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Physical vapor deposition is commonly used to prepare organic
glasses that serve as the active layers in light-emitting diodes,
photovoltaics, and other devices. Recent work has shown that
orienting the molecules in such organic semiconductors can signif-
icantly enhance device performance. We apply a high-throughput
characterization scheme to investigate the effect of the substrate
temperature (Tsupstrate) ON glasses of three organic molecules used
as semiconductors. The optical and material properties are evalu-
ated with spectroscopic ellipsometry. We find that molecular orien-
tation in these glasses is continuously tunable and controlled by
Tsubstrate/ Tg, Where T is the glass transition temperature. All three
molecules can produce highly anisotropic glasses; the dependence
of molecular orientation upon substrate temperature is remarkably
similar and nearly independent of molecular length. All three com-
pounds form “stable glasses” with high density and thermal stabil-
ity, and have properties similar to stable glasses prepared from
model glass formers. Simulations reproduce the experimental
trends and explain molecular orientation in the deposited glasses
in terms of the surface properties of the equilibrium liquid. By
showing that organic semiconductors form stable glasses, these
results provide an avenue for systematic performance optimiza-
tion of active layers in organic electronics.

glasses | organic semiconductors | molecular orientation |
physical vapor deposition | high-throughput characterization

lasses (or amorphous solids) of low molecular weight or-

ganic compounds exhibit desirable properties for organic
electronics. Because these materials are made from organic mol-
ecules, properties that depend on chemical identity such as optical
absorptions, bandgap, and glass transition temperature can be
tuned via chemical synthesis. These glasses have solid-like me-
chanical properties similar to those of crystalline materials, but
offer morphological homogeneity, greater ease of processing, and
nearly unlimited compositional tunability. An underappreciated
feature of these materials, a result of their nonequilibrium nature,
is that many different glasses can be prepared with the same
chemical composition.

There has been considerable recent interest in controlling
molecular orientation in organic semiconducting glasses (1-7).
Whereas one might expect all glasses to be isotropic because of
their structural disorder, Yokoyama et al. and other groups have
shown that molecular orientation in vapor-deposited glasses can
be quite anisotropic (3, 4, 8, 9) and depend upon deposition
conditions (3). It has recently been suggested that orientation
resulting from deposition could be used as a figure of merit to
identify promising compounds for these applications (10). Ori-
ented materials can increase light outcoupling by a factor of 1.5
by directing emission out of the plane of the device (10-14). It
has also been shown that oriented layers can improve device
lifetime (15) and charge mobility (16-18). Given the potential
utility of controlling molecular orientation in device layers (4, 5,
7), it is desirable to understand the extent to which molecular
orientation can be tuned in glasses made from a particular
compound and the mechanistic origins of this effect. Anisotropic
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glassy solids are also of interest for applications in optics and
optoelectronics (19).

Concurrently, other investigators have shown that vapor-
deposited glasses can have desirable physical properties un-
obtainable by any other means, when the substrate temperature
during deposition (Tgypstrate) 1S held somewhat below the glass
transition temperature (T,). Discovered using model glass for-
mers and labeled “stable glasses,” these glasses have lower
enthalpies (20), higher densities (21), and resist structural re-
organization to higher temperatures than is possible with any
other preparation route (22-24). The properties of stable glasses
are explained by the high mobility of the free surface during the
vapor deposition process (20, 25). Because of lowered con-
straints to motion (26), molecules near the free surface can
adopt near-equilibrium packing arrangements during deposition
even at temperatures where the bulk structural relaxation time
is thousands of years (21, 27). Subsequent deposition traps this
efficient packing into the bulk solid. Like organic semiconductors,
stable glasses can be birefringent (21) and also anisotropic in wide-
angle X-ray scattering (28, 29).

Here we show that organic semiconductors form stable glasses,
and that surface mobility during vapor deposition governs bulk
molecular orientation in these materials. Using a high-through-
put experimental scheme, we are able to efficiently characterize
the effect of Tgypstrate ON three organic compounds used in
semiconducting devices: TPD, NPB, and DSA-Ph [Fig. 1E; N,N’-
Bis(3-methylphenyl)-N,N’-diphenylbenzidine, N,N’-Di(1-napthyl)-
N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine, and 1-4-Di-[4-(N,N-
diphenyl)amino]styryl-benzene, respectively]. We find that these
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Fig. 1. Schematic illustration of the experimental procedure. (4) Organic
molecules are vapor-deposited in a vacuum chamber. A silicon substrate
with a controlled range of temperatures allows simultaneous deposition of
many glasses with different properties but identical chemical composition.
(B) After vapor deposition, each glass is independently interrogated using
spectroscopic ellipsometry with a focused beam. (C) Example optical con-
stants for TPD at Tgypstrate = 215 K. The optical constants for light polarized
normal to (z) and in the plane of the substrate (xy) can be independently
determined (49). (D) Using the optical constants, the orientation order pa-
rameter, S,, can be computed at each Typstrate- 0 is the angle of the long
molecular axis relative to the substrate normal and P, is the second Legendre
polynomial. (E) Structures and glass transition temperatures for the three
compounds studied.

compounds form stable glasses, and we show that the orientation
of the vapor-deposited molecules is controlled by Tsupsrate/T
and is nearly independent of the molecular aspect ratio. Using
simulations, we show that anisotropic molecular orientation in
the glass can be understood in terms of molecular orientation
and mobility near the free surface of the equilibrium liquid. By
connecting two apparently disparate bodies of work, we de-
velop avenues for research on organic devices and the physics
of glasses, and further the development of “designer” aniso-
tropic solids.

Results

Fig. 1 illustrates our experimental procedure. Molecules are vapor-
deposited in a vacuum chamber with base pressure near 1077 torr
onto a substrate with a controlled gradient of temperatures using
a previously described apparatus (21). On a single substrate, this
produces many glasses with identical chemical composition but
different physical properties (Materials and Methods). The dif-
ferent glasses are characterized using spectroscopic ellipsometry
with Kramers—Kronig consistent models (3). (SI Text, Ellipsometry
Measurements; Model Construction.)

Fig. 24 illustrates the determination of key material properties
of a vapor-deposited glass using spectroscopic ellipsometry. When
the “as-deposited” glass is initially heated, it expands as a solid
while maintaining its as-deposited molecular orientation. At
Tonset» Which is greater than T, for all of the materials reported
here, the glass begins to transform into supercooled liquid
(SCL). This results in an abrupt change in the film thickness.
After the entire sample has become the SCL, it is cooled at a
controlled rate. The thickness decreases linearly until the glass
transition temperature, Ty, after which the material falls out of
equilibrium and becomes the ordinary, liquid-cooled glass. By
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comparing the film thickness before and after temperature cy-
cling, we are able to determine the density of the as-deposited
glass relative to the ordinary glass (Ap). For temperature gra-
dient samples, Topser is determined for many glasses during a
single heating experiment, whereas Ap is determined by mapping
the sample thickness before and after heating (21).

The three semiconducting compounds investigated here (TPD,
NPB, and DSA-Ph) all form stable glasses via vapor deposition.
This is illustrated in Fig. 2B by the high onset temperatures and
in Fig. 2C by the high densities. The elevated thermal stability of
these materials may provide an avenue to increase device lifetime
by imparting greater stability to the useful structures formed by
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Fig. 2. Properties of as-deposited glasses measured with spectroscopic
ellipsometry. (A) Sample thickness during heating and cooling for a vapor-
deposited glass of TPD (Tsypstrate = 289 K). We compute a relative density, Ap,
between the as-deposited glass and the ordinary glass from the change in
film thickness. Tonset, @ measure of structural stability against heating, is the
temperature at which the sample begins to transform into the liquid. Each
data point represents an independent fit of the optical constants and film
thickness at the measurement temperature. (B) Tonset/T4 for three molecules
used as organic semiconductors and one model glass former (21). Tonset is
greater than T, for these materials, indicating that more thermal energy is
required to dislodge the molecules from their solid-state packing, relative to
the liquid-cooled glass. Each data point represents a single, independently
characterized material. (C) The dependence of Ap upon Tgupstrate/Tg for
glasses made of four compounds. Competition between kinetics and ther-
modynamics produces materials with many different densities. The Tonset/Tg
and Ap data for TPD, NPB, and DSA-Ph are consistent with previous data for
IMC (21), a model glass former. The data shown are from 1,064 in-
dependently characterized materials (475 are IMC). For only DSA-Ph, Ap is
determined using the Lorentz-Lorenz equation (S/ Text, Density Determination
for DSA-Ph) (50-52). Error bars represent 90% confidence intervals (n = 3-6) and
are independently calculated for each Typsrate/Tg ON each sample, and are
smaller than the symbol size for most measurements.
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vapor deposition (see Discussion). The results in Fig. 2 B and C
are in good agreement with previously reported results for in-
domethacin (IMC) (21), the most extensively studied stable glass
former, and can be interpreted as follows. At Tgupstrate/Tg > 1,
surface and bulk mobility are high enough to allow total equili-
bration at the deposition temperature; when the sample is cooled
to 293 K for measurement, it becomes the ordinary glass and has
the expected values of Tonse/Ty and Ap. At lower values of
Tsubstrate/ Ty, there is a thermodynamic driving force to form the
equilibrium SCL at that temperature resulting in higher stability,
higher density materials. The mobility of the surface enables
molecules to find these tight packing arrangements (20, 25, 27),
even though this would require a prohibitively long time for
a bulk material. Topse/T, and Ap are maximized when high
surface mobility is paired with a large thermodynamic driving
force. At the lowest Tyupsrare/ T the surface is so immobile that
only marginally stable glasses are formed despite the presence of
the largest driving force for densification. Our results are in good
agreement with a recent report that NPB forms a stable glass when
deposited onto a room-temperature substrate (15).

Using spectroscopic ellipsometry, we find that vapor-deposited
glasses of the three compounds are anisotropic, each with con-
tinuously tunable average molecular orientation that is well-
correlated with Tgypstrate/Tg. Fig. 3 shows the order parameter, S,,
and the birefringence as a function of Tyupstrate/Te. Using films
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Fig. 3. Measures of molecular orientation as a function of Tsupstrate/Tg for
vapor-deposited glasses of three molecules used in organic semiconductors.
(A) The order parameter S, reporting the average orientation of molecules
in the glass. Fig. 1D schematically interprets these results. A wide range of S,
values is accessed and a generic trend is observed for these three linear
molecules with different aspect ratios. The data shown are from 612 in-
dependently characterized materials. (B) The birefringence, which for these
materials is also sensitive to the average orientation of the long molecular
axis relative to the substrate. The birefringence and S, show good corre-
spondence, as shown in the inset for NPB. The data shown are from 828
independently characterized materials. Error bars represent 90% confidence
intervals (n = 3-6).
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Fig. 4. Order parameter S, as a function of Ty,pstrate/Tg from simulations of
vapor-deposited glasses of the inset molecule. These simulations qualita-
tively reproduce the experimental results shown in Fig. 3A. The orientation
of the deposited material is defined by comparing the long axis of the
molecule to the substrate normal, S, = (P, (ji- 2)). The T, obtained by cooling
a liquid of these molecules at the lowest accessible rate is 0.70. The error bars
represent the standard error of five independently prepared samples.

70-150 nm thick, S, is computed from the dichroism of the ab-
sorption associated with the long axis of each molecule (SI Text,
Computing the Orientation Order Parameter). As shown in Fig.
1D, S, is a measure of the average orientation of the long axis
relative to the surface normal. At the lowest temperatures, S,
closely approaches the limit (S, = —0.5) where the long axes of
all molecules lie in the plane of the substrate. Such horizontal
alignment may be useful in increasing the light outcoupling ef-
ficiency of emitting molecules (2), or the absorption of light in
the photoactive layer of a solar cell. Using films 70-900 nm thick,
the birefringence, An = n, — nyy, is calculated at 632.8 nm; An
results from molecular orientation and the anisotropic polariz-
ability tensors of these molecules. By comparing different sam-
ples and models, we estimate that the S, and An values reported
in Fig. 3 are accurate to + 0.05 and +0.01, respectively.

Our high-throughput methodology allows us to differentiate
between the effect of molecular shape and Tsupstrate/ T for the
first time, to our knowledge. The influence of these two variables
on molecular orientation has been studied by Yokoyama (3)
and our results are broadly consistent with this previous work.
Whereas Yokoyama concluded that molecules with more an-
isotropic shapes produce more anisotropic materials (30, 31), our
extended data show in addition that even relatively short mole-
cules like TPD and NPB can be significantly oriented, as long as
Tubstrate 1S correctly chosen. Given the similar trend observed for
the three different compounds studied here, we propose that the
parameter which primarily controls the orientation of linear
molecules is Tgupsrate/ T rather than molecular aspect ratio. This
is a significant change in perspective, as it suggests that a wide
range of molecular orientations might be achieved with almost
any organic compound.

To understand the origin of molecular orientation in vapor-
deposited glasses, we simulated the vapor deposition of a coarse-
grained representation of TPD composed of six Lennard-Jones
spheres connected by harmonic springs (Fig. 4, Inset). We used
a previously described algorithm that mimics the essential fea-
tures of the deposition process (Materials and Methods) (32). A
small number of molecules is introduced to the simulation box in
the gas phase and allowed to condense at the free surface of
a growing film. The just-deposited molecules are maintained at
an elevated temperature to mimic the effect of enhanced surface
mobility; these molecules are then gradually cooled to the sub-
strate temperature. After an energy minimization step, the next
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group of molecules is introduced. The process is continued until
a vapor-deposited film with a thickness of roughly 15 molecular
diameters is obtained. These simulations were performed over
a range of substrate temperatures. Fig. 4 shows that the molec-
ular orientation in these simulated vapor-deposited films has the
same dependence upon substrate temperature as observed in the
experiments shown in Fig. 34. In particular, near T, the simu-
lated glasses display a weak tendency to orient molecules normal
to the substrate, and at lower temperatures a stronger tendency
to orient molecules in the plane of the substrate. The simulated
glasses exhibit high density and high onset temperatures, in
analogy to Fig. 2 (SI Text, Simulations). Note that this model was
designed to explore the generic features of the experiments and
has not been parameterized against atomistic simulations, ab
initio calculations, or the experimental results.

Molecular orientation in vapor-deposited glasses can be un-
derstood to be a remnant of the molecular orientation present
near the surface of the equilibrium liquid. We performed addi-
tional simulations, using conventional molecular dynamics, to
investigate the order parameter and density for thin films of the
equilibrium liquid above Tg; these results are shown in Fig. 5
A and B. Molecules nearest the free surface (0 < z < 1.5, in bead
diameter units) have a propensity to lie in the plane of the sur-
face. Further from the surface as the liquid reaches the bulk
density (1.5 < z < 3.5), molecules have a tendency to orient
vertically, and this tendency becomes stronger at lower temper-
atures. Beyond z = 3.5, orientation in the liquid is isotropic, as
expected for a bulk liquid. At a given deposition rate, there will
be some substrate temperature at which surface mobility is just
sufficient to equilibrate the surface to a depth of z = 2.5 but no
further. Molecules at this depth show a tendency toward vertical
orientation and will become locked into this orientation when
further deposition takes place.

Within the context of the simulations of the deposition process,
we can test this hypothesis for the origin of molecular orientation
in the glass. We quantify the depth at which molecular orientation
becomes fixed during deposition by calculating (P2 ({i- fifina))»
where fig,, is the orientation of the long axis of the molecule
after the deposition is complete. This function, shown in Fig. 5C,
approaches unity as each molecule attains its final orientation in
the glass and we use the 1/e point of this approach to define the
thickness of the equilibrated layer at the free surface during
deposition. We observe that equilibration to z ~ 2.5 occurs near
Tsubstrate/ Ty = 0.99, and Fig. 4 shows that this indeed is the vapor-
deposited glass with the maximum value of S,. At Tgpstrare/ Ty = 0.86,
the surface will only be equilibrated to a depth of z ~ 1. At this
depth, molecules tend to be oriented parallel to the surface and
this orientation becomes locked into the glass. When Tupsrate/Tg
is above 1.02, mobility extends far enough into the film to ensure
that an isotropic set of orientations are trapped in the vapor-
deposited glass. We note that this explanation accounts for
the qualitatively different dependences of S, and Ap upon the
substrate temperature, as shown in Figs. 2 and 3.

The simulations suggest that orientation in vapor-deposited
organic glasses is explained by two factors: (i) molecular orien-
tation near the free surface of the equilibrium liquid at Tgypstrates
and (i) mobility near the surface of the glass. The first factor
might be investigated in greater detail with atomistic simulations
and surface sensitive spectroscopy (33), whereas a number of
new experimental methods are available to probe dynamics at
the surface of glasses (25, 34). Structure at liquid surfaces is an
active area of study (35, 36), and our results indicate that phys-
ical vapor deposition might be a useful tool in this endeavor.

Discussion

We anticipate that these results can influence work in organic
electronics and related fields in several ways. Molecular orien-
tation is already recognized as a key factor influencing device
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Fig. 5. Simulation results for the equilibrium liquid and the vapor-deposition
process reveal the origin of molecular orientation in the glass. (A) The order
parameter S, for the equilibrium liquid at three temperatures above T,
Molecules at the free surface (z = 0) tend to lie parallel to the surface. Just
below the free surface (z ~ 2.5, in units of the bead diameter), molecules adopt
a slight vertical orientation, and this tendency becomes stronger as the tem-
perature decreases. (B) The number density (p) of the equilibrium liquid at
three temperatures. The free surface (z = 0) is defined as the position where
the density drops to half of the bulk value. (C) The immobilization of molec-
ular orientation during deposition at two substrate temperatures. The y axis
displays a local order parameter defined by the orientation of individual
molecules relative to their final orientation. Molecular orientation becomes
fixed closer to the free surface at lower substrate temperatures. The data in
A and B were acquired using conventional molecular dynamics to equilibrate
the liquid at the simulation temperature and is the average of 5,000 con-
figurations. The x axis of all panels is provided in units of the bead diameter.

performance (1, 2, 4, 5, 10-15, 37, 38) and our results provide
a predictive tool for choosing the deposition temperature needed
to produce the desired orientation, effectively adding a di-
mension to device design. The ability to predictably tune re-
fractive indices across a wide range is analogously useful in
applications that rely on redirection of light, such as waveguides
or antireflective coatings (39). Although the results shown in Fig.
3 are only known to apply to molecules of roughly linear shape,
they suggest that a more general understanding of molecular
orientation in vapor-deposited glasses may be attainable with
high-throughput characterization and simulations. It is possible
that liquid-crystal-forming molecules or systems with specific
intermolecular interactions will exhibit orientation trends dis-
tinct from those found here, and this would be a further route
toward control of molecular anisotropy in glassy solids. High-
throughput experiments that directly measure charge mobility
(16-18) would complement the results presented here.

Because the three systems investigated here show the density
and onset temperatures expected for stable glasses, we anticipate
that organic semiconductors will generally have other stable glass
properties that should provide control over some known failure
modes (40-42). For example, high glass density reduces uptake
of atmospheric gases which can cause chemical degradation (43).
Also, it is likely that stable semiconducting glasses will transform
via a surface-initiated mobility front (26, 44, 45), allowing the
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possibility of further enhancing thermal stability by engineering
device interfaces.

These results also open avenues for increasing our funda-
mental understanding of glasses. At present, it is hard to discern
what features of local packing provide the structural basis for
high stability glasses. The anisotropic packing of these organic
semiconductors provides additional experimental observables
related to local structure [e.g., molecular orientation and an-
isotropic charge mobility (7)], thus providing the opportunity for
a comprehensive understanding of structural stability in
amorphous packing. One could ask whether it is possible to
prepare stable glasses that do not have substantial anisotropy.
Such systems would be ideal for understanding how the
Kauzmann entropy crisis is resolved for very deeply super-
cooled liquids (46). Finally, anisotropy can be viewed as a type
of ordering that drives a glass toward crystalline or liquid
crystalline states. The existence of highly anisotropic glasses
raises the question whether there is a level of anisotropy that
cannot be surpassed while maintaining the macroscopic ho-
mogeneity associated with amorphous packing.

Materials and Methods

Experimental Methods. Our procedure for preparation and measurement of
samples has previously been discussed (21). Physical vapor deposition of
samples takes place inside a vacuum chamber with base pressure near 1077
torr. After evacuating the chamber with a turbomolecular pump (occa-
sionally in concert with cryopumping to lower the partial pressure of water)
a copper cold cup is cooled via liquid-nitrogen-cooled gas. This copper cup is
mechanically coupled to two fingers supporting a single substrate that are
independently temperature controlled using a Lakeshore 336 (Lakeshore
Cryotronics), resistive heater cartridges (Southwest Heater Corporation), and
100-Q platinum resistive temperature detectors (Omega). To produce a li-
brary of glasses of a single compound, the two fingers are set to different
temperatures. After the gradient of temperatures in the substrate is estab-
lished, it is held constant until the end of the deposition.

TPD and NPB were purchased from Sigma-Aldrich. DSA-Ph, 99% HPLC
grade, was purchased from Luminescence Technology Corporation. All
compounds were used without further purification. The compound for de-
position is placed inside an alumina crucible that is heated by flow of current
through resistive wire. The crucible is ~18 cm away from the substrate. The
deposition rate is controlled to be constant using a quartz crystal micro-
balance, and the true deposition rate is determined by the mean sample
thickness divided by the duration of the deposition. The true deposition
rate for TPD is 0.24 + 0.03, NPB is 0.23 + 0.03, and DSA-Ph is 0.27 + 0.03, all in
nm/s. Substrate temperatures are confirmed by comparison of temperature
gradient samples to single-temperature substrates. The glass transition
temperature, Ty, for TPD and NPB is determined by heating and cooling at
1 K/min while measuring with spectroscopic ellipsometry. T, for DSA-Ph is
determined by differential scanning calorimetry at 10 K/min.
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Once the deposition is complete, the entire sample is brought to 293 K. The
vacuum chamber is vented with nitrogen and the samples are either mea-
sured immediately or stored at 253 K before measurement. A temperature
gradient sample of TPD was measured before and after storage at 253 K for
6 mo with no detectable evolution of its optical constants.

Simulation Methods. The coarse-grained TPD molecule considered here (Fig. 4,
Inset) consists of six spherical beads representing the aromatic rings of the
actual molecule (Fig. 1E). Each sphere interacts through a Lennard-Jones (LJ)
potential energy function with parameters oy, = 1.0, &, = 1.0. The cutoff
distance for the potential is r. = 2.5 with a smooth decay starting at r = 2.4.
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the longitudinal (ji) axis.

The simulation box size is 20 opp X 20 opp in the plane of the substrate
(x—y), and at least 10 oy, larger than the deposited film thickness normal
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