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The intrinsic flexibility of organic molecular films has been suggested to enable bendable electronics in
comparison to their stiffer, inorganic counterparts. However, very little is known regarding the
mechanical properties of these molecular glasses that are commonly utilized in organic electronics. To
begin to address these issues, the elastic modulus of vapor deposited tris(8-
hydroxyquinolinato)aluminium (Alq;) films, commonly used in organic light emitting devices
(OLED:s), is determined as a function of thickness from 10 nm to 100 nm using a wrinkling-based
metrology. These thicknesses correspond well with the range actually utilized in OLEDs. The direct
deposition of Alg; onto a polydimethylsiloxane (PDMS) elastomer results in anomalous results due to
diffusion of Alqs into the PDMS substrate. Conversely, a thin polystyrene (PS) film can be used as

a diffusion barrier, enabling the elastic moduli to be accurately measured. Similar to most organic
glasses, the Young’s modulus of Alqs is on the order of 1 GPa and is statistically invariant for
thicknesses >20 nm. Interestingly, there is a significant increase in the Young’s modulus for thinner
films. The modulus of a 10 nm Alqjs film is found to be nearly twice that of a thicker film. Corresponding
to this change in modulus is a loss of the optical adsorption peak associated with aggregation of Alqs,
which suggests that the modulus change is related to the local packing of the molecule. This result
illustrates that the thickness of active layers in OLEDs impacts not only the device performance but

also their elastic properties, both of which are important for use in flexible devices.

Introduction

Organic based electronics, in particular organic light emitting
devices (OLEDs), have recently been incorporated into
commercial flat panel displays,? but there is significant interest
in extending these materials into cost effective flexible devices.*™
The potential fully organic electronic devices could be low-cost,
lightweight, and compatible with the flexible substrates that are
employed in well-established roll-to-roll printing techniques.*®
Tremendous efforts have been placed on developing additive
processing on flexible substrates,” but relatively little attention
has been paid to understanding their mechanics.'®'* Traditional
microelectronics utilizes strain in the silicon lattice to increase the
semiconductor performance;'? likewise the electrical and optical
properties of organic materials could be strongly affected by their
molecular packing, which could be easily influenced with
different mechanical stresses imposed on the organic thin films.*?
Thus, how organic materials respond to strain during bending
could be critical to the performance of flexible electronic
devices.' The mechanics of flexible electronics utilizing inorganic
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active components has been examined more rigorously due to
their propensity for cracking, and a significant decrease in
performance has been observed at strains much less than the
strain at failure.”® To begin to address this issue in the rapidly
emerging field of organic electronics, the mechanical properties
of organic electronic materials need to be understood at the
corresponding scale associated with the actual devices.

There are numerous challenges involved in measuring the
mechanical properties of organic electronic materials. First,
many active materials are glassy films due to the commonly
adopted vapor deposition or spin-casting method; thus, bulk
measurements would likely not accurately capture the mechan-
ical properties of the material in functioning devices. Further-
more, the expense of many OLED materials precludes the use of
bulk tensile testing even if the bulk and thin film properties were
identical. Nanoindentation (NI)'® and Brillouin light scattering
(BLS)'7 are commonly used to assess the elastic properties of
films; however, for highly complaint materials like most organics
and polymers, the mechanical properties of the substrate can be
convoluted with those of the film of interest.”® Application of
atomic force microscopy (AFM) to control indentation depth
has enabled the near surface modulus of glassy films to be
determined. A reduced elastic modulus in the top (5 to 7) nm of
polystyrene (PS) has been elucidated using this technique.'®
Conversely, Van Vliet and co-workers showed a significant
increase in surface stiffness within 200 nm of the PS surface using
nanoindentation.?® Further, nanoindentation measurements of
>100 nm thick films of a common OLED material, tris
(8-hydroxyquinolinato)aluminium (Alqs), have demonstrated
a strong dependence of the elastic properties on the supporting
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substrate.'™'' On hard silicon substrates, the Alq; modulus is
extrapolated to be on the order of 100 GPa; while on plastic
substrates, the modulus of the same material is only on the order
of 1 GPa.'®'! One potential route to overcome these difficulties in
determining the elastic modulus of soft materials in thin films is
through the use of a surface wrinkling metrology, which employs
an instability that occurs upon compression of a system con-
sisting of a stiff film on a soft substrate.?’ This technique has been
applied to determining the elastic moduli of ultrathin (down to
5 nm) polymer films**?* and organic electronic materials.?* The
latter study demonstrated that the mechanical properties of
several active organic electronic materials could be determined
using surface wrinkling for thicknesses (30 nm to 200 nm)
comparable to those utilized in functional devices.?*

The layers in many organic electronic devices, in particular
OLED:s, are in the sub-50 nm range.?® This length scale also corre-
sponds with dimensions where the thermophysical behavior of glass
forming materials has been shown to deviate from bulk proper-
ties.?>23262 Work on these confined systems reveal that either
increased or decreased glass transition temperature (7) is depen-
dent on the strength of the interaction between the wall of the pore
and the confined liquid.**-** Not only is the T}, of small molecules
impacted by confinement but so are the melting temperature,**
crystallization,® and density.** The abundance of research into the
thermal properties of confined organic glasses has been enhanced
due to the availability of non-invasive measurement techniques.

Recently, we have investigated the mechanical properties of
several confined polymer thin film systems.?**3* For all glassy
polymers examined, there is a decrease in the elastic modulus of
ultrathin (<30 nm) films in comparison to the bulk modulus. The
length scale at which deviations in the elastic moduli occur is
found to scale with the bulk 7, of the polymer*** in agreement
with molecular simulations.*®* However, very little is known
regarding the mechanical properties of organic molecular glasses
at the nanoscale. Recently, Kearns ez /. utilized BLS to determine
the modulus of vapor deposited indomethacin films;** however,
the films were required to be 10 pm to 15 um thick.?¢ Tahk et al
have utilized surface wrinkling to determine the elastic modulus of
thin pentacene films prepared by vapor deposition.?* These pen-
tacene films are polycrystalline and have a reported elastic
modulus of approximately 15 GPa. However; the quality of the
wrinkles formed from the pentacene films is poor and apparent
delamination occurs at modest strain (10%), thus we validate here
the appropriateness of using surface wrinkling to elucidate the
elastic properties of small molecule organic electronic materials.

In this article, the mechanical properties of sub-100 nm, vapor
deposited Alqs films are determined using surface wrinkling.
Alqs is widely used as an electron transporting layer and host
material for various dyes in OLEDs due to its luminescent
properties, high electron mobility, and high thermal and elec-
trochemical stability.?”*® Vapor deposited Alqs films are glassy
and the modulus of >100 nm coatings have recently been esti-
mated using NIL!*!'" However, the modulus is found to be
strongly dependent upon the supporting substrate and the
authors express uncertainty regarding the absolute value for the
elastic modulus of Alqz. In an attempt to mitigate substrate
influences, the modulus of Alqsz films ranging from 10 nm to
100 nm in thickness is determined using surface wrinkling. Not
only does this provide the mechanical properties of Alqs that will

enable a deeper understanding as to how bending/stretching will
impact performance of OLEDs, these measurements provide the
first experimental data demonstrating thickness-dependent
moduli for an organic molecular glass.

Experimental

Note that certain commercial equipment, instruments, or mate-
rials are identified in this document. Such identification does not
imply recommendation or endorsement by the National Institute
of Standards and Technology (NIST), nor does it imply that the
products identified are necessarily the best available for this
purpose. The data throughout this paper are presented along
with the standard uncertainty (+) involved with the measure-
ment based on one standard deviation.

Alqg; was purchased (Sigma Aldrich) and purified by repeated
thermal evaporation. Polydimethylsiloxane (PDMS, Sylgard
184, Dow Corning) was prepared at a ratio of 20 : 1 or 10 : 1 by
mass of base to curing agent and cast on float glass to a thickness
of approximately 1.5 mm. The PDMS was allowed to react at
ambient temperature for 3 h prior to curing at 100 °C for 2 h.
After cooling to ambient temperature, the PDMS sheet was cut
into approximately 75 mm X 25 mm x 1.5 mm slabs, which
function as elastic substrates for the Alqs; films. The modulus of
the PDMS from each batch was determined using a Texture
Analyzer (TA.XT Plus, Texture Technologies). Similarly, the
optical constants for PDMS were determined from a Cauchy
model to fit the ellipsometric angles determined using a Variable
Angle Spectroscopic Ellipsometer (VASE, J. A. Woollam Co.,
Inc.) over a wavelength range from 250 nm to 1700 nm measured
at three incident angles (67°, 70°, and 73°). The final preparation
step for wrinkling was to pre-strain the PDMS to 3%.%°

Alqg; was deposited directly on the strained substrate using
a resistively heated tantalum boat at pressures below 10~ Torr in
a vacuum thermal deposition system (Trovato Mfg.). A shadow
mask restricted deposition to a 16 mm diameter circular pattern.
Deposition rate was controlled between 1 A s~ and 1.5 A s~! with
the use of crystal growth monitors. The film growth rate calibrations
necessary to report absolute thin film thicknesses ranging from 8 nm
to 100 nm were accomplished through agreement between three
sources of measurement. First, direct measurements of the film(s)
on PDMS were collected before and after small molecule deposition
using VASE. Identical depositions for thicknesses representing the
full range of experimental data were also performed with silicon
substrates loaded in place of the PDMS, and their thickness was
measured by both VASE and profilometry (P-6, KLA-Tencor).
Profile scans were collected across shadow masked edges as well as
ledges exposed by post-deposition removal of Kapton tape to
enable sampling at the center of the film. All methods were in
agreement, which confirm predictable deposition rates.

Initially, the structural stability of Alqs; films on PDMS was
monitored using spectroscopic ellipsometry and fit to a three-
layer model consisting of a PDMS substrate, an intermixed layer,
and a Cauchy layer representing Alqs; (for wavelengths between
650 nm and 1700 nm). The intermixed layer was used to model
the diffusion of Alqs; into PDMS through weighting of the
PDMS and Alqs optical constants.*® Significant changes in the
Alqs film thickness suggest that diffusion of Alq; into PDMS can
obfuscate mechanical analyses.
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To prevent diffusion of Alqs into the PDMS substrate, PS
(molecular mass of 9.4 kg mol™' and 492 kg mol~!, Polymer
Laboratories) was utilized as a diffusion barrier. PS films approx-
imately 22 nm thick were spin cast onto ultraviolet/ozone (model
342, Jelight, Inc.) cleaned silicon wafers (450 pm thick) at
250 rad s~ from dilute solution in toluene. To transfer the PS film
to the PDMS, the polymer film supported on the silicon wafer was
placed into contact with the strained PDMS. Once the film was
softly bonded to the PDMS, the system was immersed in water.
Due to differential adhesion in water, PS was transferred cleanly to
the PDMS. Prior to Alqs deposition, the thickness of PS layer was
determined using spectroscopic ellipsometry directly on the
strained PDMS using a two-layer model (PDMS/PS). After
deposition, the thickness of the Alqs layer was determined again
using spectroscopic ellispometry using a three-layer model (PDMS/
PS/Alqs). After thickness measurements were complete, the pre-
strain on the PDMS was released at a rate of 0.1 mm s~' at ambient
temperature (7= 21 °C £ 2 °C) in order to wrinkle the films.

Characterization of the wrinkled surface was performed using
Atomic Force Microscopy (AFM, Park XE-150) in intermittent
contact mode using a constant scan size of 10 pum x 10 um, and
optical microscopy (OM, Mititoyo Ultraplan FS-110) with an
image resolution of 1024 pixels x 768 pixels. AFM images were
analyzed using a 1D Fast Fourier Transform (FFT) in XEI
software in order to obtain the wavelength of the wrinkles.
Similarly, the wrinkling wavelength from the OM images was
determined using a 1D FFT of the micrographs using custom
written Matlab code.

Results and discussion
Stability of Alqs films on PDMS

One of the first indications that Alqs films directly deposited onto
PDMS are not stable is a change in the color of the as-deposited
film over the course of several hours. To quantify the changes in
the films, the ellipsometric angles, ¥ and A, for the film are
obtained at 55° as a function of time. As shown in Fig. 1 when
Alqs is deposited directly onto PDMS, there is a significant
reduction in the film thickness as the film ages at ambient
conditions. Although Alqs is known to be marginally unstable in
air,*! the change in thickness is too great to be attributed to
degradation. PDMS formulated with 20 : 1 base to curing agent
forms a network with a modulus of ~0.7 MPa. This loose
network enables Alq; to diffuse into the PDMS substrate. After
150 min, the thickness of the Alqs layer decreased by 40%. By
increasing the base to curing agent ratio to 10 : 1, the crosslink
density of the PDMS increases leading to a modulus of ~2 MPa.
Comparatively, Alqs; deposited onto 10:1 PDMS exhibited
a decrease in film thickness of 23% after 150 min, as shown in
Fig. 1. It is interesting that the Alqs has sufficient mobility to
diffuse into the PDMS as T, for Alqs is approximately 130 °C.
Attempts to wrinkle these films yield ill-defined structures. This
result is reminiscent of the poorly formed wrinkles using penta-
cene vapor deposited onto PDMS reported by Tahk ef al.?* The
low glass transition temperature of PDMS (T, = —125 °C)*? and
large free volume of PDMS appear to enable diffusion of Alqs
and potentially other small molecules into the PDMS network;*?
this may lead to a poorly defined system for wrinkling analysis.
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Fig. 1 Apparent Alg; normalized film thickness (///;) as a function of
time on 10 : 1 PDMS, 20 : 1 PMDS, and 20 : 1 PDMS with a 20 nm PS
(9.4 kg mol™") barrier film. The decrease in thickness for the Alqs film for
both bare PDMS substrates is attributed to diffusion of Alq; into the
PDMS layer.

Thus, direct vapor deposition of small molecules on PDMS is
likely problematic for determining their elastic moduli using
wrinkling.

However, it is possible to prevent diffusion of Alqs into the
PDMS substrate by addition of a barrier film; in this case,
a nominal 20 nm PS film appears to prevent diffusion of the Alqs
into the PDMS substrate, as shown in Fig. 1. The thickness of
Algs film remains invariant due to the limited free volume in PS
and the slow glassy chain dynamics. This change in the diffusion
behavior also has implications in the fabrication of organic
devices on flexible plastic substrates as charge transport is
defined by the interfacial morphology, which could be evolving
as a result of diffusion of a glassy component. By insuring sharp
interfaces with the use of a PS barrier film, the Alqs/PS composite
film on PDMS yields well defined wrinkles as illustrated in Fig. 2.
An Alqs film (/14143 = 36 nm) on a PS film (/ips = 22 nm) wrinkles
with a uniform wavelength of 3.5 um 4+ 0.13 pm (Fig. 2a). Fig. 2b
shows an AFM micrograph of an 8 nm Alqs film on 22 nm PS
film with wavelength of 2.1 um + 0.15 pm. These well-defined
wrinkles are similar to those observed for most glassy polymers,
but the added PS layer must be included in the analysis of the
wrinkling to deconvolute the elastic modulus of Alqs.

[al [b]

Fig. 2 [a] Optical image of a 36 nm Alqs film where the wavelength is
3.5 um + 0.13 um. [b] AFM image of an 8 nm Alq; film with a 2.1 um +
0.15 pm wavelength.
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Elastic modulus of Alq; films

The wrinkles in Fig. 2 are formed via uniaxial compression of the
Alqs/PS composite film on a PDMS substrate. The elastic
properties of the composite system of PS and Alqs along with
their thicknesses and elastic modulus of the PDMS dictate the
wavelength of the wrinkle pattern. Thus, an effective plane-strain
modulus of the Alqs/PS composite film (E) can be determined
from the wavelength, A, by:

2 3
Eur =3E( =— 1
v =3E(527) n

where d, is the total thickness of the film, /ipg + /14143, and Eis the
plane-strain modulus of the PDMS. The mechanical contribu-
tions of each layer (PS and Alqsz) can be separated similar to
previous derivations for two-plate composite films on PDMS. 344
In a similar manner, the modulus of Alqs can be calculated as:**

a0
(1) (o-3)

E
2 ps
1+¢ps<E —1)

Ep
1+ ¢ps <EAlq — 1)
3

the neutral axis of bending, ¢,s = lips/(hps + haigz) and ¢y, is the
height fraction of PS. In order to calculate the modulus of
the Alqs film, the Alg; and PS film thicknesses and the moduli of
the PS film and the PDMS must be known. For these experi-
ments, a constant PS film thickness of 21 nm =4 2 nm is used with
a modulus of 3.61 GPa + 0.26 GPa* and the modulus of the
PDMS substrate varies between 0.6 MPa and 0.8 MPa depending
upon the batch. With a single unknown, E Alg3» €qn (2) is itera-
tively solved to determine the modulus of the Alq; film.

The Young’s modulus, Eajq3, of the Alqgs films can be deter-
mined from the plane-strain modulus, Eajq3 as:

(@)

represents the deviation factor for

Engs = Eaigs(1 — v7a143) (3)

where v is the Poisson’s ratio of the Alqs. Recently, the Poisson’s
ratio of vapor deposited indomethacin (molecular glass) was
determined to be 0.36 by BLS;?* similarly, we have assumed
v =0.33 for the Alqs as this is the approximate Poisson’s ratio for
most organic glasses.*> Based upon this assumption, the Young’s
modulus of the 36 nm thick Alqgs film (Fig. 2a) is 0.94 GPa +
0.18 GPa. This is significantly less than the estimated 100 GPa
modulus for Alqs; determined using 100 nm thick films on silicon
wafers with NI.'* The modulus obtained from NI is extremely
large for an organic molecule and is similar to that of the hard
support (Egicon = 130 GPa). To assess if the difference in the
modulus might be due to a surface chemistry effect that impacts
the morphology, the optical constants for analogous films
deposited on both PS/PDMS and silicon wafers have been
determined using spectroscopic ellipsometry. There is no statis-
tical difference in the optical constants for Alqs or surface
morphology from AFM between films deposited on PS/PDMS
or silicon wafers (see ESI{) and thus the substrate does not
appear to be responsible for the large difference in modulus

between these measurements using wrinkling and prior NI
results.’® However, the modulus of most organic glass formers
formed by supercooling the liquid is between 1 GPa and 2 GPa;
these values are in agreement with the modulus of Alqs deter-
mined by wrinkling. Even for vapor deposited glasses, Kearns
et al. have recently shown that the elastic modulus of indo-
methacin and trisnaphthylbenzene is between 4 GPa and 5 GPa
using BLS.3¢ It should be noted that the Young’s modulus of
these vapor deposited organic glasses is dependent on deposition
conditions. Nonetheless, the elastic modulus of the Alq; film
reported here appears to be reasonable based upon comparison
to other organic molecular glasses.

For thin polymer films, a decrease in elastic modulus has
generally been reported for thickness less than approximately 50
nm.?***4¢ Thus, an even lower modulus for the 8 nm thick Alqs;
film might be expected if organic small molecules and polymers
behave similarly at the nanoscale. However, the Young’s
modulus of the 8 nm thick Alq; film is calculated to be 1.66 GPa
+ 0.21 GPa. This suggests that the modulus of Alqs increases if it
is confined to nanoscale dimensions. Fig. 3 illustrates how the
plane-strain modulus depends on film thickness. For films
thicker than 20 nm, the modulus is independent of film thickness
at approximately 1.0 GPa. This is similar to the modulus of
pentacene, which has been shown to be independent of film
thickness down to 25 nm.?* However, as the film thickness of
Alqs is reduced from 20 nm to 10 nm, the plane-strain modulus
appears to increase significantly. For example, decreasing the
thickness from 20 nm to 10 nm results in an increase in the plane-
strain modulus from 1.01 GPa £ 0.27 GPa to 1.69 + 0.32 GPa.
Thus, there is nearly a 70% increase in the elastic properties of
Alqs when confined to 10 nm. This large increase in elastic
modulus is counter to most reports for glassy polymers where
10 nm films can exhibit a modulus that is 10% of the bulk.?

3.0
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5] 1t
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Fig.3 Modulus as a function of film thickness for Alq; determined using
(@) 9.4 kg mol~' PS and () 492 kg mol~' PS as diffusion barrier with
the two-plate composite calculations. The error bars represent one
standard deviation of the data, which is taken as the experimental
uncertainty of the measurement.
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One simple explanation for this increase could be interdiffu-
sion of the Alq; partially into the PS film as the increased
modulus is approaching that of PS. To assess this potential, two
different molecular mass PS (below and above entanglement
molecular mass) are used as barriers for the Alqs wrinkling
experiments. As shown in Fig. 3, there is no difference in the
calculated moduli for Alq; with the different barriers, but
interdiffusion is typically much more prevalent in polymers
below their entanglement molecular mass than above.*” Thus,
simple interdiffusion does not appear to be responsible for the
observed increased moduli of Alqs for ultrathin films. However,
enhancements in the yield strength and ductility of metallic
glasses upon confinement to the nanoscale have been reported
for a number of different systems.*®* Thus, enhancements in
mechanical properties for Alqs; upon confinement to the nano-
scale are not completely unexpected. However, changes in the
modulus for Alq; occur when the film is less than 20 nm thick,
whereas enhancements in the yield stress of metallic glasses
typically are observed at thicknesses greater than 100 nm.**°

For polymeric materials, the decrease in elastic modulus for
ultrathin films is attributed to a softening of the material near the
free surface.®® Therefore, it is plausible that changes in the struc-
ture of Alg; near interfaces could be responsible for the deviations
in mechanical properties, especially considering the very small
length scales at which changes in the elastic moduli are observed.
By variation in the vapor deposition conditions, the Young’s
modulus of indomethacin and trisnaphthylbenzene films can be
increased by 19% as a result of improved packing of the glass.*®
This change based upon deposition conditions is almost an order
of magnitude less than the difference between thick and thin Alqs
films determined here. However, vapor deposited pentacene shows
a change in morphology as a function of thickness from a mono-
layer to more bulk-like dimensions.>**!* The well ordered thin film
structure transitions into a less ordered structure in the bulk
during deposition,***! but under optimal deposition conditions the
well ordered structure persists up to thickness of 19 nm.>? Inter-
estingly, this critical thickness of 19 nm for the pentacene corre-
sponds well to the thickness where a change in the modulus for
Alqs is observed here. It is known that the change in morphology
from thin film to bulk is accompanied by a corresponding change
in the optical properties of the pentacene film. Thus, thickness
dependent structure of the Alqs films should be marked by
changes in the optical constant of the film as well.

To assess these changes, the absorption coefficient, k, is
determined for each film using multiple angle spectroscopic
ellipsometry. The optical constants for the Alqz film are deter-
mined by utilizing multiple Lorentzian oscillators to fit the
ellipsometric angles following the procedure of Djurisic and co-
workers.> Fig. 4 illustrates how the extinction coefficient varies
with thickness for Alqs films ranging from 80 nm to 12 nm. For
all films, there are two absorption peaks at 260 nm and 385 nm
that correspond to those observed for a dilute Alqsz solution.**
These data suggest that these adsorption bands are associated
with the isolated Alqs molecule. For the thicker films, another
absorption band in the range of 310 nm to 340 nm is observed
that is indicative of the formation of Alq; aggregates. The optical
constants for the 80 nm Alq; film are consistent with those
reported for a 150 nm thick Alqs film.>> However, as the thick-
ness of the film is reduced, the peak associated with dyads

1.0
48 nm
nm
0.8 22 nm
0.6
-
0.4
|
I| Decreasing film thickness
0.2
0.0 T T T T |

250 300 350 400

Wavelength (nm)

Fig. 4 Optical constant of Alqs films with thicknesses of 80 nm, 40 nm,
22 nm, and 12 nm. Peaks at 260 nm and 385 nm are present for all Alqs
films with decreasing intensity as the film thickness is reduced. The
intermediate adsorption band (310 nm to 340 nm) associated with
aggregates of Alqs shifts to larger wavelength as the film thickness
decreases with no peak observed for the 12 nm thick film.

(aggregates) shifts to higher wavelength, which suggests a change
in the molecular packing. One additional change is a decrease in
the molecular adsorption peaks at 260 nm and 385 nm. This
decrease could be associated with interdiffusion of Alqgs into the
PS layer (diluting the adsorption as PS is transparent in this
wavelength range) as porous Alqs films show a similar trend in
decreased k.* However, these changes in the adsorption spectra
also occur for thin films deposited on silicon wafers (see ESIT)
and are thus not related to the interaction of the Alq; with the
PS. Therefore, the changes in the adsorption spectra are likely
related to the thin film morphology. A change in morphology
would also be consistent with the observed variation in elastic
modulus with thickness as shown in Fig. 3.

However, it is not well understood how different molecular
packing influences the absorption energy and intensity. Moreover,
the surface topography is nobular in all cases (see ESIT), although
slightly rougher when deposited on PS. This is not unexpected as
the PS/PDMS will initially be rougher than a silicon wafer. Thus,
quantifying differences in the aggregates/morphology as a func-
tion of film thickness will require improved morphological char-
acterization techniques and a more diverse group of materials to
enable correlation of shifts in adsorption bands with aggregate
size/shape. Future work will focus on attempting to correlate the
changes of molecular packing with the modification of elastic
modulus of different organic electronic materials.

It should be noted that previous studies on the modulus of
thicker (100 nm) Alqs films on both poly(ethylene terephthalate)
(PET) and silicon wafer substrates using NI are inconsistent with
the current findings.'® However, these moduli have shown signif-
icant substrate effects as the reported modulus of Alqs varies from
~13 GPa on PET to ~120 GPa on a silicon wafer;'® these moduli
are very similar to the modulus of the substrates themselves and
suggest significant substrate interference. The wrinkling metrology
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utilized here appears to be capable of mitigating these substrate
effects, allowing accurate determination of the modulus of small
organic glasses at the nanometre length scale.

Conclusion and outlook

In summary, the thin film modulus for Alq; was determined
using surface wrinkling. Wrinkling of Alqs deposited directly on
PDMS is significantly hindered and complicated by diffusion of
Algs into the PDMS substrate. A simple PS barrier film prevents
diffusion of Alq; and allows the modulus to be determined with
composite plate (or laminate) theory. The modulus of Alqs
remains independent of thickness for films greater than 20 nm,
while an increase in modulus is observed for thinner films. This
increase in modulus is tentatively attributed to variations in
molecule packing as a function of film thickness. The thin film
optical constants determined from spectroscopic ellipsometry
confirm a change in structure for the thin films.
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