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One encapsulation approach to extend the lifetime of flexible organic light-emitting @iideD)

devices uses inorganic #Ds-polymer multilayer barrier films. However, a recent theoretical
examination of multilayer barriers indicated that the barriers should not be effective for OLED
applications, despite empirical evidence of success. It was suggested that a long-lived transient
process in the transport of water molecules through multilayer films is responsible for its practical
success, but has not been directly observed experimentally. X-ray refle¢®y and neutron
reflectivity measurements are used to measure permeation rates and structural changes in model
barrier films upon exposure to water vapor. A film consisting of a stack of an undercured organic and
the typical inorganic phases was found to barely siy@i5) A] after an 11-d exposure to moisture

[60 °C, 100% relative humiditfRH)]. Current measurements of ultralow moisture permeation
assume that 10 d is sufficient for the equilibrium measurement, but XR data show that a stack of
three dyad layers may require as many as 5Q& @2 000 h to reach equilibrium. Barriers with a

high number of defects in the inorganic phase reached equilibriuméaétef exposure to moisture

(60 °C, 100% RH. Over this time scale, water breakthrough at each layer can be observed from XR.
Neutron reflectivity measurements with deuterated water show an accumulation of water near the
aluminum oxide/polymer interface. This interface behaves similar to a desiccant, where the
permeation of water through the barrier is retarded by the strong adsorption of water to aluminum
oxide. This internal desiccant effect of the multilayered structure is clearly delineated and appears
to be responsible for the long-term transient behavior of these barrier materials.
[DOI: 10.1063/1.1923590

INTRODUCTION shorter lifetimes. The water-vapor permeation rate for most
polymeric materials is between 41@/m?/d and
The advances in the performance of organic electrolumi10-* g/nv/d at ambient temperature. However, estimated
nescentEL) materials over the past two decades have genpermeation rate of %106 g/m?/d or less is required to
erated considerable interest in utilizing organic light-emittingobtain a device lifetime of 10 000%The plastic films must
devices(OLEDS for full color displays-? OLEDs poten- be modified to reduce their moistutand oxygeh perme-
tially provide several advantages including low power con-ation ratés). One additional difficulty in the production of a
sumption, low cost, superior viewing angles, and the use opermeation barrier on the plastic substrate is the inherent
flexible substrate3. The primary shortcoming of most roughness of commercially available plastic films, which of-
OLEDs is poor environmental stability that results in non-ten leads to holes and defects in the barriBefects in the

emissive regions upon extended exposure to ambient condbarrier layer tend to be the dominant factor controlling the
tions. The degradation in performance is a result of the oximoisture permeation.

dation and delamination of the metal cathbdend the Measuring and quantifying ultra-low permeation rates
chemical reaction of the organic layer from exposure toreliably and accurately is a major challenge. The most com-
moisture and oxygen. OLED lifetimes can be extended bymon permeation test is based upon the oxidation of calcium
orders of magnitude by device encapsulatidbevices are after moisture permeates through the barrier layer. The per-
generally sealed using a glass or metal lid held in place withneation rate is proportional to the rate of oxidation as moni-
epoxy. For additional protection, a desiccant is also incorpotored by changes in the optical transmittance of the Ca/CaO
rated within the packageHowever, encapsulation with rigid fiim.2 More recently, a test has been developed based upon
barriers, such as glass, is incompatible with flexible OLEDthe detection of tritiated water by General Atomics. How-
displays. ever, there are difficulties with both test techniques: the tri-
Plastic films are generally water permeable, leading tQjated water test produces undesirable, highly contaminated
radioactive waste and the Ca test suffers at times from edge
¥Electronic mail: bryan.vogt@nist.gov sealing issues. Here, we introduce an approach to determine
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the permeation rate by measuring film swelling with x-rayalternating polyacrylate and /D5 (three dyads Single-
and neutron reflectivity as a function of exposure time tolayer films were also included in this work to investigate the
humidity and temperature. swelling of an individual polymer layer. These-single layer
The elimination of all defects is probably necessary for afilms consist of a thin AIO; coating on a silicon wafer,
single-layer moisture barrier film as the permeation ratdollowed by application of approximately 0/&m-thick
through the defect is generally much greater tharpolyacrylate films. Two different cure conditions have been
1076 g/m?/d. Thelocal permeation rate through the film is used, denoted asandb. The difference in curing is that the
the key factor to the OLED lifetime, not the average permedamp power used for cure is 50% of curea. All other cure
ation rate. For large-area displays, the difficulties in obtain-conditions are kept constant. The thicknesses of the layers
ing a defect-free barrier have led to the investigation of al-are similar to those used in high-performance multilayer bar-
ternative barrier materials, where a limited number of defectsiers, although more dyads are typically used for barriers in
can be tolerated. One potential solution is the developmerdevices.
of a hybrid organic-inorganic multilayer barrier coatihin The structure of the multilayer stacks was measured us-
this work, the multilayer barrier studied is composed of poly-ing specular x-ray reflectivityXR). The reflectivity was col-
acrylate films and inorganic oxide, deposited in alternatindected in ad/26 geometry using Cu Kradiation focused by
fashion. Each polymer-oxide layer pair is termed a“dy%fd.” a bent crystal mirror into a four-bounce G220 crystal
This multilayered structure is an effective barrier materialmonochromator. The reflected beam was further collimated
because the large permeation rate through defects in the ithrough a three-bounce channel cut G20 crystal prior to
organic layers is decoupled by the polymer layers, thus predetection. The humidity at 60 °C was controlled inside an
venting a direct path for moisture through the barrier.aluminum chamber with beryllium windows that was first
OLEDs supported on the composite coated barrier films havevacuateddry sample and then backfilled with the equilib-
been found to have extended lifetimés3000 H.** The rium vapor from deionized water(MilliQ Millipore,
same multilayer coating has been used to hermetically sedolsheim, France; 18.2 K1 cm).
OLEDs, leading to highly flexible displays with extended The water distribution in the single-layer films was de-
lifetimes*? termined with specular neutron reflectivitiNR) using the
Despite this empirical success, recent theoretical calcu€enter for Neutron Research NG-7 reflectometer at the Na-
lations indicate that the multilayer approach to moisture pertional Institute of Standards and Technolo@yaithersburg,
meation barriers will not be effective if the observed perme-MD) utilizing cold neutrons with a wavelength\)
ation is an equilibrium proceég. The success of the =4.768 A and wavelength spredd\/\)=0.2. NR is ca-
multilayer approach suggests that the low moisture permepable of probing the neutron scattering density at depths of
ation rate arises from long-term transient behavior. The equibp to several thousand angstrom, with an effective depth
librium permeation is not an important valifethe transient resolution of a few angstrom. The environmental control for
period is longer than the desired device lifetiflerhe re-  the NR experiments was similar to the XR experiment, ex-
flectivity based metrology developed here can provide detailsept that the sample chamber was equipped with silicon win-
about the moisture permeation process through multilayedows, heavy watetdeuterium oxide; Aldrich, 99.9% pure
stacks. In this work, the polymer phase is undercured to enwas used in place of 4D, and the measurements were per-
sure film swelling upon exposure to watghe swelling of formed at ambient temperature.
highly cross-linked polymer might not be observabl€he
swelling of individual polymeric layers can be used to detect
and follow the permeation process through the muItiIayerRESU'-TS AND DISCUSSION
stack. Neutron reflectivity measurements with deuterated wa- ¢ x-ray reflectivity(XR) profiles for single-layer films
ter are used to provide information of the water distributionyith different curing conditions are shown in Fig. 1. The

within each dyad. reflectivity is shown as a function of the momentum-transfer
vectorq whereq=4m sin 6/\, 6 is the incident angle, and
is the radiation wavelengtfi.54 A for CuK,). At the specu-
lar condition, XR probes the profile of the electron density
Model multilayer stacks were fabricated by alternateperpendicular to the substrate. For these films, two frequen-
deposition of A}JO; and polyacrylate onto silicon wafers in cies are clearly visible; high-frequency oscillation corre-
an integrated vacuum tool. The aluminum oxide is reactivelysponding to the total thickness as shown in Fig. 1 and low-
sputtered using energetic plasma. Defects in the aluminurfrequency oscillation corresponding to the,®@% thickness
oxide were formed through the introduction of particulatesas shown in Fig. 2. For cura (100% lamp power the
during deposition. The polyacrylate layers are formed bypolymer film swells from(539.3+0.5 nm to an equilibrium
flash evaporation of the monomer and subsequent ultravioletalue of (543.5+0.5 nm (0.7% swelling upon exposure to
(UV) radiation curing:® The degree of cross-linking of the =~100% relative humidity at 60 °¢* The thickness of the
polyacrylate is controlled through the curing conditions. ByAl,O5 layer in this case is 9.6 nm. For cube(50% lamp
undercuring the polymer through decreasing the UV expopowel, the polymer film swells from(506.4+0.5 nm to
sure dose, the degree of swelling upon exposure to moistur®41.4+0.5 nm (6.5% swelling for the same conditions. In
is enhanced. this case, the AD; layer was 8.9 nm thick. Thus by control-
The multilayer stacks examined here are three layers dfng the curing conditions, the degree of polymer swelling

EXPERIMENT
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1+ by replacing protons with deuterium allows for the water

o (D,0) to be distinguished from the polyacrylate with neu-

6- trons. The reflectivity profiles for the polyacrylate films on
5 Al,O5 on silicon are shown in Fig. 2, both under vacuum and

0.7 % Swelling

after exposure to saturated,® vapor at ambient tempera-
ture (22+3 °C). Due to the wavelength spread and angular
resolution of the neutron reflectometer, the total polymer film
thickness cannot be resolved; however, the thickness of the
aluminum oxide layer can be determined. In Fig. 2, the
fringes in the reflectivity shift to loweq upon exposure to
D,0 vapor for both cure conditions. This change in the re-
flectivity profile upon exposure to JO vaporappearsto be
an increase in the AD; layer thickness. However, water
does not swell the AD; as determined by XRno shift in
0.020 0.025 0.030 0.035 XR data. Because the neutron-scattering length density for
g (A7 Al,Os is intermediate to that of the polyacrylate ang® an
accumulation of DO at the interface that raises the local-
FIG. 1. X-ray reflectivity profiles for polyacrylate layer on &, with dif- scattering length density to a similar value as@J would
ferent curing conditions in vacuurfgray curvg and exposed to saturated g|so result in the observed shift in the reflectivity profiles.

H,0 vapor at 60 °Gblack curve. For curea (top curves, the ALOs is 9.6 : e " .
nm thick and the polymer swells from 539.3 to 543.5 nm. For dufbot- This shift is Sl,mllar afmong th? cure Condlthns de;plte the
tom curves, the ALO; is 8.9 nm thick and the polymer swells from 506.4 to Order-of-magnitude difference in water solubility. This accu-

541.4 nm. The reflectivity curves are offset for clarity. mulation of water at inorganic oxide/polymer interfaces is
not unexpected and has been observed previously for several

upon exposure to moisture can be varied. The increasedifferent system$>*° Additionally, moisture accumulation
swelling in the most undercured samgtaireb) is a combi- ~ at buried polymer/silicon oxide interface has been found to
nation of the decrease in the cross-link density, which conbe relatively independent of the polymer, similar to the ac-
strains the swelling, and the change in the chemistry of theumulation observed here for the single-layer fifrhs.
film, as the cross-linkable moiety itself is hydrophilic but The amount of DO at the buried interface can be quan-
becomes hydrophobic after the cross-linking reaction. tified by the change in the scattering length density after
Neutron reflectivity was used to monitor the water dis-moisture exposure. The scattering length density profiles cor-
tribution within the same single-layer films. Isotopic labeling responding to the fit of the NR data are shown in Figs) 2

Reflectivity

6.5 % Swelling
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and Zd). These density profiles are presented in termqﬁof

as a function of distance through the filqﬁ is a scattering

length density, with dimensionsA and is proportional to

the average atomic scattering length(g2=16mNb). Calcu-

lating the water concentration in the film is made slightly

more difficult by the surface roughness of the,@4. The <
Al,O4 is found to typically have roughness on the order of 25

A, based upon assuming an error-function profile between

the AlL,O3z and the polymer or air. Coating the &), with the

polyacrylate does not influence the roughness. This rough-

ness is small in comparison to most glass substrates and
comparable to high-quality float glass. However, it is signifi- 0 40 80 120
cantly rougher than a silicon wafer and this roughness is on (@) Distance (A)

the same order as the thickness of thgDadsorbed at the

buried interface. Thus, proper deconvolution of the@l

from the D,O swollen polymer phase is necessary to deter-

mine the water concentration. The concentration of the

Al,O5 as a function of distance into the polyacrylate film

(density profile¢ was determined for the dry state as follows: <

Qé(x) - Qé PA

2 2
Qc,Al _QC,PA

wherng(x) is the scattering length density at positiorin -
the film, QéN 0, is the scattering length density of the pure 0 20 40 60 80 100
Al,O3, and Qg p, is the scattering length density of pure (b) Distance (A)
polyacrylate. With the assumption that the,®} concentra-
FIG. 3. Concentration profiles determined from neutron reflectivity fg® D

tion (denSIt}) proflle .does m.)t Change upon,0 exposure, (shaded areaas a function of distance from pure,&l; interface for(a) cure
the water concentration profilean then be calculated as a and (b) cureb. The ALO; density profile obtained from the dry film is

shown by the solid line.
~ Q2 = (1 = ¢ ,0,00)Q% pa~ Ba1,0,) - Qe a0,

ngDzO_ a- d’A'zOs(X))QgPA_ ¢A'203(X) 'QéA'zos The width of the water excess near the interface decreases
2) after ambient exposure for approximately 2 d, but th®©D
excess at the interface remains. This shows that the water is

where ¢,,(x) is the water concentration at positianin the  strongly bound to the interface and that deuterium from the
film andQéDzo is the scattering length density for pure@  surface water does not readily exchange with the protons
The calculated concentration profiles for both@4 (¢A|203) from ambient HO. The work by Kentt al. has shown that
and D,O within the polymer phas&p,,) are shown in Fig. 3. water remains bound at a buried polymer/silicon oxide inter-
The water concentration rapidly increases near the aluminurface after months in vacuuff.
oxide surface for both cure conditions. Thedconcentra- Next, to elucidate the influence of this interfacial accu-
tion profiles are approximately independent of the cure conmulation, the structure of multilayer stacks and its evolution
dition. There are several potential reasons for the differenceduring moisture exposure was examined with x-ray reflectiv-
observed in the water profiles, such as morphological differity. Using curinga, a multilayer stack was created containing
ences in the AlO; surface, artifacts from the concentration three dyads. The reflectivity profile from this stack is shown
determination which is a complex function of the fit scatter-in Fig. 4(a) for a film prior to moisture exposure. The reflec-
ing length density profile§Eqgs. (1) and (2)], instrumental tivity now shows high oscillation fringes due to the total
resolution, or true differences based on different curing constack thickness and low oscillation fringes from the convo-
ditions. Nonetheless, it is clear that the water concentratiotuted repeat thicknesses of the polymer/aluminum oxide lay-
profiles have two asymptotic values, irrespective of cure coners. The reflectivity data are fit using a multilayer, least-
dition. The concentration increases to approximately 20% bygquares-fitting algorith?ﬂ to extract the thickness and the
volume water as the substrate is approached. The water coreal-space density profiles and are displayed in Rig). &he
centration then decreases due to the presence of the sofid of the multilayer XR result is not optimal when the
Al,O5. The water profile is the total water concentration in Al,Os/polymer interface is modeled as a hyperbolic tangent
the film including both the AlO; and the polymer. At the or error function. The sputtering of the inorganic,® on
interface, the water concentratiavithin the polymer phase the polymer layers may result in an asymmetric interface
approaches 40% by volume. The strength of the interactioprofile, the form of which is not known. Nonetheless, the fit
between the AIO; and the water can be estimated from theof the reflectivity curve in Fig. 2 does accurately follow the
rate of removal of water from the surface when exposed tmbserved periodicities of the oscillations, such that the thick-
ambient conditiongless humidity and lower temperatyire ness of the layers is quantitatively captured by the fit. The

()

ba 203(X) =
203

Dul(X)
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FIG. 4. (a) Reflectivity profile (thick line) for multilayer stack. Fit of the
reflectivity profile to best represent the periodicities is shown by thin line.FIG. 5. X-ray reflectivity profiles for multilayer stack exposed to saturated
Inset shows fit of high-frequency fringeid) Scattering length density pro- H,O vapor at 60 °C for different exposure times. The whole reflectivity
file from fit of reflectivity periodicities. curves(a) as well as a limited range illustrating the high-frequency oscilla-
tions (b) show limited change over the course of 11 d. The reflectivity
profiles are offset for clarity.

density profile in Fig. &) illustrates the structure of the
multilayers but is not quantitative in its description of the relative hum|d|ty, are shown in F|g 5 as a function of expo-
interfaces and the absolute value of the scattering Iength deBure time. The changes to the reflectivity profile over the
sities. These density profiles are presented in tern@.as  course of 11 d are small with a total thickness increase of
a function of distance through the film. For the XR data in(7+5) A. The equilibrium swelling of each individual poly-
Fig. 4, the anglé), corresponding t&? is proportional to the  mer layer is determined to be approximately 30 A, which
electron density of the filnp, (and thus the mass density suggests that 90 A of swelling would be observed. In gen-
through the relatiom,=\(pr o/ m)°, wherer . is the classical eral, elevated temperature and relative humidity are used to
radius of an electron. The density profile begins in vacuumaccelerate the permeation test to a time period of 10 d.
with a scattering length density of zero and then increases tglearly, for the multilayered “barrier” examined here, 10 d is
Q of Al,0; as the distance axis is increased. The thicknessot sufficient to reach equilibrium, as was suggested by the
of each AbO; layer is approximately 40 nm, followed by data of Graffet all° Although the change in thickness is
approximately 500 nm of polyacrylate with cure conditean  quite small, the time required to reach equilibrium can be
There are three repeat layeidyads, as seen in Fig. ®).  roughly estimated. Assuming the swelling rate remains con-
After the alternating layers, a thin coating of,@k, approxi-  stant through all the layers, at least 85 d will be required to
mately 10 nm thick, is present before the silicon substratereach equilibrium. These estimates are in line with calculated
Two distinct oscillation frequencies were present in the ob4ag times for three dyadS.However, it is clear that the typi-
served XR result, with the low frequency corresponding tocal exposure time for permeation tests is not enough to reach
the thickness of AIO; and the high frequency corresponding equilibrium. The moisture absorption process into glassy
to the total layer thickness. Small changes in the structur@olymers has been a subject of much interest over the past 60
shift the minima locations significantly for both frequencies,yearsz.l‘24 It has been postulated that moisture absorption
so that changes to the structure of the multilayer stack duringvithin a glassy polymer first occurs within voids/free vol-
exposure to moisture can be determined quantitatively. Thame, then within the polymer as the equilibrium concentra-
density profile shown in Fig. (%) is only qualitative as the tion is reached. For these films, the observed transient time
data were not fitted well at al. However, the total thickness could result from the filling of the voids within the polymer
of the film can be extracted quantitatively by the frequencyfiim before reaching the apparent constant permeation rate
of the reflectivity. after the polymer phase reaches equilibrium.

The reflectivity profiles from a three-dyad multilayer Since the moisture permeation through inorganic films in
stack with curea, exposed to moisture at 60 °C ardl00%  general is dominated by defects, the polymeric layers should
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FIG. 7. Swelling of each polymer layer as determined by fitting periodicities
.0.5d25h of the XR from multilayered stack with defects. The top lageswells first,
' then the middle layet]), and finally the bottom layefA). The delay time
-1.04s0h to begin swelling increases as water progresses through the film. The lines
%‘ are drawn as an aid to the reader.
E» -1.54250h
B - . .
T 2.0 shown in Fig. 7. Once a layer begins to swell, the swelling
L os rate appears to be constdapproximately 17 A/gfor each
- layer. This correlates to a permeation rate of 1.7
-3.0+ X 1072 g/n?/d, assuming that the density of the absorbed

water is 1 g/cr This is a reasonable permeation rate for an
B Al,O5 barrier with defects. As a comparison for the original
(b) q(A’) sample examine(Fig. 3), the permeation rate was less than
FIG. 6. X-ray reflectivity profiles for multilayer stack with defects in inor- 10°° g/m2/d (60 OC_’ 100% re_Iatlve hum|d|bybas§q _UF_’O”
ganic layers exposed to saturategCHvapor at 60 °C for different exposure  the same assumption. The time delay for the initiation of
times. The whole reflectivity curves) as well as a limited range illustrating  swelling in each layer appears to increase for each subse-
the high_—fr_equency oscillatior(®) s_how the ghange in t_)oth the repeat thi(_:k— guent layer(Fig. 7). Since the moisture accumulatiéper-
ness within the stack and the increase in total thickness upon moistur . . .
exposure. The reflectivity profiles are offset for clarity. meation rate through the different layers is nearly constant,
this increase in the transient region is believed to be related
to the intrinsic properties of the barrier materials.
reach equilibrium in a shorter period if a significant number  Water accumulation at the #Ds/polymer interface has
of defects were introduced to each of the inorganic layers isignificant implications in the permeation of water through
the multilayer stack. To elucidate the moisture transporthe multilayered barrier films. First and foremost, the accu-
through a multilayer film in a reasonable exposure time, anmulation of water on inorganic oxides has long been used
other three-layer dyad using cueewas synthesized with within the encapsulated device, but this is considered as a
Al,0; layers that contain a significant number of defects. Wedesiccant(e.g., Ca®.®> For the case of these multilayered
observe a significantly greater film swelling in this film with structures, the desiccant is built into the barrier itself. Once
defects, in comparison to the previous sample. All threemoisture reaches the polymer phase, there are many potential
polymer layers reach equilibrium after 200 h of exposure tobinding sites that limit further permeation of moisture into
~100% relative humidity at 60 °C. The reflectivity curves atthe device. As water diffuses through defects in the alumina
several exposure times are shown in Fig. 6. A comparison dtayer and into the polymer layer, it adsorbs to the inorganic
the reflectivity curves in Figs. 5 and 6 reveal significantly oxide when it approaches a surface. As long as the defects
more changes in the reflectivity profiles for the stack withbetween layers are not correlated, the oxide interfaces should
defect-filled ALO; layers. The total film thickness increases, initially decrease the quantity of water available to diffuse
as is clear from the shift in fringes to lowagrafter 25 h[Fig.  into the next barrier layer or the OLED due to the surface
6(b)]. The swelling of the film is determined by fitting to the adsorption. This leads to an apparent decrease in the perme-
periodicities. The alumina layers are assumed to remain coration rate through the barrier until the /8l; surfaces are
stant; only the thickness of the polymeric layers is allowed tosaturated, at which point the equilibrium permeation for the
vary to fit the observed oscillation frequencies. The swellingbarrier would be obtained. If the time to saturate the surfaces
of each polymer layer after 250 h exposure is slightly differ-is greater than the desired device lifetime, then the equilib-
ent (0.7% to 1.1% between layers, but is similar to the rium permeation is irrelevant. Although the moisture accu-
swelling observed for the single-layer fil(0.7%). This dif-  mulation was demonstrated at the interface when the poly-
ference between layers may be due to slight variations in theer film was applied to the AD; surface, identical
curing, but no significant or systematic deviation in theaccumulation at the interface when,®% is sputtered onto
swelling is observedand hence the degree of curjn§rom  the polymer may not necessarily occur. Based upon the pre-
fits of the reflectivity profiles, the swelling of each individual vious characterizations of polymer/aluminum interfates,
polymer layer can be monitored as a function of time ast is probable that the AD; reacts with the polyacrylate.

T T T v T T T
0.036 0.040 0.044 0.048
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This would be similar, in effect, to the treatment of the®@4  of the multilayered structure appears to be responsible for the
surface with hydrophobic moieties, which has been shown téong-term transient behavior of these barrier materials.
decrease the concentration of moisture that accumulates at
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