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Using Deposition Rate and Substrate Temperature to Manipulate
Liquid Crystal-Like Order in a Vapor-Deposited Hexagonal Columnar

Glass

Camille Bishop,* Zhenxuan Chen, Michael F. Toney, Harald Bock, Lian Yu, and M. D. Ediger

ABSTRACT: We investigate vapor-deposited glasses of a phenanthroperylene ester, known
to form an equilibrium hexagonal columnar phase, and show that liquid crystal-like order can ;‘?ﬁr T Tsubstrate
be manipulated by the choice of deposition rate and substrate temperature during deposition. )

We find that rate—temperature superposition (RTS)—the equivalence of lowering the

deposition rate and increasing the substrate temperature—can be used to predict and control
the molecular orientation in vapor-deposited glasses over a wide range of substrate
temperatures (0.75—1.0 Tg). This work extends RTS to a new structural motif, hexagonal
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columnar liquid crystal order, which is being explored for organic electronic applications. By L

several metrics, including the apparent average face-to-face nearest-neighbor distance, physical
vapor deposition (PVD) glasses of the phenanthroperylene ester are as ordered as the glass <
prepared by cooling the equilibrium liquid crystal. By other measures, the PVD glasses are less
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ordered than the cooled liquid crystal. We explain the difference in the maximum attainable

order with the existence of a gradient in molecular mobility at the free surface of a liquid

crystal and its impact upon different mechanisms of structural rearrangement. This free surface equilibration mechanism explains the
success of the RTS principle and provides guidance regarding the types of order most readily enhanced by vapor deposition. This
work extends the applicability of RTS to include molecular systems with a diverse range of higher-order liquid-crystalline
morphologies that could be useful for new organic electronic applications.

B INTRODUCTION

As the need for energy-eflicient organic electronics grows,
materials with new and easily tunable properties are in high
demand. One class of materials that has attracted significant
attention is highly anisotropic glasses. Anisotropic glasses
combine the advantageous properties of crystals such as
significant positional correlation”* and preferential orienta-
tion” with properties of isotropic glasses, such as macroscopic
homogeneity4 and compositional flexibility.” This combination
of properties makes anisotropic glasses uniquely suited for
certain organic electronic aépylications such as organic light-
emitting diodes (OLEDs).”” Other devices, such as those
based upon organic field effect transistors (OFETs), may
benefit from even more highly anisotropic glasses to direct
charge mobility.s’g

One way to prepare a highly anisotropic glass is by using
liquid crystal mesogens. Liquid crystal (LC) glasses are highly
anisotropic solids conventionally prepared from a fluid liquid
crystal phase'™" in which the molecules form mesophases
with orientational, and sometimes positional, order. Many
liquid crystal morphologies exist, ranging from the simplest
orientationally ordered nematic to comlplex mesophases with
both orientational and positional order.””™'* Columnar liquid
crystals are one type of highly organized morphology that has

been receiving increasing attention for use in the preparation

of glasses for organic electronic applications, specifically
OFETs.® In these columnar LC glasses, the disclike molecules
assemble face to face into columns, and the columns further
organize into mesoscale geometric motifs such as rectangular
and hexagonal structures. Such glasses can be prepared by
cooling from the melt," though it can be difficult to prepare
glasses with well-aligned structures through this route. ' High
levels of structural organization are important for applications
in devices for directional charge mo’bility;g"17 Traditionally, LC
systems are aligned by surface contact with an ali%nment layer
or by application of an electric or magnetic field. 8

One strategy that has been used to successfully control the
order and alignment of highly organized columnar"® and

smectic'”*? liquid crystal glasses is physical vapor deposition
(PVD). PVD can prepare LC glasses with a wide range of
orientations, from molecules lying flat on a substrate to end- or
edge-on arrangements. Highly organized LC and LC-like
glasses with a wide range of orientations and order have been
prepared by changing the substrate temperature”'”*" and/or
the rate”"** of deposition. More specifically, glasses with a
wide range of rectangular and hexagonal columnar structures
have been previously prepared by changing the substrate
temperature during deposition.” Using PVD to produce highly
ordered glasses of mesogens is advantageous because the as-
deposited order is independent of the underlying substrate,
thereby requiring no surface modification, and PVD can be
used to prepare glasses at a processing temperature below their
glass transition temperature, saving energy and preserving the
structure of the other layers. Additionally, vapor deposition has
been shown to improve and optimize charge mobility in
organic electronic columnar systems.” The molecular align-
ment in PVD glasses can be explained by the surface
equilibration mechanism, in which enhanced mobility at the
free surface of the glass, relative to the bulk,”*** allows newly
deposited molecules to partially (or fully) equilibrate before
becoming trapped in the bulk by further deposition. If the
equilibrium free surface is highly anisotropic, this leads to a
highly anisotropic as-deposited glass,” as predicted by
simulations”®™** and verified by experiments.”” This results
in anisotropic glasses prepared from molecules with"'?*® and
without™*” equilibrium liquid crystal phases.

The concept of “deposition rate—substrate temperature
superposition” (RTS) further extends the utility of the surface
equilibration mechanism. If a structural property obeys RTS,
decreasing the deposition rate and increasing the substrate
temperature during deposition will alter the structure of the as-
deposited glass in an equivalent manner.”""”” Increasing the
substrate temperature increases the mobility of the newly
deposited surface molecules, decreasing the amount of time
required for them to equilibrate. Decreasing the deposition rate
allows the newly deposited molecules more time at the free



surface to equilibrate, thereby having the same effect. RTS can
then be used to predict and control the glass structure over a
wide range of deposition conditions. When RTS is used, it
effectively reduces a two-dimensional parameter space to a
single dimension and thus is a major simplification. Previous
studies established the existence of RTS for both a mesogenic
molecule with equilibrium liquid crystal phases” and a
nonmesogenic molecule without liquid crystal phases™ over
a rather modest range of substrate temperatures—0.94—1.00
Ty, where T, is the glass transition temperature.

Here, we show the effect of both substrate temperature and
deposition rate on the structure of a vapor-deposited
phenanthroperylene ester that forms a hexagonal columnar
liquid crystal glass. We show that both the temperature and the
rate have a major impact on the molecular orientation, face-to-
face nearest-neighbor distance, and hexagonal columnar order
in the vapor-deposited glass. We show that the orientational
order of vapor-deposited phenanthroperylene ester obeys the
rate—temperature superposition (RTS) principle over a wide
range of substrate temperatures—from 0.75 to 1.0 T, Other
structural parameters (apparent nearest-neighbor distance and
hexagonal columnar order) are also consistent with RTS and
can be precisely tuned with the proper choice of deposition
conditions. Interestingly, some measures of order for the PVD
glasses reach the values for the equilibrium liquid crystal, while
others do not. These observations, together with the surface
equilibration mechanism, indicate the presence of a gradient in
mobility that controls the structural order that may be realized
in vapor-deposited glasses. These new results may guide

strategies to optimize the organization of columnar glasses for
applications in organic electronics.

B METHODS

Material Synthesis. A phenanthro[1,2,3,4,ghi]perylene-
1,6,7,12,13,16-hexacarboxylic hexaester was synthesized as
described in Kelber et al."> The melting point of its crystalline
solid is T,, = 520 K. The supercooled liquid exhibits a
hexagonal columnar phase below 492 K that undergoes a glass
transition at T, = 392 K.' For the remainder of this
publication, we refer to this molecule as “phenanthroperylene
ester”.

Vapor Deposition. Glasses of phenanthroperylene ester
were prepared in a custom-built deposition chamber as
outlined in a previous publication," using a source-to-substrate
distance of 11 c¢cm. Samples were deposited on 1-in. Si{100)
wafers with a native oxide (Virginia Semiconductor). The Si
wafers were aflixed using Apiezon H grease to copper blocks
cooled by liquid nitrogen. The temperature of the blocks was
controlled using a Lakeshore 336 PID controller. The
deposition rate was monitored in situ using a Quartz Crystal
Microbalance (Sycon Instruments). The average sample
thicknesses ranged from 35 to 120 nm. The deposition
geometry introduced a thickness gradient. The thickness at
various points on the wafer was measured by ellipsometry and
used to calculate the true deposition rate at each position.

Ellipsometry. An M-2000U spectroscopic ellipsometer
from J.A. Woollam Co., Inc, equipped with a translational
stage, was used to perform measurements on the as-deposited
glasses at 21 different positions on each 1-in. wafer. For each
measurement, we utilized seven angles of incidence between
45 and 75°. Measurements were made perpendicular to the
thickness gradient across the wafer to minimize beam
depolarization effects.

Ellipsometry data were collected over wavelengths from 200
to 1000 nm. Due to a strong absorption at ~350 nm, data was
modeled from 500 to 1000 nm using an anisotropic Cauchy
model
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in which A, A,,, and B are empirical optical constants. The
difference A, — A,, is determined in difference mode in
CompleteEASE (J.LA. Woollam Co.) and is equal to the
birefringence An. Films thinner than 90 nm did not provide
unique birefringence values, so for ellipsometry, we present
data from positions on films that are thicker than 90 nm.
Ellipsometry data for a given sample is presented as a single
point; the deposition rate is equal to the average of all points
on samples that are thicker than 90 nm, and the error bars for
the birefringence are the standard deviations of measured
values across these spots.

X-ray Scattering. Grazing-incidence wide-angle X-ray
scattering (GIWAXS) was performed at Beamline 11-3 of
the Stanford Synchrotron Radiation Laboratory (SSRL). The
wavelength used is 0.976 A, with an energy of 12.6 keV. The
source-to-detector distance was 315 mm. A fixed incidence
angle of 6, = 0.12° was used, above the critical angle for
phenanthroperylene ester and below that of the silicon
substrate. Scans were performed in a helium atmosphere for
exposure times ranging from 30 to 700 s. Structural parameters
presented in this work—the orientational order parameter,
nearest-neighbor distance, and hexagonal order—are quanti-
tatively consistent for all exposure times.

Two-dimensional X-ray data were reduced using the
WAXSTools plugin‘m in Nika®® run in the Igor Pro
environment. The raw area data are processed into reciprocal
space by accounting for the scattering geometl’y.‘m

The orientational order parameter Sarwaxs — was calculated
to quantify the anisotropic scattering of the peak at g ~ 1.8
A™', which corresponds to the orientation of face-to-face
nearest-neighbor interactions. All patterns were integrated
from q = 1.65 to 1.85 A™' for each azimuthal angle y, with y =
0° defined along g.. For background subtraction, similar arcs
from g = 1.55 to 1.65 A™" and q = 1.85 to 1.95 A™" were
integrated and averaged, and then subtracted at each value of y.
The resulting I vs y curves were then fit to empirical functions
and extrapolated to the regions with missing intensity, from y =
0 to 10° and y = 86 to 90°. These procedures are shown in SI
Section 1. The resulting functions were used to calculate the
sine-corrected {cos® y) average of the scattering intensity

L7100 (cosy)(sin 7) dy
L7100 Gin ) dy 1)

(cos® z) =

to determine Sgrwaxs

Sgrwaxs = %(3(00511() - 1) 2)

Values at the limit of +1 indicate that the face-to-face stacking
direction is perpendicular to the substrate, and the limit of
—0.5 indicates a stacking direction in the plane of the substrate.

To determine the apparent nearest-neighbor distance, we
inspected the g = 1.65—1.85 A™! integrations described in the
previous paragraph. For each individual sample, we determined
the y range over which the intensity was at least 50% of the
maximum scattering intensity; we limit our analysis to this
region to report the nearest-neighbor distance for the major
structural motif of the sample. We integrated the two-
dimensional (2D) scattering pattern over this y range to
yield I vs q curves. Empirical background subtraction was
performed on each I vs g curve, and the maximum intensity
determined by the first derivatives was used to determine g,,.
The apparent nearest-neighbor distance, d,,, was calculated as
don = 2/ Qe More information is presented in SI Section 2.
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Figure 1. Two-dimensional grazing-incidence wide-angle X-ray scattering (GIWAXS) of vapor-deposited phenanthroperylene ester shows that
both the substrate temperature (T,,) and the deposmon rate change the molecular packing, including both orientational and hexagonal order. (A)
Molecular structure and transition tempemtures of phenanthroperylene ester. (B) GIWAXS patterns of phenanthroperylene ester vapor-deposited
at several different substrate temperatures and rates. (C) Proposed packing motifs of the lowest Ty, and highest deposition rate, and the highest
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T, and lowest deposition rate sample, with real-space coordinate system is shown.

To determine the hexagonal order, the scattering intensity
was integrated from g = 0.35 to 0.55 A™" at all azimuthal angles
- A constant baseline, equal to the minimum intensity at any
scattering angle, was subtracted. Peaks at y ~ 60° were fit to
Gaussians to extract the full width at half-maximum, denoted
in this publication as A,

Liquid-Cooled Glass Preparation. Reference liquid-
cooled glasses were prepared by annealing a PVD glass in a
helium atmosphere at SSRL beamline 11-3, with in situ
measurements during heating and cooling. Briefly, a sample of
phenanthroperylene ester vapor-deposited at 392 K (T) and
106 A/s was heated to 457 K to form the equﬂlbrlum
hexagonal columnar liquid crystal and then cooled to 387 K at
approximately 2.5 K/min (to form the liquid-cooled glass).
Quantities shown for liquid-cooled glasses are measured from
the glass at 387 K, 5 K below T,. Below T, hqu1d cry‘stalhne
structural features in glasses are essentlally fixed,' meaning
that the structure probed just below Tg is equivalent to that of
the equilibrium liquid crystal just above T,

B RESULTS

Overview of Glassy Structures Prepared by PVD.
Vapor deposition of phenanthroperylene ester at different
substrate temperatures and deposition rates yields glasses with
a wide range of glassy packings, as summarized qualitatively in
Figure 1. The molecular structure and phase transition
temperatures of phenanthroperylene ester are shown in Figure
la. Glasses were vapor-deposited at substrate temperatures
(Typ) from 293 to 392 K (0.75—1.0 T ) using deposition rates
from 107%% to 10%7 A/s. Two- dlmenslonal grazing-incidence
wide-angle X-ray scattering (GIWAXS) patterns for a subset of
these glasses are shown in Figure 1b, with illustrations of
proposed structures for the extreme cases shown in Figure lc.
Changing Ty and the deposition rate during deposition
produces a wide range of glassy packings, with lower
deposition rates and higher substrate temperatures resulting
in more ordered glasses. Given the common view that glasses
are isotropic materials, we briefly explain why all of the
materials in Figure 1b are described here as glasses. When a
liquid crystal is cooled, either a three-dimensional (3D) crystal
or a glass may be formed. For both liquid crystals and isotropic
liquids, glass formation occurs upon cooling when molecular
motion becomes sufficiently slow (as long as crystal nucleation
is avoided) and this transition is accompanied by a significant
drop in the heat capacity.'”"" While an isotropic liquid yields
an isotropic glass upon cooling, the glass formed from a liquid
crystal inherits the anisotropic structure of the liquid-crystalline
phase and different cooling rates can yield glasses with different

levels of liquid-crystalline order.'" For phenanthroperylene
ester, the solids shown in Figure 1b form the hexagonal
columnar liquid crystal when heated above T. In addition, the
most ordered glasses produced by PVD are very similar in
structure to the glass produced by cooling the equilibrium
liquid crystal into the glassy state (see below). Thus, the
description of the materials in Figure 1b as glasses is consistent
with literature studies: there is no contradiction between
“glass” and “liquid-crystalline order”.

By changing the deposition conditions, we can prepare
glasses with varying degrees of oriented hexagonal order, as
seen in the X-ray scattering patterns. Hexagonal order can be
observed in the GIWAXS patterns shown in Figure 1b from
the peak at g ~ 0.4 A" (~16 A in real space, the approximate
diameter of the “disc” formed by one molecule). In glasses with
oriented hexagonal order, local maxima of the peak occur at y
~ 0 and +60°. Three out of the six patterns in Figure 1b
qualitatively show hexagonal order: those deposited at 380 K at
both rates and the glass deposited at 360 K at the lower rate of
107** A/s. An illustration of the proposed oriented hexagonal
order in a glass deposited at a high T, and alow rate is shown
in the bottom pattern of Figure lc. Due to the grazing-
incidence geometry, the measurement can only distinguish
hexagonal packing in-plane (perpendicular to the incident
beam).

The substrate temperature and deposition rate can also be
changed to prepare glasses with differing orientations of
nearest-neighbor interactions. The azimuthal distribution of
the broad peak at around 1.8 A™' in the patterns shown in
Figure 1b shows the primary direction of face-to-face
interactions of the disc-like molecules. This corresponds to a
real-space distance of ~3.5 A, the interaction associated with
7—r molecular orbital overlap of the molecules. At a low Ty,
and a high deposition rate (315 K and 10%¢ A/s), the intensity
is the highest nearer to g, suggesting that the discs primarily
stack face-to-face out-of-plane, as illustrated in the top pattern
of Figure lc. As the deposition rate is lowered to 107%% A /s at
the same T, the intensity begins to localize along g,
indicating the transition to in-plane face-to-face interactions.
As Ty, is increased while the deposition rate is held nearly
constant, a similar increased in-plane localization occurs, as
seen going across rows in Figure 1b. Our work confirms a
previous report showing that a wide range of glassy packings
can be prepared from phenanthroperylene ester by changing

T, Here, we show, in addition, that we can use the
deposition rate to prepare different glassy structures at the
same T,
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Figure 2. Measures of orientational order of vapor-deposited phenanthroperylene ester depend on both Ty, and the deposition rate, and show
deposition rate—substrate temperature superposition (RTS). (A) GIWAXS-derived orientational order parameter Sgpyaxs for the ¢ ~ 1.8 A™" (face-
to-face nearest-neighbor interactions) peak vs the log of the deposition rate at several substrate temperatures and for the liquid-cooled glass. Sgrwaxs
ranges from 0.3 at a low T, and a high rate, indicating mildly out-of-plane 7—r stacking, to —0.45 at a high Ty, and a low rate, consistent with
nearly perfect in-plane 7—x stacking (along qu). (B) Optical birefringence vs the log of the deposition rate at several substrate temperatures and for
the liquid-cooled glass. A more positive birefringence, observed at a high T, and a low rate, indicates a higher refractive index out-of-plane than in-
plane, consistent with an edge-on molecular orientation. Error bars presented are the standard deviation of the birefringence across the wafer. For
points where error bars are not shown, the error bars are smaller than the size of the symbol. (C) Sgpyaxs vs birefringence for all of the data shown
in panels A and B. A linear fit is applied to all data, except for that with Sgpyaxs < —0.44, due to the uncertainty of calculating Sgwaxs for highly
oriented samples. (D) Combined plot of Sgwaxs and birefringence values vs the log of the effective deposition rate at 392 K (Tg). The effective
deposition rate for both parameters is calculated using a shift factor of 17 K per decade. An empirical hyperbolic tangent fit is shown as a guide to

the eye and is also shown as colored lines in panels A and B.

Orientational Order. We can quantify the orientation of
nearest-neighbor interactions between adjacent phenanthro-
perylene ester cores using the orientational order parameter
Scrwaxs- Sgrwaxs is calculated from the anisotropic scattering of
the peak at ¢ ~ 1.8 A™" as defined in the Methods section.
Perfectly out-of-plane z—n stacking would correspond to
Scwaxs = 1, while perfect in-plane stacking would produce
Saiwaxs = —0.5. Sgiwaxs for phenanthroperylene ester vapor-
deposited at many T, and deposition rates are presented in
Figure 2a. As the deposition rate is lowered and T, is
increased, Sgpyaxs values show that 7—7 stacking increasingly
occurs in-plane. For example, at T, = 315 K, Sgwaxs is
positive at the highest deposition rate of 10°7 A/s, indicating
out-of-plane 71— stacking. As the deposition rate is lowered to
107 A/s, Sqrwaxs reaches the negative value of —0.2, with
stacking that is primarily in-plane. At a constant deposition
rate, glasses prepared at higher T, have more negative values
of Sgrwaxs, consistent with previous 1'ep01'ts.1 At the highest
T and the lowest deposition rate, Sgnyaxs reaches —0.45,
which is very close to the limiting value of —0.5 associated with
perfect in-plane z—x stacking. This value of Sgpyaxs is the
same as that for the liquid-cooled glass, indicating that vapor
deposition at low rates and high T, results in a glass with an
orientation similar to that prepared by cooling the equilibrium
liquid crystal.

The optical birefringence, shown in Figure 2b, provides a
complementary measure of orientational order that reinforces
the X-ray scattering. The birefringence is sensitive to molecular
orientation because the polarizability of the phenanthroper-
ylene ester core is different in the in- and out-of-plane
directions. Previous studies™'” have shown that the birefrin-
gence can have a one-to-one correlation with the orientation of
the long axis of the molecule. Similar to the data shown in

Figure 2a, the birefringence switches sign as the deposition
conditions change from a low T, and a high deposition rate
to a high T,y and a low deposition rate. At high T, /low
deposition rates, the birefringence is positive (the refractive
index is higher out-of-plane than in-plane), indicating an edge-
on molecular orientation. Since the plane of the molecule is
perpendicular to the nearest-neighbor interactions, this is
consistent with the negative Sgpyaxs parameter, indicating that
the interactions are primarily in-plane. We note that, in Figure
2b, the observed birefringence values reach the value of the
liquid-cooled glass (the lines through the data show a slightly
different behavior, as explained below).

The strong correlation between Sgpyaxs and the birefrin-
gence is shown in Figure 2c. The two variables are almost
perfectly anticorrelated, as expected, given that they are both
sensitive to the same structural feature. We note that the
lowest Sgrwaxs points do not fit on this line. Because the
molecules in these samples have stacking so strongly localized
in-plane, with the scattering concentrated at y > 86°, we
cannot precisely determine the value of Sgyaxs: We expect
that the true values of the Sgryaxs saturate at —0.5 (the
minimum possible value) at the highest T, and the lowest
deposition rates, even though the experimentally determined
Sarwaxs values plateau at —0.45.

We find that a rate—temperature superposition (RTS)
successfully relates the effects of T, and deposition rate on
orientational order in the as-deposited phenanthroperylene
ester glasses, as shown in Figure 2d. Using the anticorrelation
found in Figure 2¢, we plot the Sgwaxs and birefringence data
on linked axes. We find that the data presented in Figure 2a,b
can be collapsed into a single master curve with a shift factor of
17 K/decade, ie., by equating the orientational order prepared
by a 17 K increase in Ty, to that resulting from depositing 10



times more slowly. This allows the calculation of an “effective
deposition rate” at 392 K, which is the deposition rate that
would be required to prepare a glass with the given structure at
Top = 392 K. The temperature dependence of the relaxation
time suggested by this shift factor is much weaker than that
tound for previous liquid-crystalline systems, consistent with a
highly mobile surface, as elaborated further in the Discussion
section.

One interesting feature of the data shown in Figure 2d is
that the zero for birefringence and Sgryaxs do not occur at the
same effective deposition rate. Where Sgpyaxs is equal to zero,
consistent with azimuthally isotropic scattering from the q ~
1.8 A™! feature, the birefringence n, — 1, is equal to 0.04. This
may seem counterintuitive, since a truly isotropic sample
would have both Sgpyaxs and the birefringence equal to zero.
The resolution to this conundrum is the observation that none
of the vapor-deposited glasses are truly isotropic. For example,
SI Figure S7 shows the 2D scattering pattern for the glass
deposited at 315 K and 107 AJs. Despite the isotropic
scattering of the g ~ 1.8 A™' peak for a glass that is
characterized by Sgrwaxs = 0, other aspects of the GIWAXS
pattern are clearly anisotropic. It is possible that not all regions
of the sample contribute equally to the scattering, for example,
less well-ordered regions of the sample might contribute to the
birefringence but not to the scattering. Other workers have
reported that mildly birefringent glasses can be prepared with
an isotropic molecular orientation,
that there are many dimensions to anisotropy in vapor-
deposited glasses.

Average Face-to-Face Nearest-Neighbor Distance.
Both increasing the substrate temperature and decreasing the
deposition rate decrease the face-to-face nearest-neighbor
distance d,, in vapor-deposited glasses of phenanthroperylene
ester. This apparent distance is defined from the g-value at
which the maximum scattering occurs, where d,, = 27/¢.
We expect that the smallest d,, values (which occur in the
most highly ordered samples) represent the x-stacking
distance. In this regime, a smaller d, can result in an increase
in the 7-orbital overlap between adjacent molecules, enhancing
charge mobility and performance.®® Figure 3a shows a
schematic illustration of d,, in vapor-deposited phenanthro-
perylene ester, while d,;, is plotted against the log of the
deposition rate in Figure 3b. At a constant deposition rate of
~10%° A/s, glasses deposited at the lowest T, of 293 K have
d, equal to 3.68 A, while those deposited at the highest T, of
392 K have a d,, of 3.51 A—a 4.5% decrease. For all T,
above 293 K, a decrease in the deposition rate generally results
in a decrease in d,,. The values of d,, approach and, at the
highest substrate temperature and the lowest deposition rate,
are even lower than the value of the liquid-cooled glass.

Using the orientational order shift factor determined in
Figure 2, we test the rate—temperature superposition (RTS)
for d,, and find that it works reasonably well, as shown in

35

consistent with the idea

Figure 3a. The deposition rate of the glasses has been
converted into an effective deposition rate at 392 K using a
shift factor of 17 K/decade. Given the relatively large error bars
for d,,, we did not attempt to fit the shift factor. Thus, our
analysis indicates that the d,, values are consistent with the
shift factor found for molecular orientation.

The correlation length associated with the nearest-neighbor
peak depends upon deposition conditions in a manner that is
qualitatively consistent with data in Figures 2 and 3. We find
that the correlation length ranges from about 1.5 nm (~4
molecules) for the sample deposited at the lowest T, and the
highest rate up to about 3.3 nm (~9 molecules) for the sample
deposited at the highest Ty, and the lowest rate.
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Figure 3. The apparent average nearest-neighbor distance d, is
significantly modified by the deposition rate and the substrate
temperature and can be described using deposition rate—substrate
temperature superposition (RTS). (A) Hlustration quantifying d,,—
the average distance between two adjacent disc-like molecules in the
vapor-deposited glass. (B) d,, of vapor-deposited phenanthroperylene
ester as a function of the deposition rate at several Ty, Generally, d,
decreases at a higher T, and lower deposition rates. The value of d,,
for the liquid-cooled glass is also indicated. Error bars show the
standard deviation of the peak position found from the measurements
at distinct spots on the sample. (C) RTS successtully describes d,
using a shift factor of 17 K/decade, the same shift factor used for
molecular orientation in Figure 2. A linear fit to all data points is
shown as a guide to the eye.

Hexagonal Order. Similar to the molecular orientation
and the apparent nearest-neighbor distance, we find that
glasses with a higher degree of in-plane hexagonal order are
obtained by decreasing the deposition rate and increasing T,
To quantify the hexagonal order, we integrate the peak at q ~
0.4 A7 (from g = 0.35 to 0.55 A™") for every azimuthal angle
4, as illustrated schematically in Figure 4a. Example
integrations are shown in Figure 4b. There is no intensity
data in the range y = +8° due to the scattering geOLnetly,33
though all samples show a peak near this area regardless of the
extent of hexagonal order. As Ty is increased and the
deposition rate is decreased, peaks at y ~ 60° grow in size and
narrow in width. We subtract a linear background and fit these
peaks to a Gaussian function, using the full width at half-
maximum, denoted A, as a measure of hexagonal order. Figure

4c¢ shows A, values as a function of the log of the deposition
rate at several T,,. Glasses deposited below 360 K do not
show any in-plane hexagonal order and are not included in

Figure 4c. At all T, studied, depositing more slowly prepares
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Figure 4. Azimuthal integrations of the ¢ ~ 0.4 A peak reveal that
the in-plane hexagonal order depends upon T,y and the deposition
rate, and can be described by RTS. (A) Illustration of the area in the
2D GIWAXS pattern used to determine hexagonal order, and a
schematic of a highly ordered system. Intensity is integrated from g =
0.35t0 0.55 A at every value of the azimuthal angle y. (B) Scattering
intensity for selected samples as a function of y for vapor-deposited
and liquid-cooled glasses. (C) FWHM (A,) of the peak at y ~ 60° as
a function of the deposition rate for all samples showing hexagonal
order. Generally, increasing T, and lowering the deposition rate
result in a smaller A, consistent with increasingly perfected in-plane
hexagonal order. (D§ Hexagonal order can be described using RTS.
A, the full width at half-maximum (FWHM) of the hexagonal order
peak at y ~ 607, is plotted against the log of the effective deposition
rate at 392 K calculated using a shift factor of 9 K per decade in rate.
An empirical hyperbolic tangent fit is shown as a guide to the eye.

glasses with greater in-plane hexagonal order (smaller Ax)'
Generally, increasing T, also increases the hexagonal order.
All glasses prepared by vapor deposition have less in-plane
hexagonal order than the glass prepared by liquid cooling, with

the smallest value of A, being 3° as compared to the liquid-
cooled value of 1°. Due to the grazing-incidence geometry, the
intensity of the y ~ 60° peaks is sensitive to both the degree of
hexagonal order within a domain and the degree to which the
hexagonal columns lie in the substrate plane. Additionally, we
find that the sample deposited at the highest effective
deposition rate has a correlation length of 5.1 nm or 3—4
molecular diameters. The sample deposited at the lowest
effective rate has a correlation length of 33 nm, or ~20
molecular diameters, suggesting a highly organized sample. We
also calculate the edge-to-edge disc spacing of this hexagonal
peak at around q ~ 0.4 Al shown in SI Section §.

We test the RTS principle for hexagonal order and find that
A, superposes successfully, but with a different shift factor than
that found for the orientational order and nearest-neighbor
distance. In Figure 4d, we show A, as a function of the
effective deposition rate calculated from a superposition factor
of 9 K per decade. While the existence of multiple shift factors
may seem surprising, this was previously reported for
orientational and positional order in a vapor-deposited smectic
liquid crystal,”’ and attributed to the existence of multiple
relaxation processes at the free surface. Below, we show that
these distinct shift factors provide insight into the surface
equilibration process during PVD.

B DISCUSSION

Deposition Rate—Substrate Temperature Superposi-
tion of Orientational Order. This work expands the range of
systems for which RTS has been shown to describe
orientational order in vapor-deposited glasses. The effects of
the deposition rate and T, on the structure of three vapor-
deposited systems have now been systematically studied: the
rod-like molecules itraconazole (a smectic liquid crystal) and
posaconazole (with no liquid crystal phases), and now the disc-
like phenanthroperylene ester, a hexagonal columnar liquid
crystal. In contrast to previous work, phenanthroperylene ester
is a potential organic photovoltaic material with favorable
electronic properties.'> For all three of these systems, the
molecules in the vapor-deposited glass orient edge-on with
respect to the substrate when prepared at a higher T, and/or
a lower deposition rate. As these conditions maximize
equilibration at the free surface during deposition, this result
is consistent with the surface equilibration mechanism for PVD
glasses (since an edge-on orientation is the tylpical equilibrium
liquid crystal orientation at the free surface).'

This work also expands the range of substrate temperature
over which RTS for orientational order can be expected to
work (0.75—1.00 Tg). Previous work by Bishop et al. covered a
more modest range of substrate temperatures from 0.94 to 1.00
Tg.21’22 Previous work by Yokoyama and co-workers, while not
explicitly investigating RTS, found different birefringence
values for OLED materials TPT1, 2-TNATA, and TPD
deposited at different rates at a single substrate temperature
(0.70, 0.77, and 0.88 Ty 1‘espe«.:tively).6’37 Additionally, Bagchi
et al. found differing translational order at two deposition rates
at several substrate temperatures for Alqy, a spheroidal OLED
molecule.”” The results from these studies on OLED
molecules together with the present study suggest that RTS
may be applied systematically to technologically relevant
materials over a wide range of deposition conditions.

Comparison of PVD Glasses with Glasses Prepared
by Cooling the Equilibrium Liquid Crystal. To evaluate
the structures of PVD glasses of phenanthroperylene ester, it is
convenient to use the equilibrium liquid crystal as a reference
state representing perfect liquid crystal order. For two of the
types of structural order characterized in this work, PVD
glasses can achieve the same level of structural perfection as
glasses prepared by cooling the equilibrium liquid crystal. For



example, glasses deposited at sufficiently high Ty, and a
sufficiently low rate reach the values for the apparent nearest-
neighbor distance, d,, and the orientational order that result
from cooling the equilibrium liquid crystal, as measured by
Scwaxs and birefringence. The PVD glass deposited at the
lowest rate at 392 K exhibited values of d, that are even
smaller than that found for the equilibrium liquid crystal; this
glass presumably is more equilibrated than our reference
sample, which has a structure that resembles the liquid crystal
at a temperature of around 392 K, where molecular motions
arrest upon cooling. However, even at the lowest effective
deposition rate studied, the hexagonal order as measured by A,
never reaches the equilibrium value of 1.5% instead reaching a
minimum value of 3° by vapor deposition. The behavior of the
different structural parameters can be understood using the
surface equilibration mechanism, as we discuss below.

The Surface Equilibration Mechanism and a Gradient
in Mobility. Organic glasses can have highly mobile surfaces
that allow partial or full equilibration during PVD even when
the substrate temperature is below Tg.38_ ¢ By this means,
glasses with greater density and much higher kinetic stability
can be prepared.”” Since equilibration during PVD occurs near
an interface, anisotropic glasses are often obtained. For glasses
of phenanthroperylene ester prepared at a high T, and a low
deposition rate, conditions that favor equilibration, strongly
edge-on packing relative to the free surface is observed. We
interpret this to mean that edge-on packing is preferred at the
free surface of the equilibrium liquid crystal, and this is
consistent with experimental results for other disc-like liquid
crystals.***

The surface equilibration mechanism can be used to
rationalize why PVD can more readily perfect certain types
of liquid-crystalline order than others. Computer simulations
and experiments indicate that there is a strong gradient in
mobility near the free surface of an organic glass. Dynamics are
most accelerated at the free surface and somewhat slower for a
few molecular diameters below the interface, with bulk-like
dynamics™* ™" being achieved at a greater distance (often
thought to be ~5 nm).”* We speculate that the measures of
order that fully attain equilibrium values during vapor
deposition of phenanthroperylene ester, orientation and
nearest-neighbor distance, require rearrangement only in the
top monolayer (1.5 nm) where mobility is greatest. We
imagine that hexagonal order, which requires registry across at
least two molecular layers (3 nm), does not reach equilibrium
for the same deposition conditions because rearrangement
would be required deeper into the film where the dynamics are
slower. We note that the region of high mobility (~5 nm) near
the free surface is much smaller than the coherence length for
hexagonal packing (up to 30 nm), and so we infer that it is
possible to prepare a thick region of an ordered hexagonal
structure by equilibrating only a few layers at a time during
deposition.

The shift factor for hexagonal order is smaller than that
observed for the nearest-neighbor distance and the orienta-
tional order, and this supports the idea that hexagonal order
requires equilibration to a greater depth during deposition.
The gradient in mobility near the surface of an organic glass is
associated with a gradient in activation energies. Depending
upon the system and the temperature, activation barriers can
be 2 to 5 times smaller at the surface than in the bulk.*** We
can relate the temperature dependence of the shift factors to
this gradient in activation energies. For the orientational
ordering of phenanthroperylene ester, a shift factor of 17 K/
decade indicates an E, of 110 k]J/mol, while the 9 K/decade
shift factor for the hexagonal ordering indicates an E, of 210
kJ/mol. This greater activation energy for the hexagonal
ordering suggests that the rearrangement occurs further into

the bulk of the film, where barriers to rearrangement are
higher.44

The gradient in activation energies near the free surface also
allows us to understand results in the literature for PVD glasses
of itraconazole, a smectic liquid crystal. Bishop et al. found
different shift factors for the orientational and translational
order in itraconazole.*’ The shift factor for the orientational
order yields an activation energy of 390 kJ/mol, while that for
the presumably more long-range process of smectic layering is
920 kJ/mol. In comparison with itraconazole, the substantially
lower activation energies reported here for phenanthroperylene
ester are consistent with a highly mobile free surface and
indicate that the deposition rate is a much more potent factor
for controlling structural order.

Versatility of PVD for Preparing Highly Anisotropic
Glasses. PVD of phenanthroperylene ester provides an
efficient route to highly anisotropic glasses with desirable
properties. In comparison to slow cooling from the equilibrium
liquid crystal, PVD offers advantages of low-temperature
processing and uniform orientation. For example, a glass can
be prepared with the equilibrium value for d,; at Ty, = 360 K
by depositing sufficiently slowly. As equilibrium processing
requires transformation in the melt (well above 392 K), PVD
enables a much lower processing temperature to be used. This
is very advantageous in a multilayer manufacturing process in
which high temperatures may be deleterious to the other
components in a device. In addition, PVD can prepare films
with uniform orientation, even for films that are too thick to be
aligned using alignment layers in confinement.'® Even if PVD
at a given T /deposition rate condition does not lead to the
desired equilibrium property, the as-deposited glass may have
sufficient alignment of the molecules to achieve the desired
orientation with limited subsequent annealing near Tj; if the
same glass were prepared by spin-coating or heating a powder,
followed by cooling from the melt, it would likely take much
longer to reach the desired orientation, if it can be achieved at
all.

An additional advantage of preparing glasses by PVD is
access to a large range of structures that are likely not
accessible by any other practical route. For phenanthroper-
ylene ester, a wide range of glassy structures are possible, based
upon the four structural metrics presented here. We find a
wide range of molecular orientations, with nearest-neighbor
stacking varying from mildly out-of-plane to strongly in-plane.
The nearest-neighbor distance varies from 3.47 to 3.70 A and

likely provides an opportunity to tune charge mobility.*® A,
the measure of hexagonal order in this work, also varies widely
from 3 to 24°. It is possible that glasses with some of these out-
of-equilibrium properties could also be prepared by fast
quenching from the melt, as has been performed for smectic
liquid crystals."' However, the required cooling rates are likely
incompatible with other requirements in the context of device
manufacture.

Additional experimental techniques will be needed to
characterize the domain structure of the columns of
phenanthroperylene ester in PVD glasses, including their
length. Due to the deposition geometry, columns propagate in
all in-plane directions.' Atomic force microscopy (AFM) could
be used in conjunction with high-resolution electron
1nic1'osc0py46 to map the domain morphology of samples.
One might expect that domains would be longer in samples
that are deposited more slowly and at higher substrate
temperatures; these longer domains would be expected to
transport charge more effectively



B CONCLUSIONS

Over a wide range of deposition conditions, the glassy packing
of vapor-deposited phenanthroperylene ester can be controlled
by changing the deposition rate and the substrate temperature.
Deposition at higher substrate temperatures and lower rates
results in glasses with more edge-on packing, a smaller face-to-
face nearest-neighbor distance (likely resulting in greater 7—rn
overlap), and more hexagonal columnar order. These types of
order can be understood and controlled using the concept of
“rate—temperature superposition”, or RTS. The success of
RTS can be explained by the surface equilibration mechanism,
in which structure in the vapor-deposited glass is a
consequence of partial equilibration at the free surface during
deposition; the same equilibration can occur either as a result
of increasing the substrate temperature or decreasing the
deposition rate. A gradient in mobility from the free surface
explains why the different types of order investigated in this
work can be perfected to various degrees by vapor deposition.
This is the first time the concept of RTS, found initially in
model smectic systems, has been extended to a columnar liquid
crystal morphology that shows promising electrical proper-
ties.'* For the phenanthroperylene ester investigated here, RTS
works over a wide range of substrate temperatures (from Tg
down to 0.75 Tg). We therefore show how substrate
temperature and deposition rate can be selected to optimize
materials for new organic electronic applications.
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