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ABSTRACT 

Anisotropic molecular packing is a key feature that makes glasses prepared by physical vapor 

deposition (PVD) unique materials, warranting a mechanistic understanding of how a PVD glass 

attains its structure. To this end, we use X-ray scattering and ellipsometry to characterize the 

structure of PVD glasses of tris-(8-hydroxyquinoline) aluminum (Alq3), a molecule used in 

organic electronics, and compare our results to simulations of its supercooled liquid. X-ray 

scattering reveals a tendency for molecular layering in Alq3 glasses that depends upon the 

substrate temperature during deposition and the deposition rate. Simulations reveal that the Alq3 

supercooled liquid, like liquid metals, exhibits surface layering.  We propose that the layering in 

Alq3 glasses observed here, as well as the previously reported bulk dipole orientation, are inherited 

from the surface structure of the supercooled liquid. This work significantly advances our 

understanding of the mechanism governing the formation of anisotropic structure in PVD glasses. 
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Vapor-deposited glasses have attracted wide interest in recent years for use in organic 

electronics1,2 and as a means to advance glass science3. Vapor-deposited organic glasses are 

interesting from a fundamental viewpoint for several reasons. When prepared at the optimal 

substrate temperature and deposition rate, PVD glasses have properties expected for liquid-cooled 

glasses that have been annealed for thousands of years such as higher density4 and lower enthalpy5. 

Vapor-deposited glasses illustrate how the properties of amorphous materials evolve on reaching 

lower positions in the potential energy landscape6,7 and therefore help us understand the “ultimate 

properties” of amorphous materials. The efficient packing of these materials reduces residual 

molecular mobility in the glassy state, as exhibited by suppression of both secondary relaxation 

processes8 and  quantum mechanical tunneling systems that become prominent in glasses near T=0 

K9. For technological applications in organic electronics, vapor-deposited glasses are attractive as 

they have been shown to exhibit superior physical and chemical properties such as greater photo-

stability10 and lower uptake of atmospheric gases11, as compared to their liquid-cooled 

counterparts. For organic semiconductors, the substrate temperature during deposition of a PVD 

glass can be chosen to maximize charge transport by optimizing orbital overlap between adjacent 

molecules12.   

PVD harnesses the enhanced mobility at the free surface of an organic glass to produce important 

and useful properties such as high density; surface mobility can be many orders of magnitude 

larger than bulk mobility13,14. As each molecule is at some point at the vacuum interface, it can 

partially equilibrate with its neighbors before being buried by subsequent deposition, even though 

the temperature is below the glass transition temperature Tg. This process enables molecules to 

sample configurational space with high efficiency, and this leads to favorable local packing 

arrangements and high density. Vapor-deposited glasses retain the advantageous properties of 
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conventional glasses such as compositional flexibility and macroscopic homogeneity (lack of grain 

boundaries); these two factors are important reasons why the charge transport and emitter layers 

in commercial organic light-emitting diodes (OLEDs) are vapor-deposited glasses as opposed to 

crystals. 

In contrast to liquid-cooled glasses, PVD glasses can be anisotropic1,15,16 and this is 

technologically relevant for device performance17,18. For example, in-plane molecular orientation 

of the transition dipoles of emitter molecules has been shown to be advantageous for light 

outcoupling efficiency in OLEDs1,19. This orientational anisotropy is characterized through the 

average value of the second Legendre polynomial (P2) for the transition dipole. P2 order is observed 

experimentally through the orientation-dependent emission intensity20, and through UV21,IR22 or 

soft X-ray dichroism23. The extent of P2 order in PVD glasses can be controlled by varying the 

substrate temperature during deposition4. Based on molecular dynamics simulations of the 

supercooled liquid state of three organic semiconductors, it has been proposed that the P2 

anisotropy observed experimentally in the bulk of vapor-deposited glasses is inherited from 

orientational anisotropy at the free surface of the equilibrium supercooled liquid4,24. This 

mechanism by which a PVD glass acquires its high density and P2 order has been called the 

“surface equilibration mechanism”.  

In addition to P2 order, PVD glasses are structurally anisotropic in two other respects. Vapor-

deposited glasses, often show a broad anisotropic peak in X-ray scattering patterns at a real space 

distance roughly corresponding to a molecular diameter25,26. The underlying modulation in the 

electron density along the surface normal can be interpreted as a tendency for center of mass 

ordering27 and we refer to this below as “molecular layering”. In contrast to the P2  orientational 

order discussed above, the anisotropic scattering feature associated with layering is a result of 
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translational order. For polymeric semiconductors28, similar anisotropic scattering features are 

associated with high charge mobility and this may also be true for molecular semiconductors. 

Despite molecular layering being a common feature of vapor-deposited glasses both its origin and 

its relation to function are unexplored. Vapor-deposited glasses are also known to exhibit 

spontaneous polarization29,30.This feature arises due to preferential orientation of the dipole 

moment vector in the bulk of the film and is known to influence charge injection in organic 

electronics devices31.  In contrast to P2 order, our understanding of how substrate temperature and 

deposition rate influence these additional anisotropic features is much less advanced.  We 

emphasize that anisotropic X-ray scattering and spontaneous polarization cannot be predicted from 

a measurement of P2 order. Vapor deposition of some molecules results in glasses with 

spontaneous polarization but no P2 order30, while for other molecules, glasses can be prepared that 

exhibit anisotropic scattering32 without P2 order or spontaneous polarization. It remains to be seen 

if all the different aspects of anisotropic structure in a PVD glass can be explained within one 

unifying “umbrella” mechanism33. Such a mechanism would be broadly applicable to PVD glasses 

of all types of molecules. In this letter, we test if the surface equilibration mechanism serves as 

such a unifying mechanism.   

In this study, we characterize the structure of vapor-deposited glasses of the common OLED 

molecule Alq3 with grazing incidence wide angle X-ray scattering (GIWAXS) and spectroscopic 

ellipsometry. We also perform molecular dynamics simulations of the supercooled liquid of Alq3. 

As we find here that vapor-deposited glasses of Alq3 exhibit a tendency for molecular layering, 

this is a good system for testing if the surface equilibration mechanism can account for the 

anisotropic X-ray scattering associated with this feature. We find that the tendency for molecular 

layering in vapor-deposited Alq3 glasses depends upon the substrate temperature during 
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deposition; these same glasses are nearly optically isotropic. Despite being extensively used in 

OLED devices, anisotropic scattering in Alq3 glasses has not been previously reported. 

Interestingly, simulations reveal that supercooled Alq3, like liquid metals such as gallium34, 

exhibits surface layering. These simulation studies of the surface of the supercooled liquid of Alq3 

show that molecular layering, measured for Alq3 for the first time, can be explained by the surface 

equilibration mechanism.  

An additional test of the surface equilibration mechanism was performed using the simulations 

reported here.  It has been long known that PVD glasses in general (and Alq3 glasses, in particular) 

can exhibit “spontaneous polarization”29,30. For depositions onto substrates at room temperature, 

for example, this manifests as a surface potential that grows by a constant 40 mV for every 

nanometer of Alq3 deposited.  This spontaneous polarization therefore arises from a tendency for 

dipole orientation in the bulk of the PVD glass29. The direction of dipole orientation determines if 

the surface potential is positive or negative, and influences charge injection barriers in devices31. 

The simulations of the supercooled Alq3 liquid, in combination with surface equilibration 

mechanism, correctly account for the sign of the surface potential of Alq3 glasses. This result both 

suggests a means of generally predicting the sign of the surface potential and provides an important 

confirmation of the validity of the surface equilibration mechanism. 

Shown in Fig. 1 are the GIWAXS patterns from glasses of Alq3 vapor-deposited onto silicon 

substrates held at different temperatures during deposition. All measurements were made at room 

temperature. Each pattern was collected with the incidence angle held above the critical angle of 

Alq3 and thus represents the bulk structure of the film. In Fig. 1, Qz is the scattering vector out of 

the plane and Qxy is the scattering vector in the plane. The colors represent scattering intensities 

from high (dark red) to low (blue). The patterns for the vapor-deposited and the reference spin-
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coated Alq3 glasses show two scattering features, one at Q ~ 0.75 Å-1 and another at Q ~ 1.65 Å-1
. 

For all the glasses studied, the scattering feature at Q ~ 1.65 Å-1is isotropic; this feature roughly 

corresponds to the nearest neighbor distance for carbons on adjacent Alq3 molecules. For the 

glasses prepared at Tsub=280K and Tsub=360K, the scattering feature at low Q (~0.75 Å-1) is 

anisotropic. The anisotropic scattering peak occurs at a real space periodicity that is roughly equal 

to the diameter of an Alq3 molecule; this feature is indicative of a tendency for molecular layering 

along the surface normal. For the glass deposited at the highest substrate temperature and for the 

spin-coated glass (which is expected to be similar to a liquid-cooled glass35), the low Q (~ 0.75 Å-

1) scattering feature is nearly isotropic. We were not able to deposit films at substrate temperatures 

above 405 K, presumably due to the high vapor pressure of Alq3.  Previous studies have 

established that Alq3 films vapor-deposited under similar conditions are chemically pure36; we 

further confirmed the purity of the as-deposited film with Raman scattering measurements.  

 

Fig. 1. GIWAXS patterns for Alq3 glasses prepared at Tsub =280K, Tsub =360K, Tsub=405K and a 

reference spin-coated glass. An anisotropic scattering feature related to molecular layering is 

prominently observed for the two lowest substrate temperatures. Qz is the out-of-plane scattering 



 8 

vector and Qxy is the in-plane scattering vector. The deposition rate for these vapor-deposited 

glasses was approximately 0.2nm/s. The glass transition temperature of Alq3 is 450 K. 

 

To quantify the tendency for molecular layering we define an order parameter SGIWAXS as a 

measure of anisotropy in scattering intensity for values of Q near 0.75 Å-1. A more positive value 

of SGIWAXS indicates greater localization of scattering intensity along Qz. Similar order parameters 

have been described previously37,38; however it is useful to describe the meaning of SGIWAXS in the 

context of this study. If the order parameter were 1 then all the scattering intensity would be 

localized along Qz; in this case, the “layers” would be parallel to the substrate plane. An SGIWAXS=-

0.5 implies that the “layers” are perpendicular to the substrate plane.  

Fig. 2 shows two measures of structural anisotropy for Alq3 glasses as a function of substrate 

temperature during vapor deposition. The SGIWAXS values quantify the tendency for layering to 

decrease as the substrate temperature increases. The glass prepared at the highest substrate 

temperature exhibits a negligible tendency for layering as does the spin-coated glass, which has a 

SGIWAXS= 0.007. The raw sine-corrected scattering intensity, which is often used to qualitatively 

assess the packing distribution, is shown in Fig. S4 for glasses deposited at Tsub=280K and 405K. 

Fig. 2 also shows ellipsometry measurements indicating that all vapor-deposited glasses of Alq3 

exhibit essentially zero birefringence; this is consistent with negligible P2 order. To our knowledge 

this is the first report of a vapor-deposited organic glass that is optically isotropic across a wide 

range of substrate temperatures. The optical isotropy of Alq3 glasses can be tentatively attributed 

to its quasi-spheroidal shape (SI Fig. 3) and this point is explored below. For comparison, vapor-

deposited glasses of three rod-shaped organic semiconductors show birefringence values that range 
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from -0.2 to +0.14. Fig. 2 shows very similar X-ray and ellipsometry results for two different film 

thicknesses, indicating that the glass structure is independent of film thickness. 

 

 

Fig. 2. The GIWAXS order parameter (red) and the birefringence (blue) of vapor-deposited Alq3 

glasses prepared at different substrate temperatures. The GIWAXS order parameter characterizes 

the structural anisotropy associated with molecular layering; layering is most pronounced at low 

substrate temperatures. Results for 260 nm (circles) and 540 nm (triangles) films are shown. The 

dashed red line is a guide to the eye. The dotted black line defines optical and structural isotropy. 

The deposition rate for these glasses was 0.2nm/s. The structure of Alq3 is shown as an inset. 

 

Although vapor-deposited Alq3 films have been used as electron transport and emitter layers in 

OLEDs for over 30 years39 (from the very inception of OLED technology!) the tendency for 

molecular layering in Alq3 glasses is reported here for the first time, to the best of our knowledge. 

Previously, charge transport studies showed that an Alq3 glass prepared at 363 K had an order of 

magnitude higher DC conductivity than the glass prepared at 303 K40.The changes in molecular 

packing shown in Fig. 2 could shed new light on the interpretation of these charge transport 

measurements. 
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We also observe that the substrate temperature during deposition influences the periodicity 

associated with the layering feature in vapor-deposited Alq3 glasses. To evaluate how the changes 

in layer spacing relate to the surface equilibration mechanism, Fig. 3 shows the position of the 

anisotropic peak along Qz over a range of substrate temperatures for two different deposition rates. 

To a reasonable approximation, lowering the deposition rate by a factor of 7 has the same impact 

on the peak position as increasing the substrate temperature by 10 K (A similar observation can be 

made for the SGIWAXS order parameter as shown in Fig S5). This supports the surface equilibration 

mechanism as: 1) both lowering the deposition rate and raising the substrate temperature should 

allow the molecules to more closely approach equilibrium before they are trapped by further 

deposition, and 2) the observed temperature dependence of ~ 12 K/decade is much weaker than 

that expected for bulk molecular mobility near Tg, consistent with the idea that surface mobility41 

controls the structure of PVD glasses. For the comparison shown in Fig. 3, we choose to focus on 

the peak position along Qz as most of the scattering intensity is localized along Qz. We note that 

differences in the peak position along Qz, between glasses prepared at different substrate 

temperatures, cannot be directly interpreted as a change in glass density. The peak position along 

Qxy also varies as a function of substrate temperature, exhibiting the opposite trend (Fig. S2). 

Previous studies by Yokoyama et al35 have established that the density of Alq3 glasses varies less 

than two percent with preparation conditions, as opposed to the ten percent variation in peak 

position shown in figure 3. 
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Fig. 3. The peak position along Qz obtained from GIWAXS as a function of substrate temperature 

for Alq3 glasses prepared at two deposition rates: 0.2 nm/s (orange) and 0.03 nm/s (pink). 

Consistent with the surface equilibration mechanism, slower deposition and higher substrate 

temperature have similar effects on bulk glass structure. Results for 260-280 nm (circles) and 540 

nm (triangles) films are shown. The dashed lines are guides to the eye. 

 

To test if the observed structural anisotropy of vapor-deposited Alq3 glasses can be understood in 

terms of structures preferred at the surface of the equilibrium liquid, we performed atomistic 

molecular dynamics simulations of the supercooled liquid of Alq3 at 470 K, 490 K, and 550 K. 

For this model42 it has been previously reported that Tg = 455 K at simulation cooling rates. The 

equilibrium liquid of Alq3 exhibits a temperature-dependent tendency for layering at the free 

surface (shown in Fig. 4A) similar to what is seen experimentally in X-ray reflectivity studies of 

metallic liquids34,43, dielectric liquids44 and in the isotropic phase of liquid crystal formers45. At a 

temperature of 470 K, the spacing between the two peaks in the density profile is roughly ~ 9 Å. 

Experimentally the length scale of the layering feature (2π/Qz) seen in vapor-deposited glasses is 

~ 7.5 to 9.0 Å.  As we explain below, this result is consistent with the hypothesis that the bulk 



 12 

structure of vapor-deposited glasses is inherited from the surface structure of the equilibrium 

liquid.  

 

Fig. 4. Structural features of the free surface of supercooled Alq3 liquid as obtained by molecular 

dynamics simulations. A) Aluminum density plotted as a function of depth, showing oscillations 

that are responsible for layering in PVD glasses. B) The P1 order parameter for the dipole moment 

vector of Alq3 as a function of depth in the film, showing polar order that is trapped during 

deposition to produce large surface potentials. For both panels, the free surface is defined by 

position where the Alq3 density is equal to half of the bulk value. 
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The simulated supercooled liquid of Alq3 also exhibits surface dipole orientation, a feature that 

has been observed experimentally for several molecular liquids, and is known to persist even far 

above Tg
46. In Fig. 4 B, the P1 order parameter <cos θ> is shown for the classical dipole moment 

vector of Alq3 relative to the surface normal. The negative value of the order parameter indicates 

that the positive end of the Alq3 dipole has a tendency to point towards the vacuum at the surface 

of the equilibrium liquid. Experimentally a positive surface potential in vapor-deposited Alq3 

glasses has been reported29,47 which implies that there is a bulk orientation of the dipole moment 

vector such that the positive ends on average point towards the vacuum interface. Fig. 4 B is 

consistent with the surface equilibration mechanism which implies a close similarity between the 

bulk structure of the PVD glass and the surface structure of the equilibrium liquid. The surface 

potential reported for PVD glasses of Alq3 is about 1% of the value that would be obtained if the 

dipole vector of every Alq3 molecule pointed exactly toward the vacuum interface, while in 

simulations the maximum orientation seen at the free surface of the supercooled liquid at 470 K is 

6% (evaluated at the point where the density is half the bulk liquid density). The dipole orientation 

at the equilibrium free surface is likely an upper bound to what can be trapped into the bulk glass, 

with the latter depending upon substrate temperature and deposition rate. 

These simulations can also be used to understand the extremely small birefringence observed in 

vapor-deposited Alq3 glasses (Fig. 2). The eigenvector associated with the largest eigenvalue of 

the polarizability tensor of Alq3 shows a very small P2 ordering (-0.02) at the free surface of the 

simulated equilibrium liquid (Fig. S1). This small P2 ordering when combined with the small 

anisotropy of the Alq3 polarizability tensor (Table S1) is consistent with the observed lack of 

birefringence. (Both the low level of P2 order and the nearly isotropic polarizability tensor are 

consistent with the quasi-spheroidal shape of Alq3.) Thus, the surface equilibration mechanism, in 
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combination with the simulation results, can successfully explain the optical isotropy, tendency 

towards layering, and P1 order in PVD glasses of Alq3. 

The surface equilibration mechanism can also be used to rationalize the dependence of structural 

anisotropy on substrate temperature (Fig. 2) in Alq3 glasses by invoking the experimental 

observation that the mobile surface layer in organic glasses grows in thickness with increasing 

temperature48. Previous simulations of the vapor deposition process have established that the 

structure that gets locked into the glass is determined by the thickness of the mobile surface layer4, 

which in turn is dependent on the substrate temperature during deposition. At lower substrate 

temperatures, as the mobile layer is only one monolayer thick, the structure from only the top 

monolayer of the liquid gets locked into the glass. At the top monolayer of the simulated 

supercooled Alq3 liquid the tendency for layering is strong, and hence glasses prepared at lower 

substrate temperatures exhibit a strong tendency for bulk molecular layering. At higher substrate 

temperature, the structure from the second or third layer of the liquid gets locked into the glass, as 

the mobile layer is thicker. Since the tendency for layering is significantly reduced in the second 

monolayer and negligible in subsequent layers, this results in less structural anisotropy being 

trapped into the bulk glass.  

Recent years have seen considerable progress in modelling the process of vapor-deposition. 

Wenzel and coworkers performed force-field based Monte-Carlo simulations to simulate 

spontaneous polarization in vapor-deposited glasses; their simulations utilize ideas that overlap 

with the surface equilibration mechanism. For example, enhanced surface mobility is mimicked in 

their simulations by utilizing simulated annealing to equilibrate surface molecules at temperatures 

much higher than that of the “already deposited and fixed molecules”. These simulations semi-

quantitatively reproduce the surface potential trends observed for glasses vapor-deposited onto 
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room temperature substrates49. Han et al simulated the vapor-deposition process for a number of 

OLED molecules; their simulations reproduce the trend in P2 order as a function of substrate 

temperature observed experimentally50. In these simulations, the “last deposited molecule” is held 

at a higher temperature than the bulk film, thus introducing surface mobility. As noted in the 

introduction, Lyubimov et al.51 showed that P2 order near the surface of the supercooled liquids of 

several OLED molecules could account for the P2 order trapped into the glasses vapor-deposited 

at various substrate temperatures and rates.  

While previous models of structure in PVD glasses have concentrated on understanding P1 and 

P2 order, we show that the surface equilibration mechanism simultaneously accounts for several 

different structural features of a model vapor-deposited glass. This is the first study to provide a 

microscopic explanation for the origin of the commonly observed anisotropic scattering feature 

associated with  molecular layering9,37,52.  Both the molecular layering features and P1 order in 

Alq3 are shown to originate from the surface structure of the equilibrium supercooled liquid. Based 

on simulations, this approach predicts a spacing between Alq3 molecules in the glass which is 

consistent with experimental findings. In agreement with the surface equilibration mechanism the 

structure of PVD glasses of Alq3 is found to depend on a combination of deposition rate and 

substrate temperature consistent with facilitation by surface mobility. In addition, the surface 

equilibration mechanism accounts for the existence of polar order in vapor-deposited Alq3 glasses, 

correctly predicting a positive polarization. 

Broad anisotropic scattering peaks and P1 order are common features of vapor-deposited 

glasses9,25,26,30 and we expect that the surface equilibration mechanism generally provides an 

explanation for these features. By connecting phenomenon in vapor-deposited glasses to structure 

at the free surface of the equilibrium liquid, we bridge the relatively new field of vapor-deposited 
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glasses to decades of research on the structure of liquid surfaces. There is also a practical aspect 

to this new understanding. Full scale simulations of vapor-deposited glasses are limited by the 

short time-scales available in simulations. The surface structure of the liquid on the other hand can 

be reliably simulated and is also accessible by experiments. By providing an understanding of non-

equilibrium structural features on the basis of equilibrium surface structure, this work significantly 

advances our ability to design anisotropic glassy solids. Thus, we anticipate that computer 

simulations of the surface of equilibrium liquids can succeed in identifying molecules that promote 

packing motifs in vapor-deposited glasses that are desirable for organic electronic devices. 

 

Methods: 

Experimental Methods: 

Sample Preparation: Alq3 (99.995 % purity) purchased from Sigma Aldrich was vapor-

deposited without further purification onto a <100> silicon wafer with 2 nm of native oxide in a 

vacuum chamber with a base pressure of ~ 10-6 Torr. Samples were prepared either at deposition 

rates near 0.2 nm/s (0.14-0.23 nm/s) or near 0.03 nm/s (0.02-0.04 nm/s).For the spin-coated 

sample, Alq3 was dissolved in chloroform at a concentration of 15 mg/ml. The spinning speed was 

1500 RPM and the time was 50 seconds. This procedure was described by Yokoyama35. 

GIWAXS: Grazing incidence X-ray scattering measurements were performed at the Stanford 

Synchrotron Radiation Lightsource in beamline 11-3 which has a wavelength of 0.973 Å. The 

sample to detector distance was calibrated with LaB6. The data reported was acquired with an 

incidence angle of 0.14o, which is appropriate for studying the bulk structure of vapor-deposited 

Alq3 glasses37. For a few samples, we verified that very similar values of Sz were obtained from 

measurements performed at 0.16 o, as expected.  
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To evaluate the SGIWAXS order parameter, we utilize the dependence of the scattering intensity upon 

the azimuthal angle χ; χ is 0º along Qz and 90º along Qxy. For χ values from 10º to 85º, we integrated 

the data in a Q range from 0.5 to 1.2 Å-1. The data in the missing wedge of the pattern (near χ = 

0º) was obtained by extrapolation of the data at larger χ. SGIWAXS was then calculated using the 

equation: 

SGIWAXS =
1
2

(3 < cos2 χ > −1)                        (1) 

with <cos2 χ> evaluated as follows: 

< cos2 χ > =  
∫ I(χ)(cos2 χ)(sin χ)dχ90
0

∫ I(χ)(sin χ)dχ90
0

            (2)    

For the data in Fig. 3, the peak positions along Qz were obtained by averaging data with χ between 

10º to 15º.  

Spectroscopic ellipsometry: Data was collected at the three angles (50º, 60º and 70º). The 

birefringence was obtained by fitting data in the wavelength range of 500-1000 nm with a uniaxial 

Cauchy model. The birefringence was evaluated at a wavelength of 632.8 nm.  

Simulation methods: Atomistic simulations of the mer-isomer of Alq3 were performed with the 

OPLS-style force-field of Lukyanov et al 42,53 and the LAMMPS simulation package. Lennard-

Jones and electrostatic interactions employed a cutoff of 1.22 nm with the PPPM method (mean 

error = 10-5) to account for long-range electrostatics. A time step of 2.5 fs was used for the 

Velocity-Verlet integrator with the RATTLE algorithm to constrain C-H bond lengths. A free 

surface was prepared by slowly stretching a 500 molecule bulk Alq3 simulation until a gap 

appeared between the top and bottom surfaces. The distances between the top and bottom surfaces 

was 20 nm for all simulation temperatures, ensuring negligible interactions between opposing 

surfaces. Simulations of these thin films were equilibrated for a total of 50 ns at 470 K, 490 K, and 
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550 K. Sampling of the surface structure following equilibration occurred at 0.25 ns intervals for 

a total of 150 ns. Mass density and aluminum density profiles were computed and averaged over 

all configurations. These configurations were also used to compute the P1 and P2 order parameters. 

The P1 order parameter was calculated using the classical dipole moment unit vector of each Alq3 

molecule and the surface normal nz: 

𝑃𝑃1 = 〈𝒏𝒏 ∙ 𝒏𝒏𝒛𝒛〉 = 〈𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼)〉                                 (3) 

For the P2 order parameter calculations, a unit vector in the direction of the eigenvector 

associated with the largest eigenvalue of the dipole polarizability tensor was used: 

𝑃𝑃2 = 〈𝑷𝑷𝟐𝟐(𝒏𝒏 ∙ 𝒏𝒏𝒛𝒛)〉 =
3
2
〈𝑐𝑐𝑐𝑐𝑐𝑐2(𝛼𝛼)〉 −

1
2

                     (4)             

For all quantities, the results shown in Fig. 4 are averaged over both the top and bottom surfaces 

within the simulation box.  

 
. 

ACKNOWLEDGMENT 

The experimental work was supported by the US Department of Energy, Office of Basic Energy 

Sciences, Division of Materials Sciences and Engineering, Award DE-SC0002161. The authors 

gratefully acknowledge use of facilities and instrumentation supported by NSF through the 

University of Wisconsin Materials Research Science and Engineering Center (DMR-1720415). 

N.E.J. acknowledges support from the Argonne National Laboratory Maria Goeppert Mayer 

Named Fellowship. We acknowledge the computing resources provided on Blues and Bebop, the 

high-performance computing clusters operated by the Laboratory Computing Resource Center at 

Argonne National Laboratory. Use of the Stanford Synchrotron Radiation Lightsource, SLAC 

National Accelerator Laboratory, is supported by the U.S. Department of Energy, Office of 



 19 

Science, Office of Basic Energy Sciences, under Contract DE-AC02-76SF00515. We thank David 

Field for helpful discussions. 

SUPPORTING INFORMATION: 

Calculated polarizability tensor of Alq3(Table S1), calculated P2 order parameter at the free surface 

of the equilibrium Alq3 liquid (Fig S1), experimental x-ray scattering peak positions along Qxy(Fig 

S2), calculated dipole moment vector direction in Alq3 molecule(Fig S3), experimental sine-

corrected x-ray intensity curves(Fig S4) and the experimental SGIWAXS order parameter for a slower 

deposition rate(Fig S5).  
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