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We study the structure of vapor-deposited glasses of five common
organic semiconductors as a function of substrate temperature
during deposition, using synchrotron x-ray scattering. For
deposition at a substrate temperature of ~ 0.8 Tg (where Tgis the
glass transition temperature), we find a generic tendency towards
“face-on” packing in glasses of anisotropic molecules. At higher
substrate temperature however this generic behavior breaks down;
glasses of rod-shaped molecules exhibit a more pronounced
tendency for end-on packing. Our study provides guidelines to
create face-on and end-on packing motifs in organic glasses, which
can promote efficient charge transport in OLED and OFET devices
respectively.

1.Introduction:

Vapor-deposited glasses are a novel class of non-equilibrium
solids. As compared to liquid-cooled or spin-coated glasses,
they can exhibit greater kinetic stability2, lower enthalpy3#and
higher density>. These properties indicate that physical vapor-
deposited (PVD) glasses can reside much lower in the potential
energy landscape® than glasses prepared through any other
route2.Vapor-deposited glasses can exhibit new dielectric
processes’ that glasses. At
temperatures near zero kelvin, the heat capacity of PVD glasses
can disobey thermodynamic relations previously believed to be
universal to the glassy state8. Vapor-deposited glasses therefore
provide new insights into fundamental questions about the
“ultimate” properties of amorphous materials2.

are absent in traditional

A key feature distinguishing PVD glasses from conventional
glasses is their anisotropic molecular packing®1911, Unlike their
crystalline counterparts, where the packing arrangements are
limited to a few polymorphs, the structure of vapor-deposited
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glasses can be continuously varied, by changing the deposition
temperature!213, Controlling anisotropic structure provides a
route to optimize the performance of organic semiconductors
in OLED (organic light emitting diode) devices#41516_Xingl> et al
showed for films of TCTA that a glass with “face-on” packing
exhibits superior charge transport in comparison to a glass with
isotropic packing. More recent work by Watanabe et al'? also
found a correlation between face-on packing and charge
transport in oligopyridine derivatives. Yokoyama?® et al showed
that glasses with horizontal molecular orientation require a
lower driving voltage in devices. Finally, It has also been shown
that horizontal molecular orientation is favourable for light-
outcoupling in devices!®. Understanding and controlling the
structure of vapor-deposited glasses is of both scientific and
technological importance.

The anisotropic structure of vapor-deposited molecular glasses
has hitherto been characterized predominantly by optical
dichroism measurements!®13 Dichroism studies provide the
average orientation of a transition dipole moment vector. These
studies however lack information on the breadth of the
orientation distribution in the glass. Moreover, dichroism
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Figure 1: Molecules used in this study along with their molecular
shapes.
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measurements insensitive to correlation
intermolecular distances,

measurements contain information about all the above, while

are lengths,

or crystallinity. X-ray scattering

still being sensitive to molecular orientation. A more holistic
measure of structure, provided by X-ray scattering, is needed
for a deeper and richer understanding of vapor-deposited
glasses. In this communication, we compare the bulk structure
of vapor- deposited glasses of five organic semiconductors, with
grazing incidence wide angle x-ray scattering (GIWAXS). The
glasses are deposited across a substrate temperature range of
0.7-1.0 T, where Tg is the glass transition temperature. All the
studied molecules are routinely used in OLED devices; Alq3(Tris-
(8-hydroxyquinoline)aluminum) is an electron transport
material®®, DSA-Ph (1,4-di-[4-(N,N-
diphenyl)amino]styrylbenzene) is a blue light emitter?,
TPD(N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine) is a
hole-transport material?!, m-MTDATA(4,4',4"-Tris[phenyl(m-
tolyl)aminoltriphenylamine) is used in hole injection layers?!
and TCTA (Tris(4-carbazoyl-9-ylphenyl)amine) is a host-material
for emitters??.

Our study reveals that at lower deposition temperatures,
glasses of anisotropic organic semiconductors exhibit a generic
tendency towards “face-on” packing, i.e., these systems tend to
pack with their aromatic rings perpendicular to the surface
normal. It has been argued that the face-on packing motif is
favourable for charge transport in OLED devices#15, Calculation
of an order parameter, Sgiwaxs, Using the angular distribution of
scattered intensity reveals that the tendency for face-on

Rod-like

packingis similar in glasses of anisotropic conjugated molecules
deposited at ~ 0.8Tg. At higher substrate temperatures,
however, we find this generality breaks down; there is more
variability in the packing of vapor-deposited glasses of different
molecules. Our finding is technologically significant as it
suggests that so long as an organic semiconductor has an
anisotropic shape, only the appropriate substrate temperature
needs to be chosen to produce a glass with face-on packing.

2. Experimental Methods:
2.1 Sample Preparation:

All glass films were grown by vapor deposition onto a <100>
silicon substrate (with ~2nm of native oxide) at a deposition rate
of ~¥0.2nm/s in a high vacuum chamber (base pressure:10%Torr).
The thickness during deposition was monitored in real time
using a Quartz crystal microbalance. After deposition, the
thickness was determined precisely by ex-situ VASE (variable
angle spectroscopic ellipsometry) measurements. All the films
had a thickness of 100-350 nm; previous studies have shown in
this range the structure is independent of thickness13.22,

2.2 GIWAXS Measurements

Grazing incidence wide angle x-ray scattering (GIWAXS)
measurements were performed in beamline 11-3 at SSRL
(Photon energy ~ 12.7 Kev). All measurements were made at
room temperature and in a helium atmosphere. The sample to

Disk-like Spheroidal

05 1.0 15 05 10 15

I 1 l_l_l

05 1.0 15 05 1.0 15

<33

OooO_
OOOO
090 0

Figure 2: Grazing incidence x-ray scattering patterns from vapor-deposited glasses of rod-shaped molecules DSA-Ph and TPD, disk-shaped
molecules TCTA and m-MTDATA and spheroidal Alg3. All glasses were prepared at ~0.8T,, except for m-MTDATA which was prepared at
0.75Tg. While the peak at ~1.4 Al is anisotropic for DSA-Ph, TPD, m-MTDATA and TCTA, indicating a tendency for face-on packing, the
corresponding peak for Alg3 at 1.65 A is isotropic. The patterns are collected at an incidence angle above the critical angle, therefore
probing the bulk structure of the films. Schematic illustrations of the packing arrangements are provided below the scattering patterns.
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detector distance was calibrated by using the scattering of LaBe.
X-ray scattering patterns were collected at an incidence angle
of 0.14°, which is above the critical angle for all the films; the
scattering therefore is a measure of the bulk structure. Previous
studies have established that for amorphous organic films this
angle is appropriate for characterization of bulk structure?3.

A region of reciprocal space where there are no diffraction
peaks was chosen for the background subtraction (the exact
regions in reciprocal space for the peak and background can be
found in the Sl). Previous studies from our group did not
implement a background subtraction leading to a systematic
underestimation of the order parameter. (The background
subtracted order parameters for TPD reported here are
therefore different from previously published values?3.) After
subtracting the background, the order parameter, described
mathematically below, is evaluated:

1
Sgiwaxs = 2(3 < cos?x > -1) @
with <cos? x> evaluated as follows:

1100 (cos? x) (sin ) dx
1, 100 (sin x)dx

< cos?y>=

(2)

3. Results:

Shown in Figure 1 are the molecular structures of the systems
that have been investigated in this study. The molecules studied
have different shapes. We classify the shapes as “disk-like”,
“spheroidal” or “rod-like”. Although describing a molecule’s
shape as a rod-like, sphere-like or disk-like, is a simplification, it
has previously proved successful in understanding the structure
of PVD glasses!024, Previous DFT calculations have shown that,
similar to a disk, m-MTDATA and TCTA are planar?*. Published
crystal structures and quantum chemical calculations establish
that Alg325, DSA-Ph26 and TPD?’ are all non-planar. While DSA-
Ph and TPD, have a clearly identifiable long-axis like a rod, Alg3
has a more compact molecular shape. For the sake of brevity
and simplicity, we henceforth refer to these molecular shapes
simply as “rod-like, “disk-like” and “spheroidal”.

Shown in Figure 2 are the GIWAXS patterns from vapor-
deposited glasses of the studied molecules, deposited at 0.75-
0.8Tg. Q; is the scattering vector out of the plane and Q, is the
scattering vector in the plane. The scattered intensity is
represented by colour; red represents high scattered intensity
while blue represents low intensity. At substrate temperatures
of 0.75-0.8T; glasses of m-MTDATA, TCTA, DSA-Ph and TPD all
exhibit an anisotropic scattering feature at ~1.4 AL In all these
glasses, the excess scattered intensity is along Q,; we interpret
this anisotropic feature at ~ 1.4 A to arise from molecules
packed in a face-on manner. In contrast, vapor-deposited
glasses of Alg3 do not exhibit face-on packing; the scattering
feature at 1.6 Al is isotropic. For PVD glasses of anisotropic
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Figure 3: The grazing incidence x-ray scattering patterns from DSA-
Ph and m-MTDATA glasses deposited at 0.95T; and Tg. DSA-Ph
exhibits a pronounced tendency for end-on packing when
prepared at 0.95T;, whereas m-MTDATA prepared at 0.95T,
exhibits nearly isotropic scattering. All glasses prepared at Tg
exhibit isotropic scattering.

conjugated molecules deposited at 0.75-0.8Tg, the tendency
towards face-on packing seems to be a general feature. The
GIWAXS pattern also contain information about the length-
scale over which structural order propagates. We observe, using
the Scherrer equation?® that for highly face-on glasses prepared
between 0.75-0.8Tg, the coherence length ( evaluated out of the
plane or along all directions) is about 2 nm.

At higher substrate temperatures however, packing is more
sensitive to the details of molecular shape. Shown in Figure 3
are GIWAXS patterns from vapor-deposited glasses of disk-
shaped m-MTDATA and rod-shaped DSA-Ph deposited at 0.95T,
and Tg. At 0.95T; we observe that glasses of DSA-Ph clearly
exhibit excess scattering intensity along Q. This implies that
there is an excess population of molecules with end-on packing.
In contrast, Figure 3 shows that PVD glasses of m-MTDATA at
0.95T; exhibit nearly isotropic scattering. Glasses of all the
studied molecules prepared at Tg exhibit isotropic scattering;
this is expected as glasses prepared at Ty typically exhibit all the
same properties as liquid cooled-glasses?®. Our GIWAXS
measurements are consistent with previous
measurements. Walters et al. found at ~0.95T; that while there
is a pronounced tendency for vertical molecular orientation in
glasses of rod-shaped molecules, glasses of disk- shaped
molecules exhibit nearly isotropic molecular orientation 24,

dichroism

To quantify the scattering anisotropy, we calculate the
Herman’s order parameter, Sgwaxs for the scattering feature at
~1.6 A1 for Alg3 and ~1.4 A for all the other molecules. This
feature is sensitive to the m-stacking interactions; the order

parameter is therefore loosely a measure of stacking
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anisotropy. If the order parameter is 1, then all the scattered
intensity would be localized along Q.. This occurs when there is
perfect face-on packing. If all the scattering intensity was
localized along Q,y, the order parameter would be -0.5. This
would occur if there was either perfect end-on or perfect edge-
on packing. Calculation of an order parameter requires the
scattered intensity as a function of azimuthal angle x; we define
X to be zero along Q; and 90° along Qxy . The angular distribution
of scattered intensity is evaluated at the peak position for all the
glasses.

Shown in Figure 4 is the Herman’s order parameter for glasses
of all the studied molecules across a broad range of substrate
temperatures. For glasses prepared at substrate temperatures
between 0.75-0.8T;, the Herman’s order parameter is quite
similar for vapor-deposited glasses of DSA-Ph, TCTA and TPD. Of
all the molecules, m-MTDATA, exhibits the greatest tendency
for face-on packing when deposited at lower substrate
temperatures. We speculate that the higher tendency for face-
on packing in m-MTDATA glasses prepared at lower
temperatures is a combined result of flat molecular shape and
a relatively high tendency for horizontal molecular
orientation?*. While glasses of DSA-Ph and TPD can exhibit high
tendencies towards horizontal molecular orientation?'3, these
molecules are non-planar. TCTA, although flat exhibits a much
lower tendency for horizontal molecular orientationZ* when
vapor deposited at lower substrate temperatures, as compared
to m-MTDATA? . Interestingly, the trend in Sgwaxs With
substrate temperature for the rod-like and disk-like
semiconductors is quite similar for substrate temperatures
between 0.75 and 0.9 T,. In contrast, vapor-deposited glasses of
Alg3, do not exhibit face-on packing.

At higher deposition temperatures, both the raw scattering
patterns (Figure 3) and the Herman’s order parameter (Figure
4) indicate that packing is sensitive to the details of molecular
shape. Disk-shaped molecules m-MTDATA and TCTA exhibit
either negligible or no tendency towards end-on (or edge-on)
packing. TPD, a non-planar molecule shows only a small
tendency for end-on packing. Glasses of DSA-Ph on the other
hand, an elongated rod-shaped molecule shows the strongest
tendency for end-on packing. Recent computer simulations of
vapor-deposited glasses agree with this observation. Han and
co-workers39 simulated vapor-deposition of four rod-shaped
semiconductors; they observed that their longest molecule
exhibited the greatest tendency for end-on packing. Consistent
with these simulations, we observe that the longer of the two
rod-shaped molecules DSA-Ph has the most negative order
parameter, Sgwaxs, at ~ 0.95Tg, and therefore the greatest
tendency for end-on packing. Deposition of even longer
molecules at 0.95T; may result in glasses with order comparable
to that seen in liquid crystals. This type of end-on packing is
desirable for organic field effect transistors31.
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Figure 4: The Sgiwaxs order parameter as a function of substrate
temperature plotted for vapor-deposited glasses made from
rod-shaped TPD and DSA-Ph, disk-shaped m-MTDATA and TCTA
and spheroidal shaped Alg3. The GIWAXS order parameter
reported here is a measure of anisotropic structure of the bulk
glass. Also note that the Alg3 order parameter characterizes the
scattering at ~ 1.6 A%, and not the scattering feature at 0.8 AL.
The average error in the order parameter, determined from
repeating a subset of experiments (both sample preparation
and GIWAXS measurement) is ~ 0.007.

4. Discussion:

Previous studies support our central observation that so long as
a molecule is itself anisotropic, it will exhibit face-on packing
when vapor-deposited between 0.75-0.8T,. Murawski et al32
vapor-deposited glasses of CBP at room temperature. CBP
which has a shape like DSA-Ph and TPD, exhibited face-on
packing at room-temperature(0.77Tg). The tendency for face-on
packing in glasses prepared at lower substrate temperatures is
not merely restricted to glasses of small conjugated molecules.
At substrate temperatures of 0.75-0.8Tg, glasses of mesogens
triphenylene-ester and phenanthroperylene-ester all exhibit
face-on packing33. Triphenylene-ester and
Phenanthroperylene-ester are disk-shaped molecules that have
a central planar core with several substituents. Chemical
substitutions on the aromatic core and the existence of liquid
crystalline states do not change the tendency towards face-on
packing in glasses deposited at lower substrate temperature
(0.75-0.8Tg). It remains unclear whether aromaticity is a pre-
requisite for face-on packing. Future x-ray scattering studies on
glasses of non-aromatic molecules could answer this question.

Several previous studies have proposed mechanisms to explain
the anisotropic structure of vapor-deposited glasses*3435,
These studies attribute the anisotropic structure of a vapor-
deposited glass to partial equilibration towards the surface
structure of the supercooled liquid. However, recent results on
vapor-deposited Posaconazole3¢ show that at lower substrate
temperatures anisotropic structure is not necessarily an
outcome of equilibration towards the surface structure of the
equilibrium liquid. In light of these recent results, we speculate

This journal is © The Royal Society of Chemistry 20xx



that the generic tendency for face-on packing of anisotropic
conjugated molecules at lower substrate temperatures is
connected to a lack of surface mobility at low temperature. We
hypothesize that at lower substrate temperatures, molecules
can reconfigure only in a limited manner; these rearrangements
being only local in nature. When a molecule lands and attaches
to a rigid surface, the easiest way for a molecule to lower its
surface energy is by lying flat on the surface. We speculate that
the tendency for molecules to lower their surface energy by
lying flat gives rise to a tendency for face-on packing at lower
substrate temperatures. At higher substrate temperatures
(~0.95Tg) molecules at the free surface have enough mobility to
equilibrate efficiently towards the surface structure of the
supercooled liquid. Yu et al®” have shown that close to Tg,
surface diffusion can be seven orders of magnitude higher than
bulk diffusion. At higher substrate temperature, due to this high
mobility, molecules at the free surface can rearrange
collectively towards the macroscopic free energy minimum of
the surface. Once the molecules are buried by subsequent
deposition they lose their mobility, resulting in surface favoured
configurations being trapped into the bulk of the glass. As
different molecules have different favoured packing motifs at
the free surface, glasses deposited at high substrate
temperatures have a range of different structures. The
structure of vapor-deposited glasses of Posaconazole supports
this hypothesis. Glasses of Posaconazole deposited at higher
substrate temperature exhibit a strong tendency for end-on
packing3®, consistent with a tendency for end-on packing at the
free surface of Posaconazole at equilibrium. At lower substrate
temperatures vapor-deposited glasses of Posaconazole exhibit
face-on packing, due to limited surface mobility. Our line of
thinking is also consistent with atomistic MD simulations of
vapor-deposited CBP glasses performed by Han and co-
workers39.

Vapor-deposited glasses of Alg3 do not exhibit either face-on or
end-on packing, as indicated by the isotropic scattering feature
at 1.6 AL, We attribute this to the more symmetric molecular
shape of Alg3, that arises from its chemical bonding. Vapor-
deposited glasses of Alg3 however can exhibit a tendency
towards “molecular layering”38, as indicated by the anisotropic
scattering feature at 0.7 A, While the anisotropic scattering
intensity arising from face-on packing occurs at a distance close
to the m-stacking distance, the layering feature occurs at a
distance which is close to the molecular diameter. Glasses of
vapor-deposited Ir(ppy)3, a molecule with shape similar to Alg3,
exhibit similar scattering patterns. Vapor-deposited glasses of
Ir(ppy)3 also exhibit an anisotropic feature associated with
layering32. Given the similarity in scattering patterns of
spheroidal organometallic molecules (like Alg3 and Ir(ppy)3)
and the similarity in scattering patterns of more elongated and
planar molecules (like m-MTDATA, DSA-Ph, TCTA and TPD), we
expect that the scattering pattern of vapor-deposited glasses
can be predicted from molecular shape and chemical bonding.

Previous studies have investigated the role of molecular shape
in determining the structure of vapor-deposited glasses!%24 and

This journal is © The Royal Society of Chemistry 20xx

it is useful to place the present results into this context. Based
upon UV-Vis dichroism measurements, Walters et al reported
that there is a far greater tendency for horizontal molecular
orientation in glasses of rod-shaped molecules than glasses of
disk-shaped molecules when deposited at ~0.8T¢?. In contrast,
the anisotropic scattering from glasses of rod-shaped and disk-
shaped molecules at these substrate temperatures is very
similar, as shown in Figure 4. We can interpret this difference in
light of the different information content in these experimental
observables. UV-Vis dichroism measurements are sensitive to
the orientation of a single axis and thus they cannot distinguish
between glasses with face-on and edge-on packing. In contrast,
in a GIWAXS pattern, these two packing motifs are easily
distinguished. Face-on packing results in excess scattering out
of plane (along Q; at Q~ 1.4 A1) whereas edge-on packing yields
excess scattering in the plane (along Q,, at Q~ 1.4 A1. In
addition to allowing this important distinction, GIWAXS
measurements have two additional features important for
characterizing vapor-deposited organic semiconductors.
Relative to dichroism, GIWAXS is a far more sensitive probe of
disorder. For the systems investigated here, the highest
GIWAXS order parameter is ~¥15 % of the theoretical maximum
whereas the highest dichroism order parameter for these same
systems can reach 80 % of the theoretical maximum. In
addition, GIWAXS can be used to assess whether the order in
the glass is short, medium or long-ranged. The modest
coherence lengths that we observe (~2 nm) even for highly face-
on glasses shows that the ordering in vapor-deposited glasses is
highly local. These GIWAXS experiments also provide direct
evidence that the structural anisotropy in vapor-deposited films
is not due to the presence of small crystallites but due to
anisotropic glass structure. Thus, in comparison to previous
work, GIWAXS provides complementary structural information
which allows for a deeper understanding of vapor-deposited
materials.

Our study provides a general set of rules for preparing glasses
with face-on packing; these rules can be useful for designing
organic electronics devices. The packing of a glass is intimately
connected to how it transports charge3?. According to Marcus
theory, the rate of charge transport is proportional to the
square of the transfer integral; the transfer integral is a measure
of how well frontier molecular orbitals on adjacent molecules
overlap. Vapor-deposition can produce higher density glasses?3,
which provides one route to increase the transfer integral4°.
Anisotropic packing also increases the transfer integral. For
TCTA it has been shown that face-on packing produces a
transfer integral roughly twice as large as random packing?!.
More recently it has been shown that increasing face-on
packing by engineering weak hydrogen bonds in oligopyridine
derivatives can improve charge-carrier mobility. For this case,
increasing Sgiwaxs by 0.06 was associated with a factor of 6
improvement in electron mobility17.
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5. Conclusion:

We show that the tendency for face-on packing is roughly
similar in vapor-deposited glasses of organic semiconductors
that (i) have an anisotropic molecular shape and (ii) are
prepared at deposition temperature of 0.75-0.8T,;. Between
0.75 and 0.9Tg, the trend in the x-ray derived order, as a
function of substrate temperature, is also quite similar for four
different semiconductors, all of which have an anisotropic
molecular shape. Glasses of Alg3, a molecule with a
“spheroidal” molecular shape do not exhibit face-on packing. At
higher substrate temperature there are more variations in the
packing of vapor-deposited glasses, as expected given the range
of different equilibrium surface structures for organic
molecules. The molecule with the most anisotropic shape, DSA-
Ph, exhibits the greatest tendency for end-on packing when
deposited at ~ 0.95T,. Our study provides general guidelines for
preparing glasses with face-on packing and end-on packing.
Face-on packing can be used to promote charge transport in
OLEDs (organic light emitting diodes) while end-on packing is
desirable for OFETs (organic field effect transistors).
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