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In this work we address the dynamics and stability of calcium/PPV and barium/PPV interfaces during and
after deposition of the metal. Diffusion of calcium and barium into,Ofg PPV is studied with low energy ion
scattering LEIS) and x-ray photoelectron spectrosca@{PS). During metal deposition the diffusivity is found
to be orders of magnitude higher than after deposition and the diffusion coefficient was found to be dependent
on the metal concentration in the PPV. Furthermore, the amount of metal inside the polymer films was found
to depend on the deposition rate. These observations were explained in a two-stage diffusion model. In the first
stage atoms land on the surface and diffuse fast into the polymer and in the second stage metal ionizes and is
trapped and diffusion is strongly decreased. The diffusion coefficient of barium into PP¥288 K is found
to be almost an order of magnitude lower than the diffusion coefficient of calcium into[FP85+0.05
X 107%°m?/s and(2.7+0.4 X 10722 m?/s, respectively Furthermore, the activation energy of the diffusion
process of barium into PPY0.75+0.07eV is significantly higher than the activation energy of the diffusion
process of calcium into PPY0.62+0.05 eV. The difference in diffusion coefficient and activation energy
between calcium and barium are discussed in terms of an Arrhenius law of diffusion. Finally, polymer LED
performance was studied as a function of the amount of metal diffused into the polymer layer. It was observed
that the light output and the efficiency decreased as the amount of metal in the PPV increased. This indicates
that the metal ions form charge carrier traps and exciton quenching sites in the PPV.
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I. INTRODUCTION For noble metals, it has been observed that slow deposi-

Since the discovery of light emitting conjugated t@on leads to higher amounts o_f metal ins?de the polymer
polymerd polymer light emitting diodes(PLEDY have f|Im,13_t_herefore we al_so |nvest|gated_the influence of the
received much attentiotr* Polymer based devices are deposition rate on the interface formation.
considered promising candidates for full color, cheap and Finally, the consequences of metal diffusion into PPV
flexible displays. The most simple PLEDs consist of anfilms on polymer LED performancefficiency and light out-
emitting polymer layer [often derivatives of poly- put at a specific voltagevere investigated. Therefore poly-
p-phenylene-vinylen¢gPPV)] sandwiched between an anode mer LEDs with cathodes prepared under various conditions
[usually ITO (indium tin oxide] and a cathode(e.g., Wwere characterized.
Ca,Ba,Al.

In previous studies on interface formation between cal-
cium and PPV the focus was mainly on the electronic struc- Il. EXPERIMENT
ture of the interfac&® The dynamics and the stability of the . . hotoel
metal/PPV interface have not received much attention so farfA" Low energy ion scattering (LEIS) and x-ray photoelectron
However, it was suggestédhat the interface stability does spectroscopy (XPS)
play an important role in PLED degradation. Diffusion of  In principle low energy ion scatterify(LEIS) character-
metals into PPV derivatives and PPV model systems duringses the elemental composition of the outermost atomic layer
deposition has been obsen&d? but the dynamics of the of a sample. A beam of low energy noble gas ions
diffusion process was not investigated. Furthermore, it ha¢3 ke\VPHe" and*He" in our casgis directed onto the sample
been shown that PLEDs with barium cathodes have betteand the energy spectrum of the backscattered ions is mea-
efficiencies and longer lifetimes than devices with calciumsured for one specific scattering geomeitize scattering
cathoded. The suggestion was made that metal diffusion ancangle is 145§. The energy of a backscattered ion depends on
doping could be the reason for this observation. However, fothe mass of the target atom and, therefore, the energy spec-
deposition of barium on a PPV derivative with oxygen con-trum of scattered ions reflects the atomic mass distribution of
taining sidegroups it is found that a BaO overlayer isthe sample surface. The incoming ions that do not scatter at
formed?? inhibiting diffusion. atoms in the outermost layer, penetrate the sample and are

In this paper we focus on the diffusion of calcium and neutralized. LEIS is surface-sensitive because the analyzer of
barium into OGC,PPV. Diffusion coefficients are derived the detection system only accepts idfhgzurthermore, the
from time-dependent low energy ion scatterihgEIS) mea-  analyser is rotational symmetric and accepts ions over a 320°
surements and activation energies of diffusion are derive@zimuthal range which greatly enhances the sensitivity and
from temperature dependent measurements. The diffusiomakes it possible to perform measurements with very low
coefficients and activation energy are used to describe thdoses(~3X 10*?ions/cnf) and thus low sample damage.
diffusion of calcium and barium into PPV with a diffusion ~ When measuring calcium or barium surfaces with LEIS
model. the interpretation of the experiment becomes more complex
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because the reionization probability of these materials is very 120~ o

high1® As a consequence, He ions that are neutralized upon 5 oG J4
. L . c 1004 a on Si &3

penetration of the sample can be reionized upon emerging E=2 Gaussian fit € ©

from it. Thus not only calcium/barium atoms at the surface, £ = 804 ®

but also calcium/barium atoms which are located below the w § -

surface contribute significantly to the LEIS spectrum. The ge 601 ﬁ

He atoms lose energy along their trajectories in the sample % 2 0] un 3

and therefore calcium/barium in deeper layers leads to a con- E . Ncﬁb%

tinuum at the low energy side of the calcium/barium surface 2 2 W ‘

peak in the LEIS spectrum.

XPS measurements were performed with Klg radia-
tion (E=1253.6 eV from a VG twin anode source using the Energy (eV)
same analyzer as in the LEIS experiments. The samples were FIG. 1. Typical LEIS spectra of calcium on PPV and of calcium
tilted 45° with respect to the analyzer. The samples weren silicon(Ca surface coverage 24+ 3% easured with 3 keVHe
measured on consecutive times after deposition. Betweefns. The calcium peak in the spectrum of the Ca/Si sample is not
two measurements the samples were moved away from tHgoadened and represents the shape of the calcium surface peak.

x-ray beam to prevent extensive sample damage. The featu_re at~1850 eV and the cont_in_uum at energieg bglow
1850 eV in the Ca/Si spectrum are originating from helium ions

scattered at silicon. The calcium peak in the spectrum obtained from
the Ca/Si is fitted with a Gaussian peak. Width and position param-
eters of this fit were used to derive the calcium surface peak from

Glass/ITO/PPV samples used for LEIS/XPS measuresSPectra measured on Ca/PPV samples. This was done by overlaying
ments were prepared as follows. The glass/ITIDO nm the high energy side of the calcium peak of the Ca/PPV with the
ITO, Merck) substrates were first cleaned by ultrasonic treatS2Ussian peak determined from the Ca on Si. The calcium peak
ment and successively with acetofiévasol, Merck and measured on Ca/PPV samples is broadened at the low energy side,

. because of reionization GHe ions scattered at calcium in deeper
2-propanol(Uvasol, Merck each for 10 min. Subsequently | . S
. ayers. Thus to obtain equal surface coverage much more calcium is
20 min of ozone treatment was performed. After ozone treat-

. needed on PPV than on silicon.
ment, the preparation chamber was evacuated and flushe
with nitrogen. Next, the samples were transferred to a glove ) - )
box (O, and HO< 1 ppm) without getting into contact with trical and optical ch.aracterlsncs were measured in the glove-
air and OGC,, PPV (poly [2-metoxy,5¢2 -ethyl-hexoxy- box and here also impedance spectroscopy was performed.
p-1,4-phenylene vinylee was spin-coated from a
0.5 wt. % PPV in toluene solution onto the glass/ITO sub- . RESULTS
strates. Next, the samples were transported in an airtight con-
tainer in a nitrogen atmosphere to the LEIS/XPS setup. In a
separate compartment of the LEIS/XPS setup calcium or First the interface formation between calcium and
barium was evaporated and in some cases heat treatment w@€,C,-PPV and calcium and silicon will be described. Cal-
performed. The pressure during evaporation of calcium andium was deposited onto PPV films and on silicon substrates
barium was~1x 107 mbar. The deposition process was until the surface was for~25% covered with calcium as
done for one sample at the time. The LEIS experiments weremeasured with LEIS; see Fig. 1. On silicon, calcium will
carried out with 3 keV Heions (*He" for calcium and*He®  form an overlay at the surface while on PPV calcium will
for barium) in a background pressure o510 1° mbar and  diffuse during depositio#’ Thus to achieve a surface cover-
the dose wag3 to 5 X102 ions/cn? per measurement. age of~25% on PPV much more calcium than the equiva-
For PLED preparation, substrates of glass covered witllent of ~25% of a monolayer is neede@ total of ~3
ITO were cleaned as described above and an@EPPV X 10'° at/cn? calcium was depositedThe peak broadening
layer was spin-coated. Then, the specimens were transferred the low energy side of the calcium peak measured on
from the glove box into the transfer chamber of the evapo-Ca/PPV sampleg-ig. 1) indicates that no sharp interface is
ration setup without contact to air. Next, the transfer chambeformed?’ Note that surface roughness of the PPV does not
was pumped down to8 1077 mbar in about 20 min and the influence the width of the calcium peak in the LEIS spec-
samples were transported to the evaporation chamber. Hergram. The maximum of the calcium peak in the LEIS spec-
80 nm thick calcium cathode was evaporated from an effutrum measured on a PPV film covered for 24+2% with cal-
sion cell. The deposition rate was varied between 0.3 nm/sium is found at slightly lower energy compared to the
and 0.003 nm/s for both calcium and barium, by varying thecalcium peak in a LEIS spectrum measured on silicon
evaporation temperature between 380°C and 50Q0fiGhis  sample covered with 24+2% calciu(fig. 1). The calcium
range calcium and barium have almost identical vapour prepeak measured on the Ca/PPV sample results from He ions
sure. The pressure during evaporation wa$ x 107" mbar;  scattered at calcium at the surface and He ions, which pen-
the residual gas consisted almost entirely of hydrogba  etrate the sample, neutralize, scatter at subsurface calcium
partial oxygen and water pressures were lower than the dend reionize at calcium at the surface. This interpretation of
tection limit of our mass spectrometéx10™° mbay. Elec-  the peak shift was confirmed by measuring a LEIS spectrum
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B. Sample preparation

A. Diffusion of calcium and barium into PPV
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for a thick calcium layer(>>10 nm) on silicon. In this case
the maximum of the calcium peak was also shifted to lower
energies. It is important to note that conversion from the
measured yield to a concentration depth profile involves two
different conversion factors. The surface contribution can be
calculated using the scattering cross section and ion survival
probability, while for the subsurface calcium the scattering
cross section and the reionisation probability have to be
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taken into account. Note that the ion survival probability of 0 0100150200 250 800
He ions penetrating in deeper layers is insignificantly time (minutes)
small4

From spectra measured on silicon samples with a sub- FIG. 2. Calcium surface peak areas measured on a Ca/PPV

. ., - .~ sample with LEIS as a function of time after deposition. The sur-
monolayer of calcium the position and width of the calcium . . . . .
face peak area is derived from a Gaussian peak fit to the calcium

surface peak can be derived using a Gaussian ﬂt'. W't.h th ak. The diffusion moddEq. (2)] is fitted through the measured
shape parameters of the Gaussian fit, a good estimation Eints. A diffusion coefficient ofD=(2.7+0.4 X 1023 m2/s is

the area of the surface peak in LEIS spectra measured frofj} . ineq.
calcium on PPV can be made.

By measuring LEIS spectra at consecutive times after . . .
deposition, it was found that calcium disappears from th ompared, even ik gs IS not chosen correcii, is set to
surface after deposition. It should be noted that the time scal e equa}l to the normalized LEIS signaltat2 min (the first
for the calcium disappearing from the surface is lgagew ata poin)t. The result of the fit of Eq(2) to the decrease of

S ; the calcium surface peak is shown in Fig. 2. A diffusion
hourg compared to the evaporation tifie20 9. It was veri- < L 232
fied that calcium really diffuses into the film and does not getcoefflment for calcium into PP\./ .0f2'7i0'4 X107 m /§
was found. In Sec. IV A the validity of the above-explained

oxidized by the residual gas. This was done following the

calcium LEIS signal in time of a thick layer of calcium on apE)rrr(])a((:jhﬁto _desc:cibelthe diffusi(;r;{//vill be dliscussqu.d ith
silicon. In this case the calcium signal did not drop signifi- e diffusion of calcium into was also studied wit

cantly in time. In addition none of the measurements showe PS. By ?nco_rporating the con.centration pr(_)file derived
an oxygen peak in the LEIS spectrum. Furthermore, XP rom the diffusion mode[Eq. (1)] into the equation for the
measurements did not show a change of tiiésDpeak be. Intensity of the XPS signaf, the diffusion coefficient can be

. P erived from the XPS measurements. The diffusion coeffi-
fore and after calcium deposition indicating that no Cao wasgient was derived by fitting the XPS () peak area mea-

formed. In order to get a better understanding of the diffu- S S . .
sion mechanism a simple Fickian model has been applied ured at consecutive times after deposition, with the equation
or the intensity of the XPS signal as a function of the con-

fit the data. As a first approximation a model was adopted i . file:
which att=0's a planar layer of calcium is present at theC€ntration profile:
surface(x=0):18

Ixps= FS(E)O'(E)fOC c(x)eh oy, (3
0

M 2
c(x,t) = (WDtt)l/Ze x°14Dt. (1)

in which F is the flux of the incoming x rays3(E) is the

Herec is the concentrationyl the total amount of diffusing efficiency of the spectrometerr(E) the cross section for
SUbStal’lceD the diffusion CoeffiCientX the depth, and the photo emissionz\ the mean free path of the e|ectron’ athd
time. From LEIS measurements normally only informationthe angle between the surface normal and the direction in
about the outermost atomic layer is obtained. However, sinCghich the electrons are emitt¢d5° in all our experiments;
calcium and barium have a high reionization probabffity, note that the deviation of this angle caused by the design of
depth information can be obtained as well. The amount othe analyzer is one of the main contributions to the error in
calcium below the surface is however difficult to quantify the diffusion coefficient In order to simplify the problem,
due to unknown reionization probabilities. Consequently, thehe carbon concentration is considered to be constant in time
diffusion of the calcium away from the surface was mOdeledand the prefactorﬂz, SE) and O'(E)] are collected in a nor-
by fitting the decrease of the calcium surface peak area. mgjization factor; the normalization is done for the first mea-

To describe mathematically the decrease of the calciundyre point and used for all consecutive points. For the mean
surface concentrgtion by d'iffusion we integrate Eb).for  free path of electroné\), 3 nm is used, which is an average
x=0 tox=x g this results in obtained for polymer& In Fig. 3 the peak area of the

_1 1 Ca2p) peak is shown as a function of time. The(@a) peak
Mueis(®) = 2 Mierf(x e (4DD ™). @ area is normalized to the(@Cs) peak area to compensate for

The area of the surface peak was used to determine the difluctuations in the x-ray flux. By doing this, an error is made
fusion coefficient andx g5 is chosen to be 0.2 nmi~1  because the carbon peak area is considered to be constant in
monolayey. Note thatx, g5 is directly related to thésquare time, which is not the case, but this error is much smaller
root of the diffusion constanD, so by keepingx gis con-  than using the uncorrected data. The intensity of the XPS
stant, diffusion constants of different measurements can bsignal (3) with the concentration profile derived from the
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FIG. 4. Temperature dependence of the diffusion coefficient
FIG. 3. Calcium(2p)/carbon(1s) XPS peak area ratio measured measured with LEIS for both calcium and barium diffusion into
as a function of time after calcium deposition on to P@heé initial PPV for surface coverage of 25£2% and 20+2%, respectively.
surface coverage was 25+23% he intensity of the XPS signgB) ~ Equation(4) was used to fit the data; we obtained for calciby
with the concentration profile derived from a diffusion mode) ~ =7X10'*m?/s and E,,=0.62+0.05 eV and for bariunDy=3
incorporated is fitted through the data points. A diffusion coefficientX 107" m?/s andEq=0.75+0.07 eV.
D of (3+2) X 1022 m?/s is obtained.
and barium diffusion into PPV are shown in Fig. 4 for a
diffusion model(1) incorporated is fitted through the data temperature range from 25 to 80°C. Generally, an Arrhenius
points. From the fit to the XPS measureme(fgy. 3) we law can describe the temperature dependence of the diffusion
obtained a diffusion coefficient for calcium into PPV of coefficientst?

(3+2)x102°m?/s at T=298 K for a surface coverage of E
calcium of 25+2%. From LEIS a diffusion coefficient bf D= Doexp<— L“) (4)
=(2.7£0.9 X 102 m2/s was obtained. Thus with XPS and KT

LEIS within experimental error margins the same diffusionin which D is the diffusion coefficientD, the preexponential
coefficients for calcium diffusion into PPV were obtained. factor, andE,,, the activation energyE, is usually inter-

Until now we focused on the diffusion of calcium into preted as the energy barrier the ion has to overcome to jump
PPV films, but it has been showthat barium as cathode {4 the next potential minimum. The interpretation of the pre-
material results in higher efficiencies and longer lifetimes forexponential factob, depends on the diffusion model, HD
polymer LEDs. Furthermore, it has been reported that smafs generally considered proportional to the vibrational fre-
amounts of Bgequivalent to 30 Agive the best results for quency of the diffusing species in the potential minimum,
the PLED efficiency and lifetimé. which is determined by the local environmeBty and E,

In order to investigate differences between calcium andyj| pe discussed in more detail for calcium and barium dif-
barium diffusion for the used PPV derivative, barium wasf;sion into PPV in Sec. IV C.

deposited on PPV and with LEIS the decrease of the surface cajcjum and barium diffusion into PPV are clearly found
peak was measured in time. Subsequently, the diffusion cqp pe activated processes. From Fig. 4 an activation energy of
efficient was derived as described before for calcium diffu-g 62+0.05 eV is obtained for calcium into PPV abg was
sion. It was found that barium diffuses into the PPV and thegetermined to be % 1073 m2/s. For barium diffusion into
diffusion coefficient of barium is found to b€.35+0.05  ppy an activation energy of 0.75+0.07 eV was found and
X 1072 m?/s atT=298 K for a surface coverage of 20£2%. p, was determined to bex310°1 m?/s. The accuracy of the
ThLIS, the dlﬁU§|0n coefficient for bal’lu.m |n. PPV is Qbout an pre_exponentia| factor is typ|Ca||y within one order of mag-
order of magnitude smaller than the diffusion coefficient forpjtyde.

calcium in PPV.

C. Comparison between high and low metal deposition rates

B. Activation energy of diffusion It is well known from literature that the diffusion @hon-

Physical insight into diffusion mechanisms is generallyreactivg metals into polymers can depend on the metal
obtained by measuring the activation energy of the diffusiorfieposition raté2 To find out whether the diffusion of Ca and
process. Therefore, the diffusion coefficients of calcium andBa into PPV also depends on the deposition rate a series of
barium into PPV were determined at different sample temexperiments was performed with different evaporation tem-
peratures. These measurements were performed by heatipgratures, thereby varying the flux of metal atoms onto the
the sample after the measurement of the first LEIS spectruolymer surface. It should be noted that the difference in
and thus after the deposition of the metal. This is done tédhermal energy between the “slow” and “fast” deposited at-
avoid deposition on a heated substrate, which will certainlyoms (Tgo,~380°C andT,~500°Q is small (KT is
change the diffusion during deposition and therefore the ini~~0.01 e\j compared to the activation energy for diffusion as
tial conditions of the experiment. found in the previous paragraph.

For a number of temperatures diffusion coefficients were Figure 5 shows LEIS spectra of calcium and barium de-
derived as described in Sec. Il A. The results for calciumposited “fast” (~3x 10 at/cn?fs) and “slow” (~4
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FIG. 6. Depth profiles of barium in PPV for slow and fast depo-
sition [Fig. 5b)] as calculated from fits to the LEIS data with an
adapted version of TRIMRef. 22. A precise description of the
simulation procedures can be found in Ref. 23.

caused by the long time~15 min) between the moment the
first metal atom impeded on the sample and the first mea-
surement. In none of the “fast” deposited spectra the amount
of signal at lower energies was found to be comparable to the
amount of signal in the “slowly” deposited spectrum. This
implies thatduring deposition much more calcium penetrates
the sample thaafter deposition. Note also that if the evapo-
ration time was increased for the “fast” deposition case, both
the amount on the surface as well as the amount in deeper
layers increasesee Sec. Il D. Thus the difference between
“slow” and “fast” deposition is a real physical one and not
just a difference in timing of the processes.

If the reionization probability for He on PPV is assumed
to be zero and the fraction of He atoms that are reionized by
calcium is assumed to be linear with the surface calcium
coverage, calcium depth profiles can be calculated from a

metal surface coverage was 24+2% for calcium and 20+2% fol.EIS spectrum. First the complete LEIS spectrum is scaled,
barium. In the “fast” deposition experiments the metal was deposmaking the calcium surface peak equal to the surface peak in

ited in ~60 s (~3x 103 at/cn? s) while in the “slow” deposition
experiments it was deposited 15 min (~4x 102 at/cn? s).
The He ion dose was kept very low3 X 1012 at/cn?) in order to

prevent extensive sample damage.

a LEIS spectrum of a sample with a thick calcium layer
(>10 nm. Subsequently, the concentration is obtained by
dividing the signal of reionized He ions by the signal of the
reionized He ions of a thick layer of calcium. The depth scale
is derived using the stopping power presented in Ref. 21. The

X 102 at/cns) onto PPV. It is clear that right after deposi- results for the spectra of Ca on PPV presented in Fig. 5 are
tion (2 min) a lower amount of subsurface metal is presentshown in Table I.

for “fast” deposited samples than for “slowly” deposited

samples.

For barium on PPV simulations of the LEIS experiments
are performed using a modified version of the ion beam

The first spectrum measured on the “slowly” depositedsimulation program TRIM?2? A precise description of the
sample was compared to a series of LEIS spectra measureinulations is given by de Riddeet al?® The obtained
on the “fast” deposited sample. This was done to determinbéarium depth distribution for the LEIS spectra presented in
whether the large amount of subsurface metal present iRig. 5 is shown in Fig. 6. Clearly, the amount of metal below
“slowly” deposited samples directly after deposited, wasthe surface is larger for low deposition rates.

TABLE I. Amount of calcium at specific depths in the PPV layer, as a function of deposition rate. The
concentrations are retrieved from the LEIS spectra presented in @&g.fér the depth scales, stopping

powers from Ref. 21 were used.

Concentration at

Concentration at Concentration at

Depth 2 nm (X 10%* at/cn?) 4 nm (X10% at/cn?) 6 nm (X 10?! at/cn?)
Fast 7.6£0.5 4.2 2.2
Slow 7.7 6.0 3.3
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FIG. 7. Diffusion coefficients of calcium into PPV as a function Ty W
of the initial surface coverage d=298 K as obtained from LEIS 0 —T T T T T T
measurements. The deposition speed was kept constant for all the 6 1 2 3 4 5 6 7 8 9 10
coverages. The full line is an exponential fit through the data points. Depth (nm)

Note that the metal concentrations in the outermost layer FIG. 8. Depth profile of the calcium 2 min after deposition; the
of the polymer are smaller than the metal concentrations diprofile is obtained from the LEIS measurement. The depth scale is
rectly below the surface. Diffusion of metal into the polymer calculated with the stopping powers measured in Ref. 21. The con-
is enhanced because c;f the high surface energy of metatlribution of the He ions scattered from the surface was subtracted. A
compared with polymers, making it energeticall favorabled?ﬁuswity of (3000500 X 162°/s was found appropriate to fit
for n?etal atoms ?0 ge Situ,ated bel%w the ngple )S/urface ThIhe data. To indicate that the diffusion after deposition is slowed

‘Fown dramatically the calculated depth profile after 45 min with
will be discussed in more detail in Sec. IV B. For both fastp_35q0x 10—23m)2//s is also shown-pthep curve measured after

and slow depOSition’, mpre CaICil_Jm than t_’arium is _presenES min (not shown for clarity reasonds only slightly different
below the surface pointing to a higher calcium diffusion co-fom the spectrum after 2 min.
efficient during deposition.

The results presented in this paragraph establish that in-

terface formation depends on the flux of metal atoms to th% ielr:ltoiféggar?w)(lac?pvsmlggesﬁlzjir% ontsr':znéadr:ﬁusst;)nego;fgé o-
surface during deposition. ' g ystag P

sition the diffusion coefficient is expected to continuously
o o decrease when the metal concentration increases. Conse-
D. Dependence of the d|ffu5|or_1 coefficient on the metal quently the application of Eql) leads to an underestimation
concentration of the initial diffusion coefficient. Apparently the calcium
In the previous paragraph we concluded that the metafliffusion speed during deposition is even larger than the es-
diffusion in PPV depends on the flux of metal atoms comingtimate based on Fig. 8 and also much larger than the single
to the surface. In this paragraph the flux of calcium atomgon diffusion coefficient after deposition derived from Fig. 7.
coming(~3x 103 at/cnts) to the surface was kept constant Apparently, the diffusion process during deposition differs
but the evaporation time was varied. from the diffusion process after depositicsee Sec. IV B
Figure 7 shows the dependence of the diffusion coeffi- In order to find out more about the diffusion process dur-
cient derived with Eq(2), on the amount of calcium depos- ing deposition, we derived the amount of calcium at specific
ited (concentration at the surfacémigure 7 indicates that the depths for different surface coverage. The flux of metal at-
metal diffusion coefficient is concentration dependent. Theoms to the surface was again kept constant; the result is
measured data was fitted with an exponential equation imshown in Table Il. From Table Il it can be seen that during
plicitly assuming that the diffusion coefficient changes lin-the early stages of deposition the diffusion coefficient is high

early with the surface concentration: and metal can diffuse fast to large depths. In the later stages
calcium also can diffuse to a deeper layer but on average
JD =-ac (5 ~more calcium is confined near the surface, indicating that the

dCs ' average diffusion coefficient decreases.

Here cg is the initial surface concentration aradis a con-
stant;a is found to be 14.7+0.5. By extrapolation of the fit to
zero surface coverage the diffusion coefficient of a single ion In the previous paragraphs we addressed the diffusion of
is estimated to be 15010 2m?/s. calcium and barium into PPV. When polymer LEDs with
To get an indication of the diffusion coefficient during calcium and barium cathodes are compared it is difficult to
deposition, we fitted the depth profile, measured directly afinterpret their behavior in terms of diffusion, because apart
ter deposition, with Eq¢l). The depth profile shown in Fig. from differences in metal diffusion coefficients, the work
8 was made by subtraction of the fitted surface peak from th&nctions of the metals are different which alters the electron
LEIS spectra and by conversion of the energy scale with théjection into the PPV and the device efficiency. We found
stopping powers presented in Ref. 21. This profile is formedn comparing devices with calcium and barium cathodes
within 3 min, which results in a diffusion coefficient of somewhat better performance for devices with barium cath-
(3000+500 X 10723 m?/s. odes(more light output and higher efficiencies for compa-

E. PLED performance
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TABLE Il. Calcium concentration at specific depths in the PPV layer, as a function of surface coverage.
The concentrations are retrieved from the LEIS spectra; for conversion from energy to depth scales, stopping
powers presented in Ref. 21 were used.

Concentration at Concentration at Concentration at
Depth 2 nm(x10% at/cn?) 4 nm (X 10 at/cn?) 6 nm (x10?! at/cn?)
16+2% coverage 6.3£0.5 3.6 2.0
24+2% coverage 7.6 4.2 2.2

rable currentsas seen by Ca@t al.” However, it can cer- our mass spectrometer did not detect impurities in the
tainly not be concluded that diffusion is the only importantvacuum, which means that the partial pressures of oxygen
parameter for this observation. and water vapor were below T0mbar.

However a comparison is possible between devices with For barium similar behavior as for calcium was observed,
the same cathode material deposited on different depositiodut the difference between “slow” and “fast” deposition was
rates. PLEDs were produced with a calcium cathode ofonsiderable smaller. The current and light output dropped
~80 nm. The deposition rate for “fast’ deposited devicesWith only 20% at 6 volts and the efficiency with 15%.
was 0.3 nm/s. For the “slowly” deposited devices the depo- !t can be concluded that “slow” deposition, which leads to
sition rate of the first 20 nm was 0.003 nm/s; the remaining"0r€ metal in the polymer films near the interface with the
60 nm was deposited at 0.3 nm/s. In Fig. 9 current-voltag&athodeFig. 5), results in decreased PLED light output. As

25 i
and light output-voltage curves of these devices are showrﬁellready suggested by Paek al.™ the metal in the polymer

The PLEDs were electro-optically characterized in vacuumﬁear the interface may trap electrons and/or lead to nonradi-

(~10° mbay one hour after calcium deposition to exclude ative exciton decay. To verify explicitly the influence of the

. . ) metal on trapping of electrons, impedance spectroscopy mea-
thermal effects. Figure 9 shows that devices with “fast” de-g;rements \?v[()ereg performed. It Wpas shé@vtﬁat hole gr):d

posited cathodes have the highest light output at 6 voltsejectron mobilities can be derived from the difference in the
Devices with “slowly” deposited cathodes have a light out-complex admittance measured at zero bias and at a bias at

pUt that is about 50% lower at 6 volts and have an efﬁCiencyNhich the devices Operates_ Figure 10 shows the negative
which is 15% lower. The time needed to deposit the cathodgifferential susceptancé-AB=-w(C-Cg)], which is de-

is obviously different for the two deposition rates which rived from the frequency dependent capacitance at(@y
could lead to different sample temperatures during deposiand at 2.75 V(C). The electron signal is strongly influenced

tion as a result of radiative heating by the evaporator. Thigor “slowly” deposited devices while the hole signal stays
might also influence the device characteristiclowever, in - more or less equal, indicating that the electron trapping

our experiments the temperatures measured on the glass afid/or injection is altered.

the PLED immediately after deposition are eq(&8°C) for In addition the effect of “fast” and “slowly” deposited
both deposition speeds. In the case of slow deposition, theathodes on the electroluminescence spectra were investi-
calcium at the PPV interface is exposed longer to impuritiegated for glass/ITO/PPV/calcium devices. Figure 11 shows
(e.g., oxygeh which might be present in the vacuum. The that the amount of calcium diffused into the layer does influ-
decrease in current cannot be explained by oxidation duringnce the process leading to electroluminescence. Apparently
deposition since it is not accompanied by a strong decreasslow” deposition selectively suppresses ftte-0 vibronic

in efficiency, which was observed in experiments where oxytransition.

gen was deliberately added during deposifibim addition,

6 electrons

60 1 700 —_ 5 - o b,

N’g 50 —&—current fast 600 g) 4 ,u“nu - Holes *s,
--a-- current slow S o o "
S 404 current slo 50 T e 4 o 3
< —e—light fast 00 = ~ -
E 30 --0-- light slow 500 % 'ﬂ 2 . = fast deposited
g 20 4 £ Co1 Reg® . « slow deposited
= 200 -g) )
3 104 100 = 0 " o " s
m 10 10 10 10 10
0 = ¥ 0 Frequency (Hz)
3000 4000 5000 6000
potential (mV) FIG. 10. Impedance spectroscopy measurements on devices

with calcium cathodes deposited “fast0.3 nm/g and “slow”

FIG. 9. Comparison between current-voltage and brightnesst0.003 nm/$. The differential susceptibility—AB=-w(C, 75~ Co]
voltage characteristics for PLEDs with calcium cathodes depositeds plotted as a function of the frequency. The frequency dependence
“fast” (0.3 nm/g and “slow” (0.003 nm/%. The lines connecting of the capacitance was measured at 0 V and at 2.75 V. The electron
the points are drawn to guide the eye. and the hole peak are indicatéef. 26.
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121 the diffusion coefficient near the end of the profile by the
14 /v "fast” shift of the depth at which the calcium concentration equals
~10%. When the shift is assumed to be proportional to
(DAt)Y2, the diffusion coefficient was found to H@0+3)
X 1022m?/s, which is only 3 times higher than the diffusion
coefficient obtained from the decrease of the surface peak.
It is also possible to derive the calcium diffusion coeffi-
cient from the change in the measured depth profile after the
500 5% 600 650 700 750 800 deposition(similar as demonstrated in Fig).8he diffusion
coefficient obtained for the change of the depth profile be-
tween t=2 min and t=267 min is found to be(7+3)
FIG. 11. Electroluminescence spectra of glass/ITO/PPV/Ca de 10%m?/s. ) o o
vice with “fast” and “slow” deposited cathodes. The position of the ~ 1he three methods to estimate the diffusion coefficient of
(0-0) vibronic transition is indicated. For clarity, the spectra of the Calcium into PPV indicate that the diffusion coefficient var-
“fast” deposited curve has an offset of 0.1. ies less than a factor of 3 over the entire depth profile after
metal deposition. The high surface energy leading to lower
It was shown by Huet al2’ that deposition of different concentration of metal at the surface compared to metal in

cathode materials resulted in changes in the electroluminejj-ee.per If?ye:jSFlg. 6) apparintly dloes not influence the dif-
cence spectra. These authors suggested that the first vibro {{sion aiter deposition significantly.

transition(0—0) is dominated by interface effects. This is in It can be concluded _that_ in spite .OT the_ fact t_hat the con-
: &entratlon dependent diffusion coefficient is not incorporated

into the PPV apparently quenches the excitons close to thlg the mathematical model, it nevertheless can be used to

Ca/PPV interface where most of the calcium is present. Thi rovide insight in the diffusion of calcium and barium into
is also indicated by the decrease of the device efficiency. PV.

0.4 4

Normalized Yield

Wavelength (nm)

B. Interface formation
IV. DISCUSSION

. e 1. Introduction
A. Validation of the diffusion model

e . I . In Secs. Il C and Il D the diffusion coefficient of cal-
Before the diffusion of calcium and barium into PPV is i\, into PPV was shown to depend on the metal concen-

compared and discussed, first the validity of the diffusionyation - Furthermore, it was found that diffusion is particu-
model will be discussed. In Sec. Ill A we fitted the decreasqany fast during the early phases of deposition; after

O.f th.e surface peal_< Wit.h a diffu;ign model with a Concentra'deposition an orders of magnitude lower diffusion coefficient
tion independent diffusion coefficient and we assumed aIIth(?,S found. Additionally, the metal diffusion depends on the

metal to be on top of the PPVt&0 s. With LEIS the diffu-  yohqgition ratesee Fig. 5 lower deposition rates lead to

sion Coefficier12t3 Oz calcium into_ PPV was found to _be more metal in the polymer film. Here, we try to envisage a
(2.7£0.4 X 10“°m*/s. However, in Secs. Il C and Il D it model describing all these observations.

was found that the diffusion coefficient strongly depends on
the metal concentration. Besides, during deposition the dif-
fusion coefficient is high and relatively large quantities of
metal diffuse into the polymer layer. Clustering of metal atoms may be the origin of the differ-

Consequently a model is required that describes the corence in metal depth distribution resulting from differences in
centration dependent diffusion and further takes into accourieposition raté3 The physical origin of clustering is mini-
the metal flux during deposition. Unfortunately no analyticalmization of the contact area of metal atoms with the polymer
model is available to describe this behavfdMore impor-  or vacuum(reducing the surface energyhe metal-polymer
tant, depth profiles during deposition are required to obtairinteraction must be relatively low for clustering to occur. The
the dependence of the diffusion coefficient on the concentraformation of clusters has been found for nonreactive materi-
tion during deposition. However, after deposition the concenals (Au and Ag in TMC-PC (polycarbonate bisphenoltrim-
tration profile near the surface does not change over orders ethyl cyclohexanglayers and was found to depend on the
magnitude on the time scales at which our measurements ageposition rate; for fast deposition clusters are only found at
performed. Therefore we assume that the diffusion coeffithe surfacefinally a metallic overlayer is formedfor slow
cients we obtained are representative for the diffusion coefdeposition cluster formation also appeared subsurfce.
ficients of calcium and barium ions in a metal/PPV environ- For nonreactive materiald\u, Ag) cluster formation was
ment, close to the cathode/polymer interface in a PLED. also found on PTCDAS For reactive materialgAl, Ti, Sn

In order to check whether the diffusion coefficient variesand In metal diffuses into the PTCDA in the early stages of
significantly over the depth range studied, we estimated thdeposition, while in later stage a closed overlayer is formed.
diffusion coefficient near the front end of the calcium in the The number of reactive atoms deposited before a closed
PPV. A relatively high diffusion coefficient is expected at the overlayer is formed was found to depend strongly on the
low concentrations near the end of the profile. We estimatedhaterial and it ranged from 2 &.4x 10'* at/cn) for tin to

2. Clustering
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100 A(3.8x 10 at/cn?) for indium. Calcium and barium pared to the polymers favors metal diffusion into the bulk.
are reactive metals, consequently cluster formation is ndburing this stage neutral atoms can also cluster which ex-
likely to occur during the early stages of deposition on PPVplains the dependence of the metal depth profile on the depo-
as considered in our experimeRts-urthermore, ions do not sition rate. Shortly after this initial phagestimate duration
tend to cluster due to Coulomb repulsiéh. ~ seconds the reactive calcium and barium atoms will in-
To investigate whether cluster formation plays a role interact with the polymer matrix, ionize and become trapped.
our experiments, transmission electron microsc¢pgM)  The trapping of metal ions can be associated with the physi-
was performed. Glass/ITO/PPV substrates with calcium oral cross-linking of the polymer chains as described in Sec.
barium surface coverages of 3+1% up to 30+2% were pretV B 3. Note that the trapping is not irreversible, but leads to
pared. Subsequently, the PPV film was released from the IT@ higher activation energy for diffusion and a higher preex-
and TEM measurements through the complete film were pemonential(D,) due to the reduced mobility of the polymer
formed (the PPV thickness was-30 nm in this case No  chains in the physical cross-linked polymer network. As a
evidence of clustering was obtained. The resolution of theesult, an increasing number of calcium atoms that land on
TEM images was-5 nm. Thus these measurements providethe surface will be ionized at or near the surfgsee Table
us with an upper limit for the size of clusters of approxi- Il) and experience both a diffusion barrier by the ionized

mately 5 nni~1000 atoms calcium trapped in the polymer as well as the reduced chain
mobility in the cross-linked polymer matrix. This process
3. Cross_”nking of p0|ymer chains by metal ions appal’enﬂy I’educes the formation Of Iarge Clusters near the

?urface for submonolayer coverage and explains the rela-
: . ively slow diffusion process on the time scales measured in
of Au and Ag in BPA-PC(biphenol A polycarbonapgthas . {EIS experimen?s.

13 i inui
been shown by Faupedt al™> and no discontinuity was — tna gecrease of the surface concentration, which is used
found at the glass transition temperature of the polymer. Thig, jetermine the diffusion coefficient, can be considered to

behavior was explained in terms of physicalzgross-linking %he the diffusion coefficient of metal ions into the polymer
thhe pol)llmer Chl.a'lr(‘. by tfhe lmet;’:ll.l Silviegt il.h Isuggested layer. The diffusion coefficient is mainly determined by the
physical cross-linking of polyethyleneterephthalg®&T) by Eap depth, the Coulomb repulsion and the cross-linking. The

Al, Ag and Cu_ atoms to expla?n the incr_eased of cohesion 0 igher calcium diffusion coefficient deep in the PPV layers
the polymer film. More reactive material§e and Nj are (i

A see Sec. Il Dresults from the fact that the Coulomb repul-
even reported to catalyze cross-linking of polyethylene an ion and cross linking is lower in deep layers
poly(tetrafluoroethyleng(PTFB systems? '

Physical cross-linking will immobilize the polymer/metal
system; decrease the mobility of the polymer chains, and C. Comparison between calcium and barium diffusion
consequently lower the diffusion of the metal by increasing

the activation enerav for conformational chanaes. The Our experiments clearly show that the diffusion coeffi-
gy ges. cient and activation energies for diffusion of calcium and

amount of metal in the polymer film is expected to determmebarium ions into PPV differ considerably. At room tempera-

Tgt?oﬂega:ﬁebgfeimesxszt_ggktl)rgzgt]waenednt,:]heereg%ruesg:] ?é%%?ggg?;;?re the diffusion coefficients differ an order of magnitude
P nd the activation energy of barium is higher than the acti-

the metal concentration. We found that the metal concentravation energy of calciuniFig. 4)

tion determines the diffusion coefficient and consequently In this paragraph we Wi||'diS.CUSS possible causes for the
metal ion induced physical cross-linking is able to explaindif“ferences between calcium and barium diffusion in terms
the concentration dependence in our experiments. Howev It activated diffusion[Eq. (4)]. First the difference in the
the observed deposition rate dependence of the metal dep tivation energyE,q,) beiwee.n calcium and barium will be

Froflle Is difficult to explain in terms of physical cross- discussed and subsequently the differences in the preexpo-
inking. X
nential factor(D).
_ - I We measured activation energies of diffusion for
4. A qualitative description of the diffusion process 0.62+0.05 eV for calcium into PPV and 0.760.07 for
Apparently, both the formation of small clusters and metalbarium into PPV. The activation energy for diffusion has two
induced cross-linking of polymer chains seem to be requiredontributions, a component representative for the energy re-
to explain all experimental observations. The experimentatjuired to accommodate the diffusing species by polymer de-
findings are consistent with a qualitative model descriptiorformation (straining the polymer matrjxand a component
that assumes two consecutive processes to occur for metapresentative for the binding at a site in the polymer
atoms that land on the surface. matrix31-33The first term is related to the size of the diffus-
(1) Fast migration/diffusion of the neutral atom, which ing species; larger species require a higher energy to migrate.
can occur both at the surface, or into the polymer matrix. The influence of the physical size of the diffusing species on
(2) lonization of the reactive metal atom which traps thethe diffusion coefficient has been shown for gases in poly-
metal at a specific site in the polymer matrix. mers, which are characterised by little or no interaction be-
The initial fast migration process can be responsible fotween gas and the polym&rin this case, the activation en-
the measured concentration profile immediately after deposiergy was found to be correlated with diameteE, .~ d?. To
tion. Note that the high surface energy of the metals comget an indication of the effect of size difference on the acti-
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vation energy for calcium and barium diffusion, we can es-of the entropy(S) in Eq. (6) is determined by the number of
timate the difference in activation energy between non-possible states available to a diffusing metal ion and is linked
interacting species with the sizes of calcium and barium iongo the mobility of the polymer chains in th@hysical cross
and PPV. Unfortunately activation energy data of a noninterfinked) matrix. Thus the diameter of the diffusing ion will
acting species in a PPV is not available in literature. Ininfluence the entropy. Our observation is tBatg,> Dg ¢4 iS
glassy polymer however typically an activation energy ofconsistent with observations of Krevelen and Hofty2amho
~0.3 eV is found for oxygeh336-37Using E,.;~d? and an  showed that for noninteracting speci€, increases expo-
activation energy of 0.3 eV for oxygen molecules the activanentially with increasing activation energy.

tion energy of a non-interacting species with the size of a Concluding, the individual metal ions are most likely
barium ion can be estimated to bed.1 eV higher than the trapped in potential minima. Transport occurs by hopping
activation energy of a non-interacting species with the size ofrom site to site and both interaction between the metal and
a calcium ion. Note that for the non-spherical oxygen mol-conformational changes of the polymer matrix contribute to
ecule a corrected diameter was usgd. the activation energy.

Obviously, for metal diffusion in polymers, the interaction  The difference oD, between calcium and barium diffu-
between the polymer and the metal is also important. Fronsion into PPV is most likely correlated with differences in
XPS measurements it has been shown that interaction b@erturbation of the local environment for calcium and barium
tween PPV and calcium occut§:838The influence of inter-  (becausealc,< dg,), Which is associated with a difference in
action on the diffusion can be determined by comparing dif-entropy of diffusion.
fusion coefficients from interacting and noninteracting
species in PPV, which are comparable in size. The diffusion
coefficient of (noninteractingg oxygen in OGCy, PPV is
many orders of magnitude highe(D=10°m?/s atT In Sec. Ill E it has been shown that devices fabricated
=298 K)3° than the diffusion coefficient for calcium and with high metal concentration in the PPV layer near the cath-
barium into PPV that we measured. The diffusion coefficientode (“slow” deposition have lower light output at specific
of calcium is lower than the diffusion coefficient for oxygen voltages and a slightly lower efficiency compared to devices
in spite of the fact that the contribution to the activationwith low metal concentration in the PPV filigifast” depo-
energy of the conformational rearrangement should be lowesition). Obviously, an increased concentration of metal near
for calcium (d3,>d2,). These observations indicate that the the interface leads to more gap states and quenching sites for
chemical interaction is an important factor. In contrast to theeXcitonsz® Lower injection and/or more trapping of electrons
large difference between the binding energy of calcium andvas observed fror+V characterization and impedance mea-
oxygen with PPV, the difference in binding energy betweensurements.
calcium and PPV and barium and PPV is expected to be Electroluminescence spectra show that not only the elec-
small, but probably not insignificant and therefore can alsdron injection decreases when more metal ions are present in
exp|ain(par0 of the difference in activation energy between the film, but also the eleCtrica”y excited states of PPV shift

D. Device performance

calcium and barium. which alters the electroluminescence spectrum.

The diffusion coefficient of calcium and barium in PPV is
not only dete_rmlned by the activation energy but_also by the V. CONCLUSIONS
preexponential factoD, [see Eq.(4)]. For calcium we
obtained Dy=7x10'm?/s and for barium Dy=3 During deposition the diffusivity is found to be orders of
%X 10 m?/s was found. The preexponential facy can  magnitude higher than after deposition and the diffusion co-
be expressed & efficient was found to be dependent on the metal concentra-

tion in the PPV. Furthermore, the amount of metal inside the
e polymer films was found to depend on the deposition rate.
Do = a@®e™, (6)  These observations were explained in a two-stage diffusion
model. In the first stage atoms land on the surface and diffuse
in whicha is the average jump distance of the iana factor  fast into the polymer and in the second stage metal ionizes
depending on structure of the polymer and the correlatiorand is trapped and diffusion is strongly decreased. In this
between successive jumpsis the vibration frequencysthe  model clustering(in the first stagecan explain the depen-
entropy of diffusion andk the Boltzman constanB, can be  dence of the amount of metal in the polymer on the deposi-
considered as a fingerprint for the environm&nif. Dy be-  tion rate. Metal induced physical cross-linking and ion repul-
haves according to this model it will vary for elements with sion can explain the dependence of the diffusion coefficient
different mass when the structure related parametersdS  on the metal concentration.
are independent on the diffusing species, because the vibra- The diffusion coefficient at room temperature of barium
tion frequency(v) is mass dependefit varies asm 21331 into PPV is almost an order of magnitude lower than the
The factor Dgm*’? should then be similar for calcium and diffusion coefficient of calcium into PPV. This was explained
barium diffusion into PPV. However, in our case we find for in terms of the activation energy of diffusidik,.) and the
barium DymY2=4x10m*@@amu?/s and for calcium preexponential factaD,, which was obtained from tempera-
Dom2=4x 1072 m?(amu’?/s. Apparently the entropyS)  ture dependent measurements of the diffusion coefficient
is the factor that dominates the valuely. The contribution  with LEIS. The activation energy of barium is found to be
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higher than the activation energy of calcium, the smaller sizérapping and consequently lower efficiency and light output
of the calcium ion and the difference in polymer-metal inter-of the polymer LEDs.

action are the most likely causes for these observations. The
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