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Abstract: While the bulk structure of vapor-deposited glasses has been extensively studied, 

structure at buried interfaces has received little attention, despite being important for organic 

electronic applications. To learn about glass structure at buried interfaces, we study the structure 

of vapor-deposited glasses of the organic semiconductor DSA-Ph (1,4-di-[4-(N,N-

diphenyl)amino]styryl-benzene) as a function of film thickness; structure is probed with grazing 

incidence X-ray scattering.  We deposit on silicon and gold substrates and span a film thickness 

range of 10-600 nm. Our experiments demonstrate that interfacial molecular packing in vapor-

deposited glasses of DSA-Ph is more disordered compared to the bulk. At a deposition temperature 

near room temperature, we estimate ~ 8 nm near the substrate can have modified molecular 

packing. Molecular dynamics simulations of a coarse-grained representation of DSA-Ph reveal a 

similar length scale. In both the simulations and the experiments, deposition temperature controls 

glass structure beyond this interfacial layer of a few nanometers. 
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Introduction: 

Interfaces between different materials or phases are critically important in materials science as 

they have a strong influence on mechanical, electrical, and optical properties. For molecular 

materials, understanding and controlling structure at such buried interfaces has been a significant 

challenge. The broken translational symmetry at a buried interface results in structure and 

dynamics quite different from that observed in the adjacent bulk materials, and new analytical 

techniques have been developed to better understand buried interfaces1,2. In the last few decades, 

while great strides have been made in understanding the interfacial structure of molecular crystals3,  

liquids4 and liquid crystals5 the structure of molecular glasses near solid interfaces has received 

little attention. In addition to serving as model systems for amorphous materials6,7, molecular 

glasses also have important applications. For instance, molecular glasses formed by organic 

semiconductors are the active layers in OLEDs (organic light emitting diodes) which are used in 

commercial cell-phone and television displays8,9 and are explored for use in other technologies10. 

In such organic electronics applications, the structure at the buried interface of an organic 

semiconductor and an inorganic electrode influences charge injection barriers11. 

Molecular glasses used in OLED applications are prepared by physical vapor-deposition (PVD). 

Vapor-deposited glasses, unlike liquid-quenched glasses, exhibit structural anisotropy12,13,14. The 

anisotropic structure of 100-1000 nm thick vapor-deposited glasses has been investigated in the 

last decade and often can be understood using the surface equilibration mechanism15,16; for these 

thick films, the substrate temperature and the deposition rate control the glass structure17,18. On the 

other hand, there is little understanding regarding the interfacial structure of PVD glasses. There 

is no mechanism or theory that can predict the structure of vapor-deposited glasses near a solid 

substrate. Understanding the structure of PVD glasses at buried interfaces remains an outstanding 
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challenge in the field of molecular solids, with considerable technological implications. By way 

of analogy, a number of  studies of the interface of crystalline and semi-crystalline organic 

semiconductors with inorganic substrates has led to structure-property relationships in the context 

of organic-field effect transistors (OFETs)19,20. For OLEDS, in contrast to OFETs, the glassy state 

is preferred12 and an understanding of the interface of amorphous organic semiconductors with 

inorganic layers might similarly be expected to lead to improved device performance. 

  A starting point towards understanding the interface of a PVD glass with an inorganic solid is 

to determine over what length scale the substrate can perturb glass structure. In the crystalline 

state, packing at the buried interface of organic semiconductors has been extensively studied21,22. 

For several molecular semiconductors, such as pentacene, the substrate promotes new crystalline 

packing arrangements not found in the bulk3. Different “substrate-induced phases” can form on 

different substrates,3 and for thin films of pentacene, substrate-induced phases can propagate at 

least 100 nm23 away from the interface. Presently even the length scale over which the substrate 

can influence the structure of a vapor-deposited organic glass is poorly understood. While some 

measurements suggest that the substrate can influence the average structure of PVD glass films as 

thick as 100 nm24, other studies suggest that the range of influence is at least an order of magnitude 

smaller25.  This discrepancy is important as the typical thickness for an organic glass layer in an 

OLED device is ~ 30 nm. 

In this work, we quantify the length scale over which an inorganic substrate can perturb the 

structure of PVD glasses of DSA-Ph (1,4-di-[4-(N,N-diphenyl)amino]styryl-benzene). DSA-Ph is 

used in OLED devices as a blue-light emitter and the structure of its thick vapor-deposited glasses 

has been previously characterized with x-ray scattering26. We study the structure of DSA-Ph films 

deposited on Si/SiO2 (down to 13 nm) and Au substrates (down to 25 nm) as a function of film 
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thickness using grazing incidence X-ray scattering. These experiments indicate that interfacial 

molecular packing in vapor-deposited glasses of DSA-Ph is more disordered compared to the bulk. 

We also perform computer simulations of vapor-deposited glasses of a coarse-grained 

representation of DSA-Ph. We find, both in experiments and simulations, that beyond the first 3 

to 8 nm, the structure of a vapor-deposited organic glass is independent of the underlying substrate. 

Beyond this critical length-scale the deposition conditions (substrate temperature and deposition 

rate) determine the structure of a vapor-deposited glass.  

Experimental Methods: 

Sample Preparation: DSA-Ph was purchased from Luminescence Technology Corp (LT-N631); 

the powder had a purity (HPLC) greater than 99%. DSA-Ph was deposited as received without 

further purification. The samples were deposited in a vacuum chamber with a base pressure of ~ 

10-6 Torr. The deposition rate was monitored in real time using a quartz crystal microbalance 

(QCM). The deposition rate for all the reported samples was approximately 0.2 nm/s.  

Substrates: Depositions on silicon were performed on ⟨100⟩ cut wafers. The silicon wafers had 

~2 nm of native oxide. For depositions on gold, ~ 10 nm of gold was deposited on a silicon 

substrate by sputtering using a Leica EM ACE 600 Coater. The gold was deposited at a rate of 

~0.15 nm/s with a sputtering current of 30 mA and an argon pressure of 2.5×10-2 mbar. An AFM 

image of the gold substrate is shown in Figure S2. 

Thickness Measurements: After deposition the thicknesses of the films were measured using 

variable angle spectroscopic ellipsometry (VASE) using a Woollam M-2000 instrument. Psi 

(amplitude ratio) and delta (phase difference) were obtained at incidence angles of 50 o, 60 o and 

70o (the angle between the surface normal and the incident beam). The thickness was obtained 
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from a Cauchy model by fitting data in a wavelength range of 600-1000 nm. All measurements 

were performed at ambient temperature. For films thinner than 70 nm, optical constants were fixed 

to those obtained for thicker films, and only thickness was fit. For films thinner than 70 nm, the 

thickness obtained from VASE, on an average, is about ~ 6% higher than the estimate from the 

QCM. Based on this comparison we estimate that for films thinner than 70 nm, the thicknesses 

reported below could, on an average, be systematically higher by ~ 6%; this does not produce any 

important ambiguity in the interpretation of our results. 

GIWAXS: GIWAXS measurements were performed in BL 11-3 at SSRL with a photon 

wavelength of 0.973 Å.   All measurements were performed at room temperature. A “χ correction” 

was performed to account for the grazing geometry, resulting in the missing wedge along Qz27 . 

All reported data is at an angle of incidence of 0.14 o (the incidence angle in GIWAXS is between 

the incident beam and the substrate plane; 0 o at complete grazing and 90 o in transmission). For 

order parameter evaluation, data from 1.35 to 1.45 Å-1 was summed at each angle in reciprocal 

space; this region was chosen as there is maximum diffracted intensity from DSA-Ph in this region. 

Data in the missing wedge (χ = 0-10°) was obtained by extrapolation. (Here χ is the azimuthal 

angle in reciprocal space, with χ= 0 o defined by Qz.) To evaluate the background contribution, 

scattered intensity from 0.75 -0.85 Å-1 and 1.95-2.05 Å-1 was averaged. The exact choice of regions 

for background subtraction did not influence the observed order parameter; almost the same order 

parameters were obtained when intensity from 0.9-1.0 Å-1 and 1.8-1.9 Å-1 was averaged and used 

for the background subtraction. The background subtracted intensity was used for evaluation of 

the Hermans order parameter, SGIWAXS, using the following equations: 

SGIWAXS =
1
2

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



 7 

with <cos2 χ> evaluated as follows: 

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

∫ I(χ)(sin χ)dχ90
0

            (2)    

AFM measurements:  Tapping mode AFM measurements were performed using a Bruker Veeco 

MultiMode IV at ambient conditions. The cantilever had a resonant frequency of 300 kHz and a 

force constant of 40 N/m. The scan rate was 1.0 Hz. The images were flattened/analyzed using 

Bruker NanoScope Analysis 1.70. 

Simulation methods: 

Coarse-grained representation of DSA-Ph molecule: The coarse-grained model for a DSA-Ph 

molecule (below, in Figure 4A) in this study consists of seven spherical beads, each representing 

a benzene ring. Type 1 beads represent the four peripheral benzene rings of DSA-Ph, type 2 beads 

represent the benzene rings connecting the central benzene ring to the peripheral rings and the type 

3 bead represents the central benzene ring of DSA-Ph.  Each coarse-grained bead interacts through 

a Lennard-Jones (LJ) potential with σbb=1.0 and εbb=1.0. A cutoff radius of 2.5 σ with a smooth 

decay starting at 2.4 σ is employed. To maintain the intramolecular structure, the beads within a 

molecule are connected by eight stiff bonds with harmonic stretching potentials (Lb=1.0,  

kb=1000). The 1-2-3 bond angle is maintained at 150o with a harmonic bond-bending potential of 

spring constant ka=1000. The 2-3-2 bond angle is maintained at 180 o using the same spring 

constant. The non-bonded interaction potential is turned off for 1-2 (same as 2-3) and 1-3 bonded 

beads. No restriction was applied for the relative rotation along the longitudinal axis. The mass of 

each bead, mb, is 1.0 in dimensionless units. The coarse-grained DSA-Ph molecule interacts with 
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the substrate beads via a LJ potential. The reader is referred to the SI for detailed LJ parameters 

for anchoring and non-anchoring interfacial potentials. 

Coarse-grained representation of substrate: The substrate is represented by spherical beads of 

mass ms=1.0. The LJ interaction parameters between substrate beads are σss=0.6 and εss=0.1. To 

generate substrates with controlled roughness, the substrate surfaces are approximated by five 

superimposed two-dimensional Fourier functions, according to the equation: 

𝑧𝑧 = �𝑐𝑐𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐(2𝜋𝜋(𝑢𝑢𝑖𝑖𝑥𝑥 + 𝑣𝑣𝑖𝑖𝑦𝑦))
𝑛𝑛=5

𝑖𝑖=1

            (3) 

For each Fourier function, a two-dimensional random vector (ui,vi) is generated in the interval 

between zero and a specified wavelength unique to the type of surface being modeled. The scalar 

amplitude ci is randomly generated from an interval such that the average height of the final 

superimposed surfaces matches a specified value. To mimic the surface feature of Si/SiO2 

substrate28, the Fourier wavelength is chosen to be 2 σ and the amplitude is chosen to be 0.7 σ. To 

initiate a substrate, 1500 substrate beads are generated with random locations in the x�-y� plane. For 

each bead, using its x�-y� coordinates, the z� coordinate is calculated according to the superimposed 

Fourier function. Then a random number in the range from 0 to 0.1 σ is added to its z� coordinate. 

The substrates are then minimized via the FIRE algorithm29, with maximum displacement each 

step set to 0.01 σ. These substrate beads are then fixed in place for the entirety of the simulation 

using harmonic springs (ksping=1000). 

Simulation box: The simulation box size is 28 σ × 28 σ in the plane of the substrate (x�-y�) and 

130 σ along the substrate normal (z�). Using the Van der Waal radius of a benzene ring30 as an 
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approximation for 1 σ, the box dimension is approximately 11 nm × 11 nm × 52 nm. Substrates 

are placed at both the top and the bottom of the simulation box. To enforce the solidity of the 

substrate surface, a continuous, repulsive potential is applied underneath the surface; this repulsive 

potential is implemented using a 12-6 LJ wall. The location and parameters of the LJ wall are 

chosen such that it does not contribute to intermolecular interactions at the surface. The box is 

periodic in the x�-y� plane. A snapshot of the simulation box is shown in Figure S7.  

Deposition algorithm: The simulation is performed using the Large-Scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) package31. The simulated vapor deposition process is 

based on that reported earlier15,32. Each cycle consists of (i) the introduction of DSA-Ph molecules 

and diffusion to the top and or bottom substrates and (ii) cooling and diffusion along substrates. 

For (i), eight molecules are introduced to the simulation box consecutively, with two consecutive 

appearances being 5×104 steps apart. Upon appearance, the molecule is assigned a random position 

according to a spherical Gaussian distribution centered at the box geometric center. The velocity 

of the molecule is randomly drawn from a Maxwell-Boltzmann distribution at high temperature 

(T=1.0). Each bead within the molecule is initiated with the same velocity as the molecule. During 

(i), the newly introduced molecules have sufficient time to diffuse to either the top or bottom 

substrate surface. The molecules diffuse under a Langevin thermostat with a weak damping 

parameter (tdamp=5000 timesteps). During (ii), the newly deposited molecules are allowed to 

equilibrate on the substrates and are cooled to the substrate temperatures for 1×106 steps. The 

previously deposited molecules and the new molecules are all integrated under NVE ensemble. 

Throughout (i) and (ii), the substrates are maintained at a specified substrate temperature under 

Langevin thermostats with a standard damping parameter (tdamp=100 timesteps). The trajectory 

during the last 3×105 steps of (ii) is outputted and used for analysis. The integration timestep is 
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0.001 tau. Each simulation run generates two independent samples of deposited films (films on the 

top and bottom substrates of the simulation box). 

Analysis for z-dependent properties: To obtain density and order parameter profiles along the 

substrate normal (z�), each simulation has 600 cycles, such that films with thicknesses of ~25 σ 

(~10nm) are grown on both top and bottom substrates. To calculate properties as a function of 

distance from the substrate, a deposited film is sliced into discrete 0.5 σ-thick slabs along 𝑧̂𝑧. 

Molecules are assigned to slabs according to the z� components of their centers of mass. For each 

slab, the number density is obtained by counting the number of beads in molecules that belongs to 

the slab. The orientational order parameter P2 is defined as P2= 〈3
2

cos2θ- 1
2
〉, where 𝜃𝜃 is the angle 

between the longitudal axis of a molecule and the substrate normal, and 〈…〉 denotes the average 

over time and over all molecules within the slab. For some comparisons, the bulk properties of the 

film are obtained by averaging over the middle region, where the distance from the substrate is 

between 10 σ and 15 σ. All 𝑧̂𝑧-dependent profiles are averaged over all six independent films from 

three simulation runs. 

Results: 

 GIWAXS patterns provide direct evidence that vapor-deposited DSA-Ph glasses as thin as 20 nm 

and as thick as 600 nm exhibit qualitatively the same average molecular packing. Shown in Figure 

1 are GIWAXS patterns from two DSA-Ph glasses of different thicknesses both deposited at 290K 

on a silicon substrate. Qz is the out of plane scattering vector and Qxy is the scattering vector in the 

plane. The colors represent scattered intensity (red = high scattered intensity, blue = low scattered 

intensity). For both diffraction patterns, at Q ~ 1.4 Å-1, there is higher scattered intensity in the 

out-of-plane direction as compared to in-plane. The higher scattered intensity along Qz arises from 
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a tendency towards face-on packing. Vapor-deposited DSA-Ph glasses varying in thickness, by a 

factor of 30, therefore exhibit qualitatively similar packing when deposited at the same substrate 

temperature (and deposition rate). The diffraction patterns in Figure 1 also exhibit approximately 

the same peak position and width along Q (Figure S6), which is another indication of the similarity 

in packing in these glasses of different thickness. 

 

 

Figure 1: GIWAXS patterns from DSA-Ph films of thickness 18 nm and 604 nm both deposited 

at 290 K. Both the glasses scatter more strongly out of the plane (along Qz) than in the plane (along 

Qxy) at Q ~ 1.4 Å-1; this arises from a tendency for face-on packing providing direct evidence that 

the packing is qualitatively similar in these glasses of different thickness. The feature in the left 

image at Qxy ~1.7 Å-1 and Qz ~ 1.3 Å-1 is diffuse scattering from the silicon substrate. Both the 

samples were deposited on a Si/SiO2(2nm) substrate. The patterns were collected at an incidence 

angle of 0.14°, which is above the critical angle, and therefore representative of the bulk structure 

of the glass. 
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Structure of ultrathin films as a function of deposition temperature: 25 nm thick vapor-

deposited glasses of DSA-Ph exhibit quantitatively similar structure as thicker films at all studied 

substrate temperatures. Shown in Figure 2 is the Hermans order parameter (SGIWAXS) as a function 

of substrate temperature for glasses of three different thicknesses. The SGIWAXS order parameter 

quantifies the scattering anisotropy at ~ 1.4 Å-1. If all the scattered intensity was localized along 

Qz then SGIWAXS=1; this occurs when there is perfect face-on packing. If all the scattered intensity 

was localized along Qxy, SGIWAXS=-0.5; this occurs when there is perfect edge-on or end-on 

packing. An SGIWAXS=0 is consistent with isotropic packing.  

 

Figure 2: The GIWAXS order parameter as a function of substrate temperature for DSA-Ph 

glasses of three different thicknesses. 25 nm films exhibit similar structure as thicker films at all 

investigated substrate temperatures. The dark yellow squares represent order parameters for films 

deposited on gold. All other symbols represent depositions on Si (with ~ 2 nm of native oxide). 

The order parameters are evaluated from data obtained at an incidence angle of 0.14°. The 

molecular structure of DSA-Ph is shown in the inset 
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Figure 2 shows that films of thickness ~25 nm (20-30 nm range), ~80 nm (70-90 nm), and ~ 175 

nm (150-200nm) exhibit the same trend in the order parameter as previously observed for thicker 

films.26 Films deposited at 252 K and 290 K exhibit a strong tendency towards face-on packing 

while films deposited at 343 K exhibit end-on packing.  Quantitatively, Figure 2 shows that 25 

nm films of DSA-Ph exhibit order parameters nearly identical to thicker films at all studied 

substrate temperatures (raw diffraction patterns used to calculate order parameter for 25 nm and 

175 nm films are presented in Figure S4). We find that the structure of DSA-Ph glasses deposited 

on gold and silicon substrates is almost identical, with this comparison including substrate 

temperatures that produce both face-on packing and end-on packing. Moreover, the two substrates 

utilized here have very different surface roughness (Fig S2).  Previous work has suggested that 

substrate surface roughness influences the average structure of vapor-deposited glasses as thick as 

100 nm24; this hypothesis clearly does not explain the data in Figure 2.    

Experimental estimate of interfacial length scale: To understand over what distance the 

substrate influences the structure of vapor-deposited glasses of DSA-Ph, we deposited films of 

thickness 10-600 nm using a substrate temperature of 290 K. We focus on this particular substrate 

temperature since continuous films can be formed down to 10 nm thickness (Figure S1). In 

addition, 290 K is approximately room temperature and most OLED devices are fabricated with 

substrate temperature close to room temperature.  

Shown in Figure 3 is the Hermans order parameter, SGIWAXS, as a function of film thickness at a 

deposition temperature of 290 K.  We observe that the order parameter for all the films shown is 

positive, which indicates that films of thickness 10-600 nm exhibit a tendency towards face-on 

packing. We observe that films thinner than 20 nm exhibit a lower tendency towards face-on 

packing, with the thinnest film exhibiting roughly half the order parameter of the thickest films.   
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We observe that the order parameters for films deposited on gold are within error of those observed 

for deposition on silicon. Based on previous studies of conjugated molecules deposited on 

inorganic substrates, we expect the interactions of a conjugated molecule with gold and native 

oxide surfaces to be quite different33. The similarity between the structures of DSA-Ph films 

deposited on gold and silicon is an indication that preferred packing at the buried interface 

propagates over length scales far shorter than 25 nm. To estimate how much material near the 

substrate can have a distinct structure we fit the data in Figure 3 to a two-layer model. We assume 

that there is an interfacial region that has isotropic packing, and that the rest of the film (the bulk) 

exhibits face-on packing. Mathematically, this model can be expressed as: 

𝑆𝑆𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 [ℎ] = 𝑆𝑆𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏  � 1 −
𝛿𝛿  
ℎ

 �                                 (4) 

Here SGIWAXS is the observed order parameter, Sbulk is the order parameter of the bulk region, δ 

is the thickness of the isotropic interfacial region (with SGIWAXS=0) and h is the total thickness of 

the film. Sbulk and δ are fit parameters in the model. 

 

Figure 3: The GIWAXS order parameter plotted as a function of film thickness for films deposited 

at Tsub=290 K. The gray squares represent films deposited on Si/SiO2 (2 nm) and the gold stars 
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represent films deposited on gold. The dashed line is a fit to a two-layer model for films deposited 

on Si/SiO2. Based on the two-layer fit we estimate the size of the interfacial region with different 

packing to be 7.6 ± 1.6 nm.  

 

Our two-layer model provides an estimate (see below) for how much material near the substrate 

can exhibit qualitatively different packing. A similar approach to that taken in Figure 3 has been 

used to extract thickness of interfacial layers for partially crystalline films of semiconducting 

polymers34.  At a deposition temperature of 290 K, our model provides an estimate of 7.6 ± 1.6 

nm for the thickness of the interfacial region with perturbed packing. We have insufficient data 

points for films deposited on gold to make such an estimate, but the similarity in structure for films 

deposited on the two substrates is reasonably interpreted as a similar length scale for films 

deposited on gold. In Figure S3, we show a similar trend with film thickness for films deposited 

at Tsub=252 K, with an interfacial length scale of 4.7 ± 1.6 nm obtained from the two-layer model. 

Depositions on different substrates and at different deposition temperatures all support the 

conclusion of a nanometer-scale influence of the substrate on the structure of vapor-deposited 

glasses.  

We note that the ~ 8 nm interfacial length-scale extracted in Figure 3 at Tsub=290 K, follows 

from several simplifying assumptions. For simplicity, we assume in our model that the buried 

interface is isotropic. Edge-on or end-on packing at the buried interface would also explain the 

lowering of the order parameter and, in those cases, the length scale would be less than 8 nm. 

Moreover, based on data collected below the critical angle (Figure S5) we know that the free 

surface also contributes to the observed lowering of order in thinner films (at Tsub=290 K). With 



 16 

our experimental data, it is not possible to uniquely separate or distinguish the contributions of the 

free surface and the buried interface to the lowering of order in the thinnest film. To overcome the 

ambiguities associated with our experimental estimate for how far the substrate can perturb the 

structure of a vapor-deposited glass, we turn to molecular dynamics simulations.  

MD simulations of structure near solid interface:  To gain further insight into the interfacial 

structure of PVD glasses we perform molecular dynamics simulations on vapor-deposited glasses 

of a coarse-grained model of DSA-Ph. In previous work, coarse-grained Lennard-Jones models 

have been successful in reproducing experimental results for anisotropy in thick PVD glasses and 

in explaining the basic physics of structure formation in vapor-deposited glasses15. Molecular 

dynamics simulations provide the advantage that the substrate interface can be directly probed at 

a sub-nanometer length scale. Moreover, molecule-substrate interactions in simulations can be 

tuned in a precise and straightforward manner. A simulation provides the opportunity to create a 

specific orientation at the buried interface by choosing the appropriate potential; how far the 

induced order propagates into the glass provides a direct estimate of the length-scale over which 

the substrate perturbs the structure of a vapor-deposited molecular glass. 

Figure 4 depicts the coarse-grained representation of DSA-Ph used in our simulations and shows 

how DSA-Ph molecules interact with substrates that have different anchoring potentials. The 

molecular model is chosen to capture the molecular geometry of DSA-Ph. DSA-Ph has seven 

aromatic rings; we therefore construct a representation of DSA-Ph with seven Lennard-Jones 

beads. The beads are numbered based on their position in the molecule. In Figure 4B, the 

orientation of molecules with two different molecule-substrate interaction potentials are shown at 

a substrate temperature of 0.68. For the “non-anchoring” potential, the Lennard-Jones parameters 

describing interactions with the substrate are the same for all the beads of the molecule. The 
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snapshot with the non-anchoring potential shows molecules are horizontally-oriented; such an 

orientation helps molecules best minimize their energy at the free surface. For the “vertically 

anchoring” potential the interaction between the terminal beads of the molecule (see Supplemental 

information Table 1) and the substrate beads are more favorable than other interactions, causing 

the molecule to adopt a vertical orientation at the buried interface. The parameters for molecule-

substrate interactions are specified in SI Table 1. 

 

Figure 4: Schematic of a coarse-grained DSA-Ph molecule (A). Snapshots of coarse-grained 

molecules on substrates with two different interfacial potentials(B). In (B), substrate atoms are 

colored based on their position in z-direction (substrate normal).  

 

Shown in Figure 5A and B are the orientational order parameter, P2, and density as a function of 

depth into the film for coarse-grained DSA-Ph glasses deposited at 0.68 with the two different 

substrate-molecule interaction potentials. The substrate interface is located at the left axis of these 

graphs. P2 is a measure of molecular orientation (defined in the methods section). A P2 order 

parameter of 1 would mean there is perfect vertical orientation of the long axes of the molecules 

and a value of -0.5 would mean that all the long axes are perfectly horizontally oriented. The two 
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plots (5A and B) show that beyond a distance of 5 σ the glass structure is independent of 

interactions at the buried interface. By comparing the lengths of the actual and coarse-grained 

molecule, a length of 5 σ corresponds to approximately 2.8 nm.  We can quantitatively compare 

the structure in the bulk region of the film, defined as the material between 10-15 σ from the 

substrate. Under the non-anchoring interfacial potential, the order parameter is -0.306±0.014 and 

density is 0.926±0.033 in the bulk. Under the vertically anchoring interfacial potential, the order 

parameter is -0.274±0.030 and density is 0.932±0.050 in the bulk. 

 

Figure 5: Density (beads/σ3) and P2 orientation order parameter as a function of distance from 

substrate, for simulations in which DSA-Ph is deposited onto substrates with A) non-anchoring 

potential and B)vertically anchoring potential . The orientation order parameter is plotted as a red 

solid line and density is plotted as a blue solid line. The two panels show that beyond 5 σ (~ 3 nm) 

the structure of the PVD glass is independent of interactions at the buried interface.  For these 

simulations, the substrate temperature was 0.68. Error bars represent one standard deviation from 

six independent replicas. 
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The ~ 3 nm interfacial length scale obtained from simulations is consistent with the upper bound 

of ~8 nm extracted from x-ray scattering measurements. We note that these length scales were 

obtained by considering different but related observables. The GIWAXS order parameter utilized 

in the experiments characterizes the direction in reciprocal space where there is excess scattered 

intensity while the P2 order parameter characterizing the simulations describes the average 

orientation of the long axes of the molecules. As a result, while perfect face-on packing would 

produce a GIWAXS order parameter of 1, it would correspond to a P2 value of -0.5. We chose to 

calculate the P2 order parameter in simulations because it can be precisely measured as a function 

of depth in the film.  As previous studies of thick films have established that there is a strong one-

to one correlation between the P2 order parameter for the long axis and the GIWAXS order 

parameter,35 it is reasonable to compare the length-scales extracted from these two quantities.  

    In Figure 6, the orientation order parameter is plotted as a function of depth into the film, for 

a simulation where the substrate-molecule interaction produces highly vertical molecular 

orientation at the buried interface. It is clear from Figure 6 that after 5 σ (~3 nm) the molecular 

orientation is determined by the substrate temperature during deposition and not substrate-

molecule interactions. The ~3 nm length scale over which the substrate perturbs the structure of a 

vapor-deposited computer glass is in qualitative agreement with the nanometer-scale interfacial 

length inferred from Figure 2 & 3; both simulations and experiments establish that the substrate 

perturbs the structure of a vapor-deposited glass for less than 8 nm. (In Figure 6, the profile at 

T=0.68 behaves differently from profiles at other substrate temperatures near the free surface. At 

this low substrate temperature, the surface mobility is very limited; long simulations of the 

deposited film allow the surface to equilibrate and under these conditions the surface orientation 

evolves towards that shown for the other substrate temperatures.) 
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Figure 6: Simulation results showing the P2 orientation order parameter for DSA-Ph molecules as 

a function of distance from substrate at various substrate temperatures. These results were obtained 

with the vertically anchoring potential and the results are averaged over six independent replicas. 

Error bars represent one standard deviation. 

 

While simulation and experiment agree that a solid substrate influences the structure of a vapor-

deposited glass for less than 8 nm, the quantitative difference between the length scale estimates 

(3 nm vs 8 nm) requires further discussion. The experimental estimate of 8 nm, within the context 

of the two-layer model, is expected to be an upper-bound; as mentioned above, the 8 nm estimate 

includes contributions from structural differences at the free surface.  The deposition rate used in 

simulations is seven orders of magnitude greater than that used experimentally. The slower 

deposition rate in experiments allows more time for dewetting and this provides a further possible 

explanation for the larger length scale extracted from the experimental data. In simulations, a 

continuous film is formed after the first layer is deposited; in experiments it is likely that several 

molecular layers are required for a continuous film to form36. For depositions at 290 K, we know 
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that 10 nm films are continuous and smooth; however, this does not rule out the possibility that 

dewetting occurs during the first ~ 5 nm of the deposition.  As the material rearranged by dewetting 

is likely isotropic, this effect would give rise to a larger interfacial length scale. Despite these 

differences in experimental and simulation deposition conditions, both approaches observe an 

effect of the solid substrate extending less than 10 nm. This provides strong evidence that this 

conclusion is robust under deposition conditions where a continuous film is formed by 10 nm.  As 

discussed below, this requirement for continuous thin films is consistent with typical deposition 

conditions, for example, those utilized for OLEDs. 

Discussion:  

Comparison to previous work: Our experiments go beyond previous studies that have looked at 

the influence of solid substrates on PVD glass structure24,25. To the best of our knowledge, this is 

the first study which quantifies the structure of a vapor-deposited glass as thin as ~13 nm. 

Moreover, while previous studies25 have varied film thickness by a factor of ~5, in our study we 

have varied thickness by a factor of ~ 45 (Figure 3).  By studying glass structure across this much 

broader range of film thickness, we can confidently estimate the length scale of interfacial 

perturbations. In addition to film thickness, we vary substrate temperature and the substrate 

identity. Across this broad range of conditions, we find that the perturbation of the solid substrate 

on vapor-deposited glass structure is a few nanometers. Moreover, computer simulations of the 

deposition process presented here support this conclusion. These simulations are the first to vary 

the anchoring of deposited molecules at the substrate while holding all other variables fixed.  Over 

a wide range of substrate temperature, the simulation results indicate that the solid substrate 

influences PVD glass structure for a few nanometers.  
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In the literature, results from investigations of the effect of the substrate on PVD glass structure 

fall into two broad categories. One group of results indicates that the substrate influences the 

average structure of glasses as thick as 100 nm while another group of results estimates the 

substrate influences glass structure over a length scale at least an order of magnitude smaller. 

Yokoyama et al found that 100 nm films of vapor-deposited glasses deposited on sapphire, fused 

silica, and ITO glass exhibit different average structures, implying that the substrate can have an 

effect on glass structure over long length scales24. Along similar lines Yoshizaki et al37 found that 

200 nm thick Alq3 films deposited on aluminum exhibit roughly half the polar order compared to 

films grown on gold substrates. On the other hand, Sakai et al25 showed that films of thickness 20-

100 nm exhibit the same average structure; moreover, this study found no difference when films 

were deposited on silicon or fused silica. Two previous simulation efforts are consistent with the 

view that that substrate influence on glass structure is limited to less than ~ 5 nm38,39. 

Our experiments allow us to test the hypothesis proposed by Yokoyama et al24 that the substrate 

roughness can influence the structure of vapor-deposited glasses over long distances.  Yokoyama 

et al24 report that the substrate influences the average structure of films as thick as 100 nm. Based 

on optical absorbance, these authors conclude that the average molecular orientation of BSB-Cz 

in 100 nm films deposited on sapphire is different than the orientation in 100 nm films deposited 

on fused silica. They identify substrate roughness as the cause for this difference; they report that 

the RMS roughness of their fused silica substrate is 0.9 nm, while the RMS roughness of sapphire 

is 0.2 nm24. This line of reasoning does not explain our results. The RMS roughness of our gold 

surface is ~1 nm, while the RMS roughness of Si/SiO2 is ~ 0.2 nm (AFM patterns are shown in 

Fig S2). While the difference in roughness between gold and silicon is very similar to the 

difference in roughness between the aforementioned substrates used by Yokoyama et al., we find 
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that DSA-Ph films deposited on gold and silicon exhibit the same structure within experimental 

error (Figure 2 & 3), even for films as thin as 25 nm.  

With regard to the observations of Yoshizaki et al37, a number of studies on polar ordering in 

vapor-deposited Alq3 glasses support the view that a long-range perturbation of the substrate is 

unlikely to be a general result. Alq3 glasses deposited on five different solid substrates37,40,41,42,43 

have the same surface potential for the same film thickness, consistent with the idea that the 

substrate does not have a long-range effect on glass structure. A sixth substrate, aluminum, showed 

a significantly different surface potential.37 While we do not know why an aluminum substrate 

would affect polar ordering in Alq3, it is possible that this result was influenced by crystallization 

or de-wetting during deposition.  

The short ranged-influence of the substrate reported here for vapor-deposited glasses of organic 

semiconductors stands in contrast to the behavior of several other important materials systems. For 

inorganic semiconductors, the substrate is used to drive epitaxial growth over the entire thickness 

of the film. For crystalline organic semiconductors such as pentacene, the substrate induced phase 

can propagate for ~100 nm23. In polymers, the substrate has been shown to have a ~100 nm 

influence on dynamics44. In liquid-crystals, alignment layers can induce preferential molecular 

orientation over hundreds of nanometers45; this difference in the influence of the substrate occurs 

in spite of the similarity in structure of vapor-deposited glasses and liquid-crystalline phases16. 

Establishing this short length-scale helps identify a key fundamental difference between the order 

in vapor-deposited glasses and other types of technologically important materials. Moreover, a 

quantitative estimate for this length-scale is important for applications which utilize vapor-

deposited glasses, such as OLEDs. 
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The interfacial length scale of a few nanometers observed in our study can be rationalized based 

on our understanding of molecular glasses. The short-ranged nature of van der Waals interactions 

in combination with deposition into an amorphous state, makes it likely that the substrate perturbs 

glass structure over only nanometer length scales. To illustrate the unique features of amorphous 

deposition, we first remind the reader how crystals propagate order over large distances. At the 

surface of a growing crystal, there is a deep free energy minimum guiding the attachment of new 

molecules; molecular attachment that does not propagate the structure of the existing crystal is 

unlikely due to the high energy cost of defects (such as dislocations and grain boundaries). In 

contrast, because there are many local packing arrangements with similar energies in glasses, there 

are no easily identified defects. At the surface of a growing glass, each new set of molecules has 

many packing arrangements of similar energy, and thus only a few layers of growth are required 

for the glass to lose memory of the underlying structure. The simulations presented here reinforce 

this physical picture. By introducing strong vertical anchoring at a substrate temperature known to 

produce horizontal molecular orientation, we monitor in our simulations the competition between 

substrate-induced ordering and the driving force at the free surface to produce horizontal molecular 

orientation15. At all substrate temperatures, these simulations show that molecular order induced 

by the solid substrate propagates only a few nanometers into the deposited glass.  

Our experiments and simulations indicate that vapor-deposited glasses cannot propagate order 

more than a few nanometers from a substrate unless additional mechanisms involving larger length 

scales are important. One example of such an additional mechanism would be dewetting during 

deposition, which could influence the film structure up to the length scale required to deposit a 

continuous film36,46. To avoid this effect, in this work we have restricted our attention to deposition 

conditions that produce smooth, continuous films as thin as 10 nm. Continuous films are required 
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for OLED devices making the deposition conditions we focus on technologically relevant. Another 

scenario not considered here is deposition slightly below Tg, where if the deposition rates are slow 

enough the entire bulk of the film can equilibrate during deposition. We focus in our study on 

substrate temperature well below the glass transition temperature of DSA-Ph, where mobility is 

restricted to the top surface layers15, and consequently only the surface can equilibrate. As most 

OLED devices are fabricated at room temperature and as most organic semiconductors have a Tg 

at least 30 K above room temperature, the deposition temperatures considered in this study span 

the typical range of Tsub/Tg used for device fabrication.  

The conclusion of a nanometer-scale interfacial length for PVD glasses can be directly tested by 

other experimental techniques, and such measurements can provide further understanding of 

structure at buried interfaces.  Polarized soft-x-ray reflectivity can be used to depth profile 

molecular orientation in organic thin films47 ; in addition to measuring the length scale over which 

the substrate influences structure, soft x-ray reflectivity can be used to characterize the structure 

at the buried interface. NEXAFS spectroscopy can also be utilized to this end. Performing 

NEXAFS in surface-sensitive electron-yield modes on delaminated samples might allow the 

structure of the buried interface48 to be probed. While our experiments observe less average order 

in the thinnest films, whether this is due to isotropic, edge-on or end-on packing at the substrate is 

unknown. We expect that the utilization of soft-x-ray reflectivity and NEXAFS spectroscopy can 

fill this void in our understanding. Measuring UPS and XPS spectra on PVD glasses of DSA-Ph 

as a function of film thickness could elucidate how the structural perturbations near the substrate 

observed here influence electronic structure. Previous studies have measured UPS and XPS spectra 

as a function of thickness for other molecules49,50; similar measurements on DSA-Ph would allow 
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a direct correlation of electronic structure(eg..HOMO  level, energetic disorder) with molecular 

packing.  

Implications for organic electronics: The structure at the interface of a vapor-deposited organic 

semiconductor glass and an inorganic substrate has not been directly examined, despite its 

importance for organic electronic applications. The molecular packing at the interface of an 

organic semiconductor and inorganic electrode will influence how efficiently charge is injected 

into the material in OLED devices11. Previous device studies suggest that changing the deposition 

temperature of a 5 nm PVD glassy layer at the interface with indium tin oxide can change the 

required driving voltage by up to a factor of two51; this difference in devices where the 5 nm layer 

near the substrate is prepared at different temperatures is likely due the differences in interfacial 

molecular packing. Although to a lesser extent compared to OLEDs, vapor-deposited glasses have 

also been utilized to fabricate OFET devices52; here performance will depend critically on the 

structure at the interface of the organic-semiconductor and the dielectric53. As a first step towards 

understanding this interface, we establish here the length scale over which the substrate can 

influence PVD glass structure. Although the structure at the interface will depend on the choice of 

the molecule and substrate, we expect the observation of a nanometer scale effect of the substrate 

on the structure to be transferable across different systems. The similarity of PVD glass structure 

observed for deposition onto different substrates, observed both experimentally and 

computationally, provide support for this. Our results are also relevant for understanding why the 

elastic moduli of PVD glasses depends upon film thickness below 20 nm54,55; the moduli of thin 

films could be significantly influenced by the glass structure near the buried interface.   
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Finally, our results also demonstrate that, beyond 3 to 8 nm near the solid substrate, the unique 

anisotropic glassy packing motifs14 that are accessible through PVD can be produced on arbitrary 

substrates.  

Conclusions  

The length scale over which the substrate perturbs the structure of PVD glasses of DSA-Ph is 

found to be 3 to 8 nm. The altered structure near the substrate is significant for OLED devices 

which often use layers as thin as 10 nm. The interfacial length scale determined in this work will 

enable future direct investigation of the structure of vapor-deposited organic semiconductors near 

solid substrates. 
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