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ABSTRACT: The instability of glassy solids poses a key limitation
to their use in several technological applications. Well-packed
organic glasses, prepared by physical vapor deposition (PVD),
have drawn attention recently because they can exhibit significantly
higher thermal and chemical stability than glasses prepared from
more traditional routes. We show here that PVD glasses can also
show enhanced resistance to crystallization. By controlling the
deposition temperature, resistance toward crystallization can be
enhanced by at least a factor of ten in PVD glasses of the model
organic semiconductor Alq3 (tris(8-hydroxyquinolinato) alumi-
num). PVD glasses of Alq3 first transform into a supercooled
liquid before crystallizing. By controlling the deposition temper-
ature, we increase the glass → liquid transformation time thereby
also increasing the overall time for crystallization. We thus demonstrate a new strategy to stabilize glasses of organic semiconductors
against crystallization, which is a common failure mechanism in organic light emitting diode devices.

■ INTRODUCTION

Glasses are disordered and non-equilibrium solids that are
traditionally formed by cooling a supercooled liquid.1,2 Apart
from being interesting from a fundamental physics perspec-
tive,3 glassy solids are also used in a broad range of
technological applications, from electrical transformers that
use metallic glasses4 to OLED (organic light emitting diode)
devices that use molecular glasses.5−7 While glasses offer
several advantages over crystalline solids, such as macroscopic
homogeneity (lack of grain boundaries) and compositional
flexibility (dopants can be easily dispersed inside a glassy
solid), a key limitation of glasses is their long-term stability.8

Glasses physically age over time9,10 and can crystallize.11,12

Additionally, glasses can be more prone to chemical
degradation than crystals.8 The physical and chemical stability
of molecular glasses has been shown to be vital to the device
lifetime of OLEDs.6,13

Physical vapor deposition (PVD) can be used to form highly
stable glasses.14−16 This is significant technologically, as PVD
is the standard route to prepare thin glassy films of organic
semiconductors for OLED applications. The kinetic stability,
as well as other properties of PVD glasses, is highly sensitive to
the deposition temperature and rate.17−19 The most stable
PVD glasses are formed at a slow deposition rate and a
deposition temperature that is 75−95% of the glass transition
temperature. When annealed above the glass transition
temperature, the most stable glasses formed by PVD can
take up to ∼105 times longer to transform into a supercooled
liquid than an ordinary liquid-cooled glass.20 This enhanced
kinetic stability in PVD glasses is often also accompanied by

superior chemical stability. Relative to liquid-cooled glasses,
stable PVD glasses have been shown to be more resistant to
light-induced reactions,21,22 reactions with atmospheric
gases,23 and water vapor uptake.24 Depositing organic
semiconductor layers (the emissive and electron transport
layers) at temperatures that produce the most stable glasses
was shown to increase the device lifetime of an OLED by a
factor of five, relative to deposition at room temperature6

(which resulted in a less stable glass).
While well-established strategies exist to increase the kinetic

and chemical stability of PVD glasses, the same is not true for
stability against crystallization. Preparing glasses that are stable
with respect to crystallization is important for a broad range of
applications. For instance, a common failure mechanism for
OLED devices is crystallization of the glassy charge transport
and emissive layers.25,26 It has been shown that crystallization
of the common electron transport layer Alq3 (tris(8-
hydroxyquinolinato) aluminum) in OLEDs leads to cathode
delamination, which in turn causes the formation of non-
emissive dark spots.26 For vapor-deposited organic glasses,
there is only one example in the literature (to the best of our
knowledge) where glass stability has been shown to influence
crystallization kinetics; crystallization was shown to be ∼30%
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slower in a stable PVD glass of celecoxib than for its liquid-
cooled glass.27 To test the generality and applicability of this
result, crystallization studies need to be performed on a larger
variety of glass formers, including organic semiconductors, and
also across a broader range of conditions. Using glass stability
to prevent or delay crystallization could have important
implications for organic electronic devices such as OLEDs.
In this study, we investigate the role of deposition

temperature on the crystallization of vapor-deposited glasses
of Alq3, a molecule which has been used in OLED devices for
several decades28 and is also of interest for organic lasers29 and
spintronics.30 We show that Alq3 glasses prepared at different
deposition temperatures can vary by at least a factor of ten in
crystallization time. We also show that crystallization of PVD
glasses of Alq3 (upon annealing) follows a two-step process
whereby the glass first transforms into a supercooled liquid and
crystallizes thereafter. PVD glasses of Alq3 deposited at the
optimal deposition temperature take longer to transform into a
supercooled liquid and therefore also crystallize more slowly.
Our study shows that like chemical and kinetic stability, the
stability against crystallization in PVD glasses can also be
modulated by at least an order of magnitude by controlling the
substrate temperature during deposition.

■ METHODS
Sample Preparation. Alq3 (99.995% purity, trace metals

basis) was purchased from Sigma-Aldrich and used without
further purification. The films were deposited on ⟨100⟩ cut
silicon wafer that had ∼2 nm of native oxide. PVD was
performed in a vacuum chamber with a base pressure of ∼10−6
Torr. The films were deposited at a rate of 0.15−0.2 nm/s.
The deposition rate was monitored during deposition with a
quartz crystal microbalance. The films had a thickness of 450−
600 nm. The film thickness was measured after deposition with
variable angle spectroscopic ellipsometry.
GIWAXS. Grazing incidence wide angle X-ray scattering

(GIWAXS) measurements were performed in Beamline 11-3
at the Stanford Synchrotron Radiation Lightsource (SSRL).
The X-ray wavelength for the measurements was 0.973 Å. The
sample to detector distance was set at 315 mm. The exposure
time for each measurement was 10 s. Data were collected at an
incidence angle of 0.14°, which is above the critical angle of
Alq3 and therefore representative of the bulk structure of the
thin film. A “χ correction”31 was applied to the raw diffraction
patterns to produce the images in Figure 1 and for the
subsequent analysis in Figures 2−4. For all our analysis, we
define χ to be 0° along Qz and 90° along Qxy. To produce the
plots in Figures 2 and 3, intensity from χ of 10 to 85° was

summed; a linear background subtraction was performed to
the raw I(Q) versus Q profiles subsequently.
The degree of crystallinity is determined by calculating the

area under the crystalline peaks relative to the total scattered
area. The degree of crystallinity is expressed mathematically as

=
−

=

degree of crystallinity
total area amorphous area

total area
area under crystalline peaks

total area (1)

The calculation of degree of crystallinity is outlined in detail
in the Supporting Information (see Figures S6 and S7). To

Figure 1. Two-dimensional X-ray scattering patterns for Alq3 glasses deposited at 240 (a−d) and 340 K (e−h) as a function of annealing time at
453 K, which is ≈5 K above the glass transition temperature of Alq3. While the glass deposited at 240 K shows sharp crystalline features by 210 s,
the glass deposited at 340 K is largely amorphous after 2610 s of annealing.

Figure 2. X-ray scattering profiles for Alq3 glasses deposited at 240
(a) and 340 K (b) at various annealing times. The Alq3 glass
deposited at 240 K and annealed (at 453 K) for 210 s is clearly far
more crystalline than the glass deposited at 340 K and annealed for
2100 s (at 453 K). Thus, the glass deposited at 340 K is at least ten
times more resistant toward crystallization than the glass deposited at
240 K.
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quantify the uncertainty in the degree of crystallinity, as
calculated above, we compare it with an alternate method in
Section SVI of the Supporting Information. The agreement
between the two different methods is good.
To quantify scattering anisotropy (used below to monitor

the transformation of the as-deposited glass into the super-
cooled liquid), we utilize the Hermans order parameter,
SGIWAXS.

32 The angular distribution of scattered intensity is
used to compute the order parameter using the equations

χ= ⟨ ⟩ −S
1
2

(3 cos 1)GIWAXS
2

(2)

where

∫

∫
χ

χ χ χ χ

χ χ χ
⟨ ⟩ =

I

I
cos

( )(cos )(sin ) d

( )(sin ) d
2 0

90 2

0

90
(3)

Equation 2 has the mathematical form typical of order
parameters based on the second order Legendre polynomial.
Equation 3 incorporates the sine correction which is required
for quantitative assessment of scattering anisotropy in 2D
GIWAXS measurements.33 The following steps were per-
formed to calculate the order parameter: (1) for a sample
produced at each deposition temperature, the peak position for
the layering feature near 0.8 Å−1 was evaluated. (2) Data was
summed from Q of 0.75 to 0.85, 0.73 to 0.83 , and 0.71 to 0.81
Å−1 for the glasses deposited at 240, 280, and 340 K,
respectively. The integration slice was chosen such that the
peak center is at the middle of the slice. (3) The I(χ) versus χ
plot, obtained in step 2, was fit to a polynomial and
extrapolated to fill in the data in the missing angles. (4)
Data from Q of 2.17 to 2.27 Å−1 was used to evaluate the
background and subtract the curve obtained in step 3. (5) The
background subtracted I(χ) versus χ curve was used to evaluate
SGIWAXS (Hermans order parameter) using eqs 2 and 3.

■ RESULTS AND DISCUSSION
To understand the influence of deposition temperature on
crystallization kinetics, we perform in situ GIWAXS on Alq3
glasses prepared at different deposition temperatures. We study
films prepared at 240 K (0.54Tg) and 340 K (0.76Tg), as these
deposition temperatures are expected to yield glasses with low
and high kinetic stability, respectively.34 The films are annealed
at 453 K, which is ≈5 K above the reported glass transition
temperature of Alq3.35 Figure 1 shows GIWAXS patterns
collected at various annealing times for Alq3 glasses deposited
at 240 (a−d) and 340 K (e−h). In a GIWAXS pattern, Qz and
Qxy are the out of plane and in-plane scattering vectors,
respectively.36 The colors represent intensity, as shown by the
scale bar in Figure 1. Both the as-deposited glasses (Tsub = 240
and 340 K, t = 0 s) in Figure 1 exhibit broad scattering features
at ≈0.8 and ≈1.6 Å−1; such broad features are characteristic of
amorphous materials. After 210 s of annealing, the diffraction
pattern from the glass deposited at 240 K exhibits several sharp
rings, which is characteristic of polycrystalline materials. On
the other hand, the Alq3 glass deposited at 340 K is largely
amorphous even after 2610 s of annealing. Figure 1 provides
direct qualitative evidence that an Alq3 glass deposited at 240
K crystallizes at least ten times faster than a film deposited at
340 K. (A representative time−temperature profile for these
measurements is shown in Figure S2.)
To assess the onset and progress of crystallization in PVD

glasses of Alq3, we evaluate the 1D scattering plots shown in
Figure 2. These 1D plots are obtained by summing intensity
over the azimuthal angle in a 2D GIWAXS pattern. Figure 2
shows 1D plots for Alq3 films deposited at 240 and 340 K, at
various annealing times. The t = 0 s pattern in Figure 2 shows
that the as-deposited glasses of both the Tsub = 240 K and Tsub
= 340 K films are fully amorphous; thus, PVD glasses of Alq3
only crystallize upon annealing after deposition. Figure 2a
shows that there is a lag period of 90 s for the Tsub = 240 K
sample, after which it crystallizes. After 330 s of annealing,
crystallization is nearly complete in this sample; there is no
significant evolution in the diffraction pattern after this time.
The glass prepared at 340 K crystallizes much more slowly.
Small sharp crystalline features between 0.4 and 0.65 Å−1 are
visible in the t = 2100 s pattern and not in the t = 1770 s
pattern. The onset time for crystallization in the Tsub = 340 K
sample (roughly 2000 s) is an order of magnitude larger than
the crystallization onset time for the glass deposited at 240 K.

Figure 3. Degree of crystallinity as a function of annealing time for
Alq3 glasses deposited at 240 K (blue symbols), 280 K (green
symbols), and 340 K (red symbols). While the Alq3 glass deposited at
240 K (0.54Tg) finishes crystallizing by ∼420 s, the glass deposited at
340 K (0.76Tg) shows no evidence of crystallization for up to ∼1800 s
of annealing. The glass deposited at 280 K (0.63Tg) crystallizes at a
rate that is intermediate between the other two glasses. Filled and
empty symbols represent measurements from duplicate samples, while
the dashed lines are guides to the eye. The samples are annealed at
453 K (1.01Tg).

Figure 4. Hermans order parameter, SGIWAXS (brown symbols) and
the degree of crystallinity (blue symbols) as a function of annealing
time for Alq3 glass deposited at 240 K. SGIWAXS quantifies the extent
of scattering anisotropy at ≈0.8 Å−1 and can be used to monitor the
transformation of an anisotropic vapor-deposited glass into the
isotropic supercooled liquid. The Alq3 glass deposited at 240 K
transforms into a supercooled liquid by 90 s and crystallizes
immediately afterward. Error bars are the standard deviation from
measurements on two samples, and the dashed lines are eye-guides.
The molecular structure of Alq3 is shown in the inset. The samples
are annealed at 453 K (1.01Tg).
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After a prolonged annealing time, even the Tsub = 340 K
sample crystallizes significantly, as evident from the t = 2940 s
pattern in Figure 2B. It can be seen in Figure 2 that both Tsub =
240 K and Tsub = 340 K eventually form the same polymorph
upon annealing. Consistent with previous studies,37 we find
that the alpha polymorph forms upon annealing above Tg (see
Figure S5).
We now turn our attention to quantitatively evaluating

crystallization kinetics. Shown in Figure 3 is the degree of
crystallinity as a function of annealing time. Figure 3 shows
that while the Alq3 glass deposited at 240 K finishes
crystallizing by ∼420 s, the Tsub = 340 K glass shows no
evidence of crystallinity even after 1800 s of annealing. The
glass deposited at 280 K crystallizes at an intermediate rate.
The degree of crystallinity is mathematically defined in the
methods section; a detailed discussion of this procedure can be
found in Section SV of the Supporting Information.
To understand the mechanism of crystallization in PVD

glasses of Alq3, we study the structure of the films before the
onset of crystallization. All the as-deposited glasses of Alq3
prepared for this study exhibit a broad peak along Qz at ≈0.8
Å−1; this anisotropic scattering feature arises from a tendency
toward molecular layering38 and can be observed in Figure 1
(panels a and e). When a PVD glass transforms into a
supercooled liquid, the scattering becomes isotropic.17,39 The
extent of anisotropic scattering can therefore be used to
monitor the transformation of a PVD glass into a supercooled
liquid. To quantify the extent of anisotropic scattering at ≈0.8
Å−1, we use the Hermans order parameter, SGIWAXS, defined
mathematically in eqs 2 and 3 (see Methods). When SGIWAXS =
1, all the scattered intensity is localized along Qz, while a
SGIWAXS = −0.5 indicates that all the intensity is concentrated
along Qxy. Isotropic packing gives rise to a SGIWAXS = 0. Figure
4 shows the SGIWAXS order parameter for an Alq3 glass
deposited at 240 K as a function of annealing time, as well as
the crystallinity. The as-deposited glass of Alq3 exhibits a
SGIWAXS ≈ 0.07. However, after 90 s of annealing, this quantity
becomes approximately zero, indicating that the glass has
transformed into the isotropic supercooled liquid by this time.
The time required for a PVD glass to transform into a
supercooled liquid is a measure of its kinetic stability and
depends on the deposition temperature.17,40 While a PVD glass
of Alq3 deposited at 240 K transforms into a supercooled
liquid by 90 s, as shown in Figure 4, the glass deposited at 340
K shows no evidence of melting into the supercooled liquid for
at least ∼2000 s (Figure S3).
It can be seen from Figure 4 that crystallization of a PVD

glass of Alq3 follows a two-step process whereby it first
transforms into a supercooled liquid and then crystallizes. The
glass deposited at 240 K has completed melting into a
supercooled liquid before any crystallization takes place,
making it easy to simultaneously track glass melting and
crystallization. One can envision a different scenario in more
kinetically stable glasses where the parts of the glass that
transform into a liquid crystallize, even while the rest of the
glass is untransformed. Based on the data in Figures S3 and S4,
we expect this mechanism is applicable to the glasses deposited
at 340 and 280 K. Assessing the structural anisotropy in glasses
that have partially crystallized is complicated due to peak
overlap, making it difficult to simultaneously monitor glass
melting and crystallization. However, from the data in Figures
4, S3, and S4, it is clear that the glass melting kinetics is fastest
in the Tsub = 240 K glass and slowest in the Tsub = 340 K glass,

with the Tsub = 280 K being intermediate between the two.
This is the same trend seen for crystallization kinetics in Figure
3. Thus, we conclude that the glass deposited at 340 K
crystallizes the slowest because it takes the longest time to
transform into a supercooled liquid.
Engineering the properties of vapor-deposited glasses to

modulate crystallization is an exciting new frontier in glass
science and one that has important implications for
technological applications. It has been shown for vanadia
(VO2)

41 and organic semiconductor CBP11 (4,4′-bis(N-
carbazolyl)-1,1′-biphenyl) that the structure of a vapor-
deposited glass can influence which polymorph (or how
much of a given polymorph) forms upon annealing. Our study
demonstrates that the crystallization kinetics can also be
significantly modulated by varying the glass preparation
conditions. While Rodriǵuez-Viejo and co-workers reported a
30% slower crystallization rate in stable glasses of celecoxib
compared to the liquid-cooled glass,27 we observe an order of
magnitude difference in crystallization kinetics (in glasses of
varying kinetic stability). As Rodriǵuez-Viejo and co-workers
studied crystallization below the glass transition temperature,
Tg, they observe a solid (glass) → solid (crystal) transition. In
this study, crystallization is observed above Tg, and
consequently, we observe a solid (glass) → liquid → solid
(crystal) transition. While the annealing temperature relative to
Tg is relevant for comparing celecoxib and Alq3, we expect that
the more important factor is that celecoxib crystallization was
limited to the glass surface; for our experiments on Alq3, bulk
crystal growth must occur as the entire glass sample crystallizes
by the end of the experiment.
We expect the strategy of using kinetic stability to delay

crystallization to be broadly applicable to organic glass-formers
including those important for technological applications such
as organic semiconductors. As explained in the introduction,
kinetic stability characterizes the resistance of a glass toward
melting into a supercooled liquid. Kinetic stability of vapor-
deposited glasses has been extensively studied, and stable
glasses of more than 30 organic molecules have been
identified,42 including several organic semiconductors.7,43

Enhanced kinetic stability has already been shown to lead to
higher crystallization temperatures in inorganic glass formers,
such as chalcogenide44 and metallic glasses.45 This strategy of
using kinetic stability to delay crystallization will be useful for
the subset of glass-formers where crystal nucleation happens at
a much faster rate than glass melting, making the latter the
rate-determining step.
Our findings are also relevant to applications where an initial

amorphous phase is used as a precursor to a desired crystalline
phase. For these applications, a faster crystallization rate is
desirable. Common preparation routes for thin films of
crystalline phases of organic semiconductors like rubrene46

and contorted hexabenzocoronene47 involve post-deposition
annealing of PVD glasses. Recently, Holmes and co-workers
identified a strategy to form highly periodic patterns of organic
semiconductors by crystallization of the as-deposited molecular
glasses.48 In solid-state epitaxy of complex oxides, an
amorphous precursor phase is deposited on a single crystal
template, which guides the crystallization process upon
annealing.49,50 For all these applications, it is likely that a
faster crystallization rate can be achieved by depositing PVD
glasses at temperatures that produce low stability glasses.
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■ CONCLUSIONS
We demonstrate that deposition temperature significantly
influences crystallization kinetics in PVD glasses of the model
organic semiconductor Alq3. Our study shows that an Alq3
glass deposited at Tsub = 240 K crystallizes at least ten times
faster than the one prepared at Tsub = 340 K. This difference in
crystallization kinetics is shown to be a result of the longer
time taken by the more kinetically stable glass to transform
into the supercooled liquid, which is an intermediate in the
crystallization process. We expect our findings will be useful for
the broad range of organic electronics applications which
require either the inhibition or the acceleration of crystal-
lization of molecular glasses.
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