL decays with a time constant of only 15 ps. The faster
S \ decay of the polymer/§s film compared to the neat film
! must be due to quenching of excitons at the polymgy/C
ot \ ) ! L ) E interface. The yield of the quenching proce®s,can be es-
10 0 10 20 30 40 50 60 70 timated from the time COﬂStantQZl—(Tpo|ymer/(~60/Tnea)
z(nm) =1—(15ps/50 ps¥0.7. Solving Eq(1) at steady state, we

FIG. 4. The lower panel shows the calculated power excitationObtain an expression for the yield of the exciton quenching at

densityg(2) of a 60 nm polymer film excited at 2.34 eV, normal- the interface(assuming a cons_tant excitation dens_lty across
ized to the incoming intensity. The axes thus show the fraction of€ Polymer layer expressed irL and Lq wherel is the

the incoming intensity absorbed per length unit. The different lineshickness of the polymer layer aig is the exciton diffusion
are the absorbed power density for a neat fithin solid ling and  length:

a polymer film with a 4 nm film of G, on top (dashed ling The

excitation density assuming an exponential decay of the incoming L L
radiation(e.g.,I =1ye™ %) is shown(thick solid ling. Also shown is Q= —tanl‘( _d) ) (5)
the steady-state power density with an infinite sink at the Lq L

polymer/G, heterojunction and a diffusion length of 5.3 nm
(broken-dashed line The upper panel shows the calculated trans-Setting Q equal to 0.7 we obtai4/L=0.85 and withL
mission of the polymer emission from different poizts the poly- =5.6nm a diffusion length of 4.7 nm is found. A corre-
mer film, to a point outside the quartz substrégee text for more sponding diffusion coefficient of 4510 3 cmé/s is obtained
details. The transmission is shown for the case of a neat polymeyith the excited-state lifetime of 50 ps. The diffusion coef-
film (thin solid ling and a polymer film with 4 nm g on top  ficient obtained is an order of magnitude lower than that
(dashed ling obtained by Haugenedest al. in a ladder-PPP polpara-
phenyleng in a similar PL quenching experimehfThis is
length (2.07 eV}, which will give a reflection coefficient of consistent with the high disorder in this material in compari-
0.28 at the polymer/air interface. An estimate of the maxi-son with the highly ordered ladder-PPP.
mum transmission, using Ed3), then givesl(z=d)/l, In the discussion above we have described the quenching
=(1+0.28¢=1.63 for an emitter at the polymer/air inter- of the excitons at the interface by an infinite sink, which is an
face and a transmission df(z=d—-60)/1,=0.72 for an oversimplification. A more realistic model would include an
emitter at a distance of 60 nm from the polymer/air interfaceelectron transfer function of Marcus typ®i.e., an electron
In Fig. 4 the transmission is somewhat different as multipletransfer rate decreasing exponentially with the separation of
reflections inside the structure are used in the calculations. ldonor and acceptor. With a typical transfer length of about 1
total, the effect of the interference will be a much higherA the result would not change significantly. Time-resolved
sensitivity to the absorption and emission processes close fghotoinduced absorption measurements on MEH-PRyV/C
the polymer/G, or polymer/air interface, which is desired in poly(2-methoxy,5¢2’ ethyl)-hexyloxy-p-phenylene-vinylene
the experiment. heterojunctions indicate a much longer transfer length, which
The PL decay of a 5.6 nm neat polymer film with and was attributed to extended delocalization of the polymer
without Gy, on top detected at 2.07 eV is shown in Fig. 5. wave functiont!
With a Gy, layer evaporated on top of the polymer layer, the  From measuremerifsof the intrinsic persistence length
PL decay is much faster than for the neat film. The initialof P3HT poly3-hexylthiopheng(2.1 nm, a rough estimate
decay of the neat film has a time constant of about 50 ps anof the transfer distance would be half a conjugation length,
is nonexponential on longer time scalg®t shown, which  i.e., about 1 nm. Here we have omitted the fact that the
is indicative of a diffusional motion of excitations in the spatial distribution of the polymer wave function is one di-
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FIG. 7. Normalized time-resolved PL spectra of polymer with
(gray line and without(black line Cgy 0n top, at 3 and 50 ps after
excitation with an 80 fs pulse at 3.1 eV.

FIG. 6. Normalized steady-state PL spectra of polymgy/C
double layers with varying polymer thicknesses. Thg @yer is
approximately 4 nm for all samples.

Cgo 0N the polymer conformation, this would be even more
Bronounced on short time scales when the exciton density
close to G is higher. The time-resolved PL spectrum mea-
sured at 3 ps with and withoutggon top of the polymer film

is shown in Fig. 7, and as no substantial difference can be
) ' TOMund between the spectra a conformational change of the
pe_netr_atlorl13 of &o moleculeg to _the polymer film polymer due to the presence of thgy,dayer can be ex-
(diffusion).™ We do not try to distinguish how much of the cluded. On longer time sales, the PL spectra of the neat poly-

initially created exciton density is quenched on a subpicosecﬁ1er film and of polymer/g, match each other. From this we

ond time scale due to electron transfer, prior o exciton dif-,, oy, ge that the energy of the segment on which the exci-
fusion, and how much is quenched due to exciton diffusion

. . tons reside does not influence the probability of the exciton
However, we notice th_at there are No SIgns of ultrafast decaMeing transferred or transported toward the interf@eethis
qf the PI.‘ Kinetics in Fig. 5, p_robab_ly implying that the frac- time scal¢. By monitoring the time-resolved PL spectra at
tion of d|rectly quenched excitons is small. Fror_’n the. steadya- ferent times after excitatioFig. 8 we see that the red-
state quenchlng da.ta we can extract a quenching distance ift of the spectrum is substantial even after the initially fast
~5 nm and a diffusion length presumably shorter than 5 NM,1axation of 5 bs

With the Gyg/polymer sample, the emission spectrum of '
the polymer is blueshifted compared to the neat film. The
blueshift gradually increases as the polymer film thickness is
decreasedFig. 6). Thus, the blueshifted emission originates
from polymer segments close to the polymeg/@iterface L
and for the thickest film, with g on top, the emission spec-
trum is almost identical to that of the neat polymer. For the
thick film, emission far from the interface will not be af- -

fected by G and hence the blueshifted emission gives only g m 200 ps

a small contribution to the total emission, and cannot beg

resolved. - 100 ps
Blueshifted polymer emission caused by the presence o

Ceo has been observed for P3HEiblends!* as well as for 50ps

blends of PPV(MEH-PPV) and Go.® A conformational - //‘\\ 206

mensional rather than three dimensional, which leads to a
overestimate of the transfer distance.

The real quenching distandé the absence of exciton
diffusion) may be longer, due to a rough polymeg4nter-
face resulting from rough polymer surfaces as well as fro

ormalize

N

change of the polymer backbone due to presencegph&s
been suggested to cause the blueshifted emidsionhet-
erojunctions, the interaction between the polymer apg C B
will be limited to the uppermost polymer layer facingC

As electron transfer has been shown to be very fast, the
polymer segments in contact withy@3would give very little
emission due to the competing electron transfer. The contri- 18 19 2 21 22 23 24 25 2§
bution from this interface layer to the total PL is therefore
believed to be negligible. A change in the polymer confor-
mation at the interface would therefore not explain our ob-  F|G. 8. Normalized time-resolved PL spectra of neat polymer
servation of a blueshift of the PL spectra for thin films with fim at different times after excitation with 80 fs pulse at 3.1 eV.
Ceo On top. To investigate this hypothesis we have measuretihe spectra are displaced relative to each other along the vertical
the time-resolved PL spectra. If there were an influence o#xis, for clarity.

10 ps

6ps

3ps
1

Energy (eV)
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As the PL decay is much faster withggCon top of the Ly« describing the number of excitons in the polymer film
polymer film, the reason for the blueshift of the steady-statehat can reach the interface. By decreasing the density of side
PL spectrum of the polymer film with & on top is the chains relative to the conjugated backbones, the absorption
higher contribution to the time-integrated spectrum fromcoefficient can be increased. The diffusion coefficient will
nonrelaxed excitations with high energy. This must be a genalso increase with shorter interchain distances. Furthermore,
eral result for polymers with broad distribution of site ener-order in the material will increase the diffusion coefficient.
gies due to conjugation breaks and interchain interaction. Ordering and close packing might also have a negative ef-

We can estimate the efficiency of incident photons con{ect, by facilitating the formation of interchain excited states,
verted to electron$IPCE) for a polymer/G, heterojunction  which will quench the intrachain excitons. Thus the lifetime
photodiode, based on the PL quenching distance. With thef the intrachain excitons will be lowered and the diffusion
imaginary part of the refractive index=0.276 at 2.61 eV length will be reduced. An optimization of the density of side
the absorption coefficient istx=4mk/\=7.3x10%cm™L. chains might then give an optimal performance. Extrinsic
Together with the measured diffusion lendth, the total  defects such as residual impurities as well as chemical im-
amount of collected charges would bga~0.029. In a de- perfections(cross links and carbonyl formatipmwill reduce
vice, the electron-collecting contact is usually aluminum andthe PL lifetime and the purity of the material should there-
with constructive interference with the reflected optical field,fore be as high as possible. The short PL lifeti(B® p9 is
almost twice as much light can be generated at the interfadémiting the diffusion length of the polymer and must be due
giving a maximal IPCE of approximately 6% for a double- to quenching sitegextrinsic or intrinsi¢. Further insight into
layer device. Recent results on such a polymgyi@tero- the nature of the quenching mechanism is necessary to in-
junction photodiode indicate a much higher IPCE, due tocrease the PL lifetime and the device performance in hetero-
photocurrents originating from light absorbed in thg,C junctions.
layer® Careful modeling of the photocurrent action
_spectrurﬁ gave a dlffu5|on_ length in the polymer of 4.7_ nm CONCLUSION
in excellent agreement with our PL quenching experiment.

The good agreement between the steady-state PL quenching From our results, we find a PL quenching range of 5 nm
distance and the quenching distance from the photodiodm the polymer PEOPT in the presence of g lDterface. The

modeling supports our observations of a sharp interface beshort range is attributed to the high disorder in the material in
tween the polymer and & combination with quenching traps, which prevent the exciton

The absence of polymer{ginterdiffusion can be further from diffusing long distances before being quenched by the
supported by parallel studies of another polythiophene de€q, interface. The quenching range agrees very well with
rivative. Here we know that the polymer is well miscible modeling of the photocurrent in devices made of such het-
with Cg.” In heterojunctions between this phenyl-substitutederojunctions. Only a small fraction of the absorbed light in
polythiophene  {namely, poly [3-(2'-methoxy-  the polymer in such devices contributes to the photocurrent,
5’-octylpheny)thiopheng} and G, annealing of the hetero- by being converted to free electron-hole pairs. A blueshift of
junction gives an increase of the relative PL quenching comthe steady-state PL spectrum is a consequence of competi-
pared to that in heterojunctions that have not been annealetion between the fast quenching of excitons at the
The PL spectra and PL yield of the neat polymer film did notpolymer/G interface and a slower spectral diffusion toward
change on annealing. The polymer contribution to the phothe bottom of the density of states in the conjugated polymer.
todiode IPCE made from an annealed heterojunction waklence, for thin films, the excitations will be quenched before
lower than for the devices that were not annealed. Our interthey have reached the redshifted sites to be emitted as PL.
pretation of the result is that annealing makeg @iffuse
into the polymer film and efficiently qugnch the p_onmer PL ACKNOWLEDGMENTS
but the electrons cannot be collected in the device since no
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