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Abstract 

Physical vapor deposition, a common route of thin film fabrication for organic electronic devices, 

has recently been shown to produce organic glassy films with enhanced kinetic stability and anisotropic 

structure. Anisotropic structures are of interest in the organic electronics community as it has been shown 

that certain structures lead to enhanced device performance, such as higher carrier mobility and better 

light outcoupling. A mechanism proposed to explain the origin of the stability and anisotropy of vapor-

deposited glasses relies on two parameters: 1) enhanced molecular mobility at the free surface (vacuum 

interface) of a glass, and 2) anisotropic molecular packing at the free surface of the supercooled liquid of 

the glass-forming system. By vapor-depositing onto a substrate maintained at Tsubstrate < Tg (where Tg is 

the glass transition temperature), the enhanced molecular mobility at the free surface allows every 

molecule that lands on the surface to at least partially equilibrate to the preferred anisotropic molecular 

packing motifs before being buried by further deposition. The extent of equilibration depends on the 

mobility at the surface, controlled by Tsubstrate, and the residence time on the free surface, controlled by the 

rate of deposition. This body of work deals with the optimization of deposition conditions and system 

chemistry to prepare and characterize films with functional anisotropic structures. 

Films of TPD, a rod-shaped molecule used as an organic semiconductor, were prepared by vapor 

deposition across a range of Tsubstrate, and grazing incidence X-ray scattering (GIXS) was used to 

characterize the molecular packing anisotropy in the films. It was determined that for films prepared at 

Tsubstrate ~ .75 Tg the molecules pack face-on while at Tsubstrate ~ 0.95 Tg, the molecules have a slight 

preference for edge-on packing. Amorphous films resulted when deposited at Tsubstrate ~ Tg. These results 

not only confirmed recent optical measurements that could be used to infer average molecular orientation 

in films, but also extended the characterization by combining the optical and scattering observables to 

propose a molecular model of glass structure (with nearest-neighbor distance and average molecular 

orientations). 
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Liquid crystalline moieties were used to extend the range of structures accessible by vapor 

deposition, using both calamitic (rod-shaped) and discotic (disc-shaped) mesogens. Itraconazole, a 

calamitic mesogen that forms a smectic phase (molecular layers) above the glass transition temperature, 

Tg = 330 K, was used to prepare glasses by depositing at a range of Tsubstrate = 0.78 Tg to 1.02 Tg. For 

Tsubstrate near and below Tg, glasses with layered smectic-like structures could be prepared with smectic-

like order, and layer spacing could be tuned by 16% through choice of Tsubstrate as probed by GIXS. Films 

prepared at the lowest Tsubstrate consisted of molecules trapped exclusively laying in-plane. Two columnar 

discotic systems (in which molecules self-assemble into columns that further assemble into hexagonal or 

rectangular superstructures) were also investigated. For both mesogens, phenanthroperylene-ester and 

triphenylene-ester, highly organized glasses could be prepared with either edge-on (Tsubstrate ~ Tg) or face-

on (Tsubstrate ~ 0.75 Tg) packing. This contrasted with the glasses prepared using a non-mesogen, m-

MTDATA that showed isotropic (Tsubstrate ~ Tg) or slightly face-on (Tsubstrate ~ 0.75 Tg) packing. The 

mechanism to explain the origin on anisotropy in vapor-deposited glasses was empirically extended to 

mesogenic systems based on the results from the smectic and columnar systems investigated. 

The empirical extension of the proposed mechanism requires that the mesogenic disc-shaped 

systems exhibit edge-on molecular orientation at the vacuum interface of the equilibrium liquid while the 

non-mesogen exhibit a slightly face-on orientation to prepare the bulk structures observed in the previous 

study. This was experimentally tested using Near-edge X-ray Absorption Fine Structure (NEXAFS) 

spectroscopy, for phenanthroperylene-ester, one of the columnar discotic systems investigated above, and 

m-MTDATA, the non-mesogen disc-shaped system. The equilibrium free surface of the mesogen 

exhibited an average molecular orientation of 64○ from the plane of the substrate, while the free surface of 

a liquid-cooled glass of m-MTDATA exhibited an average orientation of about 38○, consistent with the 

qualitative predictions made when applying the mechanism to explain the bulk structures the vapor-

deposited glasses.    
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Chapter 1 

Anisotropic organic glasses: An introduction 

Ankit Gujral 
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Introduction. 

This introductory chapter outlines recent developments in the preparation of organic glasses with 

anisotropic structure, with an emphasis on preparing materials for organic electronic device applications. 

Much of the work undertaken during my graduate career has been driven by a growing need to prepare 

organic solids for organic electronics. In particular, my work has focused on controlling molecular packing 

in organic glasses by physical vapor deposition. Below, I will discuss the motivation behind doing so, its 

implications in device performance, and literature precedent to highlight its importance. Content from this 

chapter will be added to content by co-authors Mark D. Ediger and Lian Yu towards an article to be 

published in a forthcoming issue of Current Opinion in Solid State and Materials Science (Elsevier) 

focusing on glassy materials.  

Organic glasses are widely used on industrial scales from foods1 to pharmaceuticals2 and organic 

electronic devices.3 Recently, organic glasses have found a niche in device engineering with their 

ubiquitous presence in cellphone displays4 and growing popularity in television displays5 in the form of 

organic light emitting diodes (OLEDs). There have also been developments in organic field effect 

transistors (OFETs)6–9 and organic photovoltaics (OPVs),10–17 leading towards flexible and printable 

electronics. Organic materials are well suited towards these applications as chemistry can be manipulated 

to prepare n-type and p-type semiconductors.18 Glassy organics within the active layers in devices have 

advantages over their crystalline counterparts for a few reasons: including the fact that glassy thin films 

can be fabricated over large surface areas without grain boundaries that act as charge traps,19 their 

composition can be tuned nearly infinitely20,21 allowing for homogeneous multicomponent films with 

variable dopant concentration, and their structures can potentially be manipulated to engineer molecular 

packing motifs for specific applications. It is the last of these, preparing anisotropic molecular packing 

structures in glasses (i.e., glasses with a biased subset of possible molecular orientations and nearest-

neighbor correlations) that this article focusses on.  
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Anisotropic molecular packing in these devices plays a crucial role in device performance, in both 

crystalline and glassy systems. A single crystal pentacene-based OFET, for instance, exhibits highly 

anisotropic charge carrier mobilities, relative to the axis of charge propagation.22 This was attributed to the 

efficiency of charge hopping from one molecule to the next being greater along certain axes in the crystal: 

Charge transport in molecular systems depends on electron orbital overlap between adjacent molecules to 

facilitate charge hopping.18 In pentacene it was shown that the charge transport is highest along the 

herringbone structure in the crystal lattice. Similarly for sexithienyl it was found that a co-facial molecular 

packing arrangement was most efficient.23 In a disordered glass, the random nature of nearest-neighbor 

interactions creates a tumultuous path for charges to be transported through. And while certain crystalline 

structures do provide excellent charge transport properties,22–24 the limitations described above, particularly 

traps in grain boundaries, currently make these materials challenging to produce for mass market adoption. 

Even for emitters in OLEDs, careful choice of molecular orientation of the dilute emitter molecule in the 

matrix can increase light outcoupling efficiency by nearly 30% when compared to an isotropic film.25 

More molecules with a preferential in-plane orientation leads to more efficient emission of light out of the 

device. This enhancement is due only to geometry and not due to a modification in the electronic states of 

the film.  

Glasses are generally thought of as isotropic materials, but structural anisotropy is not 

incompatible with a lack of crystalline order. When a glass is prepared by cooling a liquid, an isotropic 

material results. This occurs as the system is cooled to the point of molecular-scale kinetic arrest below the 

glass transition temperature, Tg (defined in terms of a structural relaxation time, τα, of 100 s, or viscosity, 

η, of ~1012 Pa.s);26 the structure of the kinetically arrested material is inherited from the disordered liquid 

from which it was formed. However, as non-equilibrium solids, the details in the route to preparation (such 

as thermal history, or the presence of external forces) are important in determining the properties of the 

glass. If asymmetric routes of preparation are adopted, the resulting glass structure may be anisotropic. For 

instance, deforming a polymeric glass,27 whereby the glassy solid is stretched (sometimes by as much as 
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twice the original sample length) leads to a molecular scale rearrangement in which polymer chains are 

stretched along the direction of the strain. Another way to produce anisotropic glasses is to apply an 

external field to the liquid of a polar molecule, leading to an anisotropic liquid.28 Upon cooling such a 

liquid, the anisotropic structure gets trapped into a glassy state (and is maintained even after the external 

field has been removed). Spin-coating29 can induce anisotropic structures into polymeric films, as well, due 

to the centrosymmetric shear present as solvent evaporates and the film is cast while spinning. Many other 

routes to preparing glasses with anisotropic molecular packing have been explored recently from using 

polypeptide-assisted self-assembly,30 to blade-coating.31   

While many promising strategies are being developed, we are compelled to limit the scope of our 

exploration in this article. We will explore 4 routes towards preparing films with anisotropic molecular 

packing: 1) anisotropic polymer films prepared by spin-coating , 2) physical vapor deposition as a route to 

anisotropic molecular packing in small-molecule glasses, 3) the use of liquid crystalline moieties as a route 

to glassy self-assembled structures, and finally 4) combining elements of the last two strategies to prepare 

highly anisotropic out-of-equilibrium (glassy) solids by vapor-depositing low molecular weight liquid-

crystalline mesogens. Our discussion will be driven by how these techniques are being exploited to better 

device performance in various organic electronic applications. 

Anisotropic structures in high-molecular weight polymeric systems 

Ever since the 1977 discovery by Heeger, MacDiarmid and Shirakawa32 of conductivity in 

polyacetylene (for which they were awarded the Nobel Prize in Chemistry in 2000)33, there has been a spur 

of research to optimize charge carrier mobility in organic materials. Experimental investigations and 

theoretical models34 indicate that there are two processes to charge transport in a polymeric glass: the fast 

charge transport mechanism along the covalently-bonded chain, and the slower molecular hopping 

between chains. It is, therefore, important to prepare materials with ordered interchain structures to 

increase delocalization by π-conjugation between chains. These interchain structures, as we will explore 
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below, can have very subtle nearest-neighbor correlations. In this section, we will first discuss a recent 

meta-analysis that shows how anisotropic structures can exhibit better charge carrier mobility than semi-

crystalline or completely isotropic amorphous structures primarily due to nearest-neighbor interactions. 

We will then explore this concept further through two recent studies.  

To explore how short-range interactions may lead to long-range charge transport, Noriega et al.13 

compiled metadata from 13 high molecular weight polymeric systems. The systems were categorized by 

the researchers into three broad classifications: 1) “semi-crystalline,” 2) “poorly ordered” or anisotropic, 

and 3) “amorphous” or isotropic. Roughly speaking, anisotropic structures have at least enough short-

range order to exhibit anisotropic scattering in grazing-incidence X-ray scattering experiments; they lie 

somewhere between semi-crystalline systems and isotropic systems in the order-disorder continuum of 

structures. Prior to this study, and similar ones, the prevailing wisdom indicated that semi-crystalline 

systems exhibited highest carrier mobility due to highly ordered domains of materials. This is reflected in 

the low activation energy (72 meV) for transport in the films (derived from temperature-dependent FET 

measurements). But according to this analysis, the boundaries between the highly crystalline structures act 

as traps, causing a worsening of performance. Anisotropic systems, on the other hand, exhibited similar 

activation energies to semi-crystalline systems (76 meV) and due to the lack of grain boundaries, did not 

exhibit any low energy traps that would impede charge transport. Isotropic films had a much higher 

activation energy (~230 meV) of transport, ruling them out as efficient charge transport materials. To 

illustrate the principles laid out by Noriega et al. in their large meta-analysis, we will explore two 

examples of poorly ordered systems below. The first study will let us compare the performance of a poorly 

ordered film and a semi-crystalline film of the same system, a naphthalene-thiophene copolymer. The 

second will let us compare the poorly ordered material compared with the disordered material of the same 

system, a carbazole. 

Rivnay et al.12 recently showed that poorly ordered films outperform highly crystalline films of a 

high molecular weight polymeric system. They showed that texture and order could be drastically 
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controlled in an n-type polymeric semiconductor, poly{[N,N-9-bis(2-octyldodecyl)naphthalene-1,4,5,8-

bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)}, abbreviated to P(NDI2OD-T2). A spin-coated 

film exhibited 77.5% face-on packing and very low crystallinity, as determined by X-ray scattering. Upon 

annealing these films, the morphology changed drastically to 94.6% edge-on lamellar structure 

accompanied with twice as much crystallinity, as well as a 40% decrease of disorder within crystallites. 

Figure 1 shows scattering patterns obtained from the as-cast film and the annealed film. Despite the 

increase in overall order in the films, a significant drop in current density in the bulk is observed; there is 

little modification to the FET transport along the bottom interface even after the increase in order. 

According to the researchers, this indicates that the enhanced crystallite order and texture play a secondary 

role in transport phenomena in this system. The researchers were careful to point out that it is possible the 

structure at the interface isn’t modified in the same way as the bulk material, perhaps complicating 

interpretation of the OFET transport. While there is ambiguity in the interpretation of the interface charge 

transport, the bulk findings here are in line with the observations of Noriega et al. 
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Figure 1. 

Figure 1. Scattering obtained from an as-cast (left) and annealed (right) film of P(NDI2OD-T2). The 

vector qz represents scattering out-of-plane while qxy represents scattering in-plane. The high intensity peak 

at qz~1.6 Å-1 is indicative of out-of-plane pi-pi stacking in the as-case film that is no longer as prominent 

upon annealing. This is discussed further in the text. Reproduced from Rivnay et al. 2011.12 
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Beiley et al.35 showed that the weak short-range interactions of a poorly ordered film outperform 

an amorphous film of poly[N-9′′-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-

benzothiadiazole)], abbreviated to PCDTBT. The as-cast film exhibits a prominent out-of-plane peak 

corresponding to a space of d = 4.0 Å, and is inferred as an out-of-plane pi-pi stacking motif. By contrast, 

upon annealing that same feature suggests a broadening of nearest-neighbor correlations, indicative of a 

decrease in coherence length of pi-pi stacking. The observed decrease in structural order coincides with 

worsening hole transport, perhaps due to the introduction of deeper hole-traps between conjugated 

domains. This study, too, is consistent with Noriega et al,’s interpretation of structure-mobility 

relationships in polymeric films. 

Similarly, Zhang et al.36 investigated a rigid copolymer based on indacenodithiophene-

benzothiadiazole backbone, with a reported mobility of up to 3.6 cm2V-1s-1. The researchers argue that the 

rigid backbone leads to two molecular-scale packing motifs that lead to high charge transport: 1) most 

transport occurs along the rigid backbone with high delocalization and 2) the interchain interactions are 

highly lamellar, leading to short range π-stacking which is enough to effectively bridge the gap between 

the chains. This molecular packing motif was observed even in non-crystalline films by X-ray scattering 

and X-ray spectroscopy. 

Physical vapor deposition as a route to anisotropic glasses 

Without the advantage of polymeric chains, low molecular weight glasses rely solely on charge 

hopping between molecules. Increasing the charge transfer integral between neighboring molecules can be 

achieved by increasing electron orbital overlap. π-conjugated systems, with highly delocalized electrons, 

have been employed to this end. Remarkably, however, a very low degree of anisotropy in the molecular 

packing motifs is required to increase electron delocalization, just as in the case of anisotropic polymeric 

systems discussed in Section 1. The general advantages of disordered glassy materials (like lack of grain 
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boundaries) can therefore be exploited while simultaneously increasing mobility. Long range order, like in 

a three-dimensional (3D) crystal, is not required but rather just require a preferential molecular stacking 

direction. In this section, we will discuss physical vapor deposition as a route to such structurally 

anisotropic glasses by providing an illustrative example, discussing a proposed mechanism for the origin 

of anisotropy, and providing examples of enhanced device performance in both single- and two-component 

systems. 

Physical vapor deposition has been shown to prepare organic glasses with structural anisotropy as 

well as remarkable kinetic stability. These properties can be controlled as a function of the substrate 

temperature during deposition (Tsubstrate). Ediger and coworkers have shown this dependence for a number 

of systems with varying molecular shapes and chemistries.37–44 For instance, Gujral et al.39 prepared vapor 

deposited glasses of TPD, N,N′-bis(3-methylphenyl)-N,N′-diphenylbenzidine, a common rod-shaped p-

type (hole) transport material, with good glass-forming ability (Tg = 330 K). The TPD glasses prepared 

ranged from molecular packing arrangements that were highly face-on when Tsubstrate is maintained at ~0.7 

Tg during deposition, to slightly edge-on when Tsubstrate = 0.95 Tg, as probed by X-ray scattering (and 

average molecular orientation determined by spectroscopic ellipsometry). A grazing incidence X-ray 

scattering pattern and corresponding structure schematic of a glass deposited at Tsubstrate = 0.79 Tg is 

reproduced in Figure 2. These glasses also exhibited remarkable kinetic stability when compared to a 

liquid-cooled glass of TPD, potentially increasing the lifetime of the devices in which they are used.  
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Figure 2 

 

Figure 2. A glass of TPD prepared by physical vapor deposition at Tsubstrate = 0.79 Tg, exhibiting face-on 

molecular packing. daverage = 4.5 Å and θaverage = 69○ from substrate normal for the schematic shown. The 

scattering pattern was obtained by grazing incidence X-ray scattering, with vector qz corresponding to out-

of-plane scattering and qxy corresponding to in-plane scattering. Reproduced from Gujral et al. 2015.39 
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A mechanism42 has been proposed to determine the origin of the structural anisotropy and kinetic 

stability of vapor-deposited glasses. The mechanism relies on the system exhibiting two properties: 1) 

enhanced molecular mobility on the free surface of the glass and 2) an anisotropic structure on the free 

surface of the equilibrium supercooled liquid of the system. When depositing onto a substrate maintained 

at Tsubstrate < Tg, every molecule that is deposited is, for a brief residence time, at the free surface of the 

glass before getting buried by further deposition. During this residence time, the molecule, due to the 

enhanced mobility at the free surface, can partially equilibrate to a lower energy configuration before being 

buried by the oncoming set of molecules. This leads to a bulk glass with every molecule having partially 

equilibrated during the deposition process, resulting in glasses with enhanced kinetic stability (and lower 

enthalpy). To explain the anisotropy, one must consider the preferred orientation of the molecules at the 

free surface as it is partially equilibrating. To gain insight into the sort of orientations TPD would adopt 

near the free surface of its liquid, coarse-grained and atomistic molecular dynamics (MD) simulations42,45 

were performed. It was found from the MD simulations that at the very top monolayer of the liquid, the 

molecules adopted a face-on orientation, while in the next layer down a slight edge-on orientation was 

preferred. Below this layer, the molecules exhibited an isotropic distribution of orientations, as expected in 

a bulk liquid of TPD. Returning back to our description of the deposition, at very low Tsubstrate, only the 

very top monolayer has the mobility to rearrange and partially equilibrate, leading to a preferred face-on 

orientation being trapped into the bulk of the film upon further deposition. And, at intermediate Tsubstrate, 

the mobility extends to the second monolayer, allowing every molecule deposited to equilibrate to the 

edge-on orientation found in the second monolayer. This is consistent with the experimental findings 

reproduced here in Figure 2, with Tsubstrate = 0.7 Tg exhibiting face-on packing. 

To show that the anisotropy exhibited in vapor-deposited films leads to enhanced device 

performance we turn to a study by Yokoyama et al.46 Using a similar physical vapor deposition preparation 

technique as described above, the researchers explored the relationship between bulk molecular orientation 

and charge carrier mobility. Films of BSB-Cz, 4,4’-bis[(N-carbazole)styryl]biphenyl, a rod-shaped 
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molecular semiconductor, were prepared by vapor deposition on indium tin oxide (ITO) substrates. The 

films were found to be either optically isotropic or anisotropic depending on Tsubstrate, as probed by 

spectroscopic ellipsometry. The anisotropic glass was inferred to have a highly directional average 

molecular orientation with molecules laying “flat” in the plane of the device. (This result is consistent with 

the proposed mechanism, since at room temperature Tsubstrate = 0.77 Tg, leading to preferred face-on 

packing arrangement that is observed with the optical technique as a “lying flat” in-plane orientation). The 

researchers found that the charge carrier mobility increased roughly threefold in Time-of-Flight (TOF) 

measurements in the highly anisotropic material when compared with the isotropic film, to about 10-3 

cm2V-1s-1. For comparison, single-crystalline pentacene22 has been reported at roughly 0.5-2.0 cm2V-1s-1. 

This enhancement was attributed to an overall increase in the overlap between the HOMOs and LUMOs of 

adjacent molecules in the anisotropic film, based on Marcus theory47 (i.e., a formalism of thermally 

activated hopping between molecules).  

Similarly, Xing et al.48 compared vapor-deposited and solution-processed films of TCTA, tris(4-

carbazoyl-9-ylphenyl)amine, a p-type (hole) organic semiconductor. Preferential face-on packing, with a 

nearest-neighbor distance corresponding to a π-π stacking motif, was observed in the vapor-deposited film, 

as probed by X-ray scattering. This contrasted with the solution processed film that exhibited disordered, 

isotropic packing. Between the two, the vapor-deposited film consistently outperformed the solution-

processed film, with higher current density across the entire range of voltages measured by the authors. 

The rationale for higher current density was the increased delocalization of electrons along the π-π 

stacking direction. It should be noted that the temperature of the substrate during deposition (Tsubstrate) was 

maintained at ambient conditions in this study. Relative to Tg (424 K), room temperature would indicate 

Tsubstrate ~ 0.7 Tg. Applying the proposed mechanism to explain the anisotropy observed in the TCTA films, 

one would expect45 highly face-on packing, as observed, when deposited at low Tsubstrate. 

Another factor that may play a role in the enhancement of performance in vapor-deposited glasses 

is the increased densities of deposited glasses (by up to ~1.5%38,42 when compared with liquid-cooled 
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glasses of the same systems). While it is ambiguous, molecular orientation alone may not be enough to 

increase carrier mobility, and an increase in density may also play a role in the increased charge transfer 

integrals between neighboring molecules that lead to more efficient transport.49 This is a subject worthy of 

further investigation. 

Dilute two-component systems play a key role in OLED design. In certain types of OLED devices, 

the light emitting molecule is a dilute component within a charge carrier matrix.50 Light outcoupling 

efficiency can be increased by controlling the molecular orientation of the emitter molecules in active 

layers of devices. Molecules emit light perpendicular to their transition dipole moments, so having control 

of average molecular orientation allows for more efficient emission when compared with a random 

distribution of molecular dipoles. The usefulness of this type of anisotropy in two-component systems can 

be illustrated by turning again to an investigation by Yokoyama.25 As shown in Figure 3, a preferred 

horizontal orientation of molecular dipoles can be beneficial to light outcoupling for the geometry of most 

OLED devices. This can be achieved by vapor deposition and solution processing, and is expected to 

increase light outcoupling efficiency by 30%. This enhancement is remarkable as it requires no 

modification of the chemistry or geometry of the device, especially as the external quantum efficiency 

(EQE) of OLEDs approaches its theoretical limit. 

Jiang et al.20 recently studied two-component glasses of Alq3, aluminum-tris(8-hydroxyquinoline, 

and DSA-Ph, 1,4-di-[4-(N,N-diphenyl)amino]styryl-benzene. Alq3 is a roughly spherical molecule, while 

DSA-Ph is a rod-shaped molecule that has previously been reported to exhibit highly anisotropic structures 

in single-component glasses42 prepared by vapor deposition. The researchers showed that, regardless of the 

relative composition of the two components, glasses prepared by vapor deposition could be prepared with 

an anisotropic average molecular orientation of DSA-Ph molecules from 47○ to 75○ from the substrate 

normal. (Owing to the symmetry of the Alq3 molecule, it has an isotropic response in the experiments 

conducted). The molecular orientation of DSA-Ph in the mixture was controlled, as with the single-
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component systems explored previously, by the substrate temperature during deposition relative to the 

glass transition temperature of the mixture. It is important to note here that a nearly infinite variation in 

composition can be accessed between DSA-Ph and Alq3 (or, more generally, between any emitter and 

host). This variability is unique to non-equilibrium solids that, unlike their crystalline counterparts, are not 

limited to a set number of available polymorphs or co-crystals.  
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Figure 3. 

Figure 3. Schematic showing the difference between an emitting molecule with a vertical or horizontal 

orientation within the emitting layer of an OLED device. Reproduced from Yokoyama 2011.25 
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Glasses of liquid crystals 

Liquid crystalline systems, with their tendency to self-assemble, make for very promising 

candidates to prepare organic solids with anisotropic molecular packing. For high charge mobility 

applications, columnar discotic mesogens, which form columnar superstructures along π electron-rich 

aromatic cores, have been exploited.51 Similarly, for tunable optical properties, chiral mesogens have been 

exploited.52 Liquid crystals, however, tend to crystallize upon undercooling, leading to polycrystalline 

solids. Polycrystallinity, as discussed in the introduction, leads to poor charge transport, as well as light 

scattering in the case of optical materials. To counter this, rational molecular design principles have been 

established to prepare films that avoid crystallization while still forming ordered mesophases. Moreover, 

these mesophases can be trapped into a kinetically arrested (glassy) solid in ambient conditions. Liquid 

crystals that could be trapped into glassy solids were observed as far back as the early 1970s.53,54 These 

systems undergo a glass transition upon cooling from an equilibrium liquid crystalline phase, leading to a 

solid with liquid crystal-like structure. Since those initial observations, molecular design rules have been 

used to prepare useful mesophases that can be kinetically arrested into glassy films that are stable at room 

temperature.  

In this section, first we will explore how these systems have been used to develop a fundamental 

understanding of the relationship between molecular packing and charge transfer. We will then provide 

examples of efficiency-driven engineering of out-of-equilibrium films with high carrier mobility for 

organic electronic applications and optimized optical properties for photonic devices.  

Molecular design principles were used in one recent study of discotic molecular systems by Feng 

et al. to achieve a mobility of 0.2 cm2V-1s-1 55 (similar to reported mobilities of single crystalline 

pentacene22 at 0.5 - 2 cm2V-1s-1), with a claim that mobilities in excess of 10 cm2V-1s-1 were achievable if 

defect-free films could be prepared. To highlight the importance of nearest-neighbor packing 

arrangements, the authors synthesized a number of discotic systems with peripheral functional groups of a 
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coronene-derivative core. The peripheral functional groups were either hydrophobic or hydrophilic 

positioned so as to control the azimuthal rotation angle between nearest neighbors and, on a larger scale, 

the helical pitch along the columnar superstructure. The overlap integral was found to be very sensitive to 

the azimuthal angle, even though the nearest-neighbor distances were found to be similar across all the 

systems investigated. This study highlights the importance of carefully controlling molecular packing 

anisotropy to optimize device performance.  

Kelber et al.56 have recently designed a hexagonal discotic mesophase that is trapped in a glassy 

state at room temperature. The aim of the investigation was to prepare a molecular system that struck a 

balance between avoiding crystallization while exhibiting highly ordered liquid crystalline mesophases 

frozen into a glassy state at room temperature, all without increasing the molecular weight of the system. 

Molecular weight is an important parameter as this would allow for the system to be vapor-deposited, a 

common route to preparing thin films for organic electronic devices. The researchers achieved this by 

preparing a molecule with two aromatic cores that were slightly distorted due to steric hindrance between 

the functional groups of the cores. This was realized in a [4]-helicene with a perylene extension carbonyl 

substituents. The material would form large domains (roughly 0.1 mm across) when cooled through the 

liquid-to-LC phase transition. The researchers also note the ability to tune the electronic properties of the 

product, by synthetically replacing a subset of the electron-withdrawing carbonyl groups with electron-

donating amines, for instance.   

Cholesteric liquid crystals form handed chiral domains potentially useful for polarizers, optical 

notch filters and reflectors.57,58 To illustrate the importance of the glassy nature of these materials, we will 

discuss an optical reflector developed by Chen.59 The system investigated was a chiral molecule with a 

1,3,5-benzenetricarboxylic acid core. The chirality controls the handedness of the helical domains prepared 

in equilibrium (and trapped into the glass upon cooling). The pitch of the helices controls the wavelength 

of light preferentially reflected. By varying the relative composition of the two chiralities, I-S and I-R, it 

was found that the wavelengths of light preferentially reflected could be tuned, as shown in Figure 4. 
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Owing to the solid’s glassy state, the composition could be varied nearly infinitely, allowing for careful 

choice of macroscopic reflector properties.  
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Figure 4. 

 

Figure 4. The reflectance spectra of the same molecules with different compositions of the two chiralities 

in a 4-micron glassy film. Reproduced from Shaw 2004.59 
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Vapor-deposited liquid crystalline films 

In Sections 2 and 3, we discussed two different strategies to prepare glasses of small organic 

molecules with anisotropic molecular packing. The first, physical vapor deposition, relied on 

rearrangement of molecules at the free surface of the film during deposition; this led to anisotropic but 

disordered structures that could vary from face-on to slightly edge-on, depending on deposition conditions. 

The second relied on self-assembly of liquid crystalline moieties in the bulk material; this led to structures 

that were very similar to equilibrium structures quenched into a kinetically arrested glassy solid. In this 

section, we will discuss a strategy combining elements from both: vapor-depositing liquid crystal-forming 

molecules. Phenomenology from both will be applied to explain the wide variety of highly ordered 

structures accessible, from face-on to highly edge-on columnar packing motifs. 

Recently, Gujral et al.60 showed range of packing motifs accessible by vapor deposition of three 

disc-shaped molecules. Two of the three systems were mesogens that formed columnar discotic 

mesophases, phenanthroperylene-ester (Tg = 392 K) and triphenylene-ester (Tg ~ 310 K); those will be the 

focus of this discussion. The researchers found that when depositing at Tsubstrate near the glass transition 

temperature, the glasses prepared for both systems exhibited highly ordered columnar packing, with 

columns propagating in-plane (i.e., parallel to the free surface). Deposited at Tsubstrate ~ 0.75 Tg, the glasses 

of both systems showed a preferred face-on packing. Schematics of these have been reproduced in Figure 

5, for clarity. The researchers also showed that highly ordered vapor-deposited films of 

phenanthroperylene-ester exhibited the same electron delocalization, at least on a local level, as observed 

in a glass of the system cooled from the equilibrium mesophase. This was inferred from the observation 

that the red-shift associated with an annealed film and a highly ordered vapor-deposited film were the 

same, when compared with a disordered film of phenanthroperylene-ester. The highly ordered domains 

were hundreds of nm large, based on the topology of the films. The researchers also confirmed that the 

vapor-deposited films were glassy (out-of-equilibrium) solids by observing that the structures of the films 

evolved just above the glass transition temperature (and over 100 K below the crystalline melting point). In 
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addition, the lack of mixed-index peaks in the X-ray scattering of the films, and the comparison with 

powder diffraction collected from the equilibrium crystalline solids indicates that these films are 

structurally dissimilar to the crystalline material. 
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Figure 5. 

 

Figure 5. Two-dimensional X-ray scattering patterns alongside schematics of glasses of triphenylene-ester 

and phenanthroperylene-ester as a function of Tsubstrate. The top panels in each correspond to Tsubstrate ~ 0.75 

Tg, while the bottom corresponds to Tsubsrate ~ 0.75 Tg. Reproduced from Gujral et al. 2017 (submitted).60 
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The structures observed in the study above can be explained in terms of the mechanism put forth 

in Section 2 to explain the origin of structural anisotropy in vapor-deposited glasses, along with additional 

features of liquid crystal phenomenology. In liquid crystals, it has been observed for a variety of discotic 

mesogens that the free surface of the equilibrium liquid induces edge-on molecular orientation. In addition 

to this, the molecules also rearrange to highly ordered columns; since the molecules are preferentially 

edge-on, the columns that are formed propagate in-plane (parallel to the free surface). Returning to the 

vapor deposition process, based on the mechanism put forth, explaining the origin of structural anisotropy, 

the free surface must exhibit 1) molecular mobility and 2) anisotropic molecular packing/orientation. The 

anisotropic molecular structures at the free surface can be trapped into the bulk of the film by vapor 

deposition. For low Tsubstrate depositions, molecules land on the free surface and do not have the mobility to 

rearrange before being trapped into the bulk by further deposition. One can infer from this that when the 

molecules initially land on the free surface, they adopt a face-on orientation (perhaps to reduce the surface 

energy of the interface) which is trapped into the bulk upon further deposition. At high Tsubstrate, the 

molecules have enough mobility to rearrange at the free surface before the next set of deposited molecules 

buried it into the bulk. As indicated for other liquid crystal discotic systems, the preferred orientation is 

edge-on, so these molecules strive towards an edge-on orientation at high Tsubstrate. This is consistent with 

the results from Gujral et al. where, for both mesogenic systems, edge-on molecular packing is observed 

throughout the bulk of the systems.  

Eccher et al.61 prepared discotic liquid crystalline films by vapor deposition and spin-coating that 

were incorporated into devices. Using the devices, the researchers extracted a charge carrier mobility for 

the films. The substrate temperature during deposition was not actively controlled; depositing the material, 

a diimidodiester derivative of benzo[ghi]perylene, at room temperature led to a slightly disordered edge-on 

packing. Even though the deposition conditions were not optimized for a specific packing motif, the vapor-

deposited films outperformed the highly disordered spin-coated films, but fared worse than spin-coated 

films that had been annealed for an extended period.   
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A structural investigation on a smectic mesogen, itraconazole,40,62 was conducted vapor-deposited 

films were characterized as a function of Tsubstrate during deposition. It was found that glasses of 

itraconazole with smectic-like layering could be attained by deposited at Tsubstrate > Tg. Interestingly, just 

below Tg, for intermediate Tsubstrate values, the smectic-like layer spacing decreased monotonically as a 

function of Tsubstrate (and these smectic-like structures were trapped into glassy solids that were stable in 

ambient conditions). At the lowest Tsubstrate investigated, the molecules preferentially lie face-on, in the 

plane of the substrate. This, too, can phenomenologically be explained in terms of the proposed 

mechanism for the origin of anisotropy in vapor-deposited films. The preferred packing for the material at 

a vacuum interface is edge-on (smectic layers are parallel to the free surface). Upon depositing, molecules 

are initially face-on (to reduce surface energy, it is conjectured). For the very lowest Tsubstrate glasses that 

the researchers prepared, the molecules do not have the mobility required to rearrange to the preferred 

edge-on packing before further deposition buries them into the bulk. At intermediate Tsubstrate, the 

molecules partially equilibrate and self-assemble towards a smectic-like layering, but do not quite achieve 

the equilibrium structure before getting buried by oncoming molecules. For the highest Tsubstrate glasses 

prepared by the researchers, the molecules have the mobility after being deposited to completely 

equilibrate; the glass prepared under these conditions has the same layer spacing as an annealed film of 

itraconazole cooled into a glass.  

The above studies suggest the proposed mechanism to explain the origin of structural anisotropy in 

vapor-deposited glasses may be generally applied to other liquid crystal systems that undergo a glass 

transition. This phenomenon may be used by researchers to engineer films with molecular packing motifs 

tailored for specific applications. 
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Concluding remarks 

 Through this article, we hope we have illustrated not only the technological importance of 

anisotropic organic glasses but the wide variety of techniques being developed to optimize anisotropic 

molecular packing. We would like to reiterate that the scope of this article was focused on a small 

subsection of the work currently underway. The recent uptick in interest in this problem has been very 

enriching for the entire community, not only from the perspective of fundamental glass science, but also an 

engineering one, as organic electronic devices penetrate further into mass market use. Vapor deposition, 

already used in large-scale manufacture of organic devices, has played a central role in this development. 

There is more to be exploited by combining vapor deposition with other self-assembly techniques, perhaps 

through the use of external fields during deposition, or modified substrate interactions, among others. 
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Abstract 
Vapor-deposited organic glasses can be produced with enhanced thermal stability and tunable molecular 

orientation by controlling the substrate temperature during deposition. Recent work has also shown 

improved charge carrier mobility associated with anisotropic molecular packing in organic electronics. 

Here grazing-incidence wide angle x-ray scattering (GIWAXS) is used to characterize the structural 

anisotropy in glasses of a hole transport material, N, N’-bis (3-methylphenyl)-N, N’-diphenylbenzidine, 

commonly known as TPD, prepared by physical vapor deposition at substrate temperatures between 0.79 

Tg and 0.98 Tg, where Tg is the glass transition temperature. A GIWAXS-derived orientation order 

parameter is used to quantify the anisotropy observed in the scattering patterns of the glasses. The 

GIWAXS-order parameter exhibits both positive and negative values as a function of substrate 

temperature, indicating face-on and edge-on packing, and correlates well with a spectroscopic 

ellipsometry-derived order parameter that is sensitive to molecular orientation. We propose molecular 

packing arrangements based on the combination of the two order parameters and explore the relationship 

between kinetic stability and glass structure. 



32 

 

Introduction 
Amorphous materials are extensively utilized as active layers in organic electronic devices. Both low 

molecular weight and polymeric glasses are used as semiconducting materials in a range of devices 

including organic photovoltaics, thin film transistors, and organic light emitting diodes (OLEDs).1–4 In 

OLEDs, for example, glasses are used both as transport layers for electrons and holes, and as hosts for 

emitters;5 in this last application, the compositional flexibility of glasses plays a critical role. One of the 

advantages that a glass has over its crystalline counterpart is the lack of grain boundaries that can act as 

traps for charges in polycrystalline films, and thus reduce the efficiency of a device. Glasses are also 

macroscopically homogeneous, making them ideal for devices requiring smooth films covering large 

areas. On a local scale, the disordered structure of glasses is not ideal as local variations in packing lead to 

non-uniform electronic coupling between neighboring molecules that create a distribution of electronic 

states that limit charge transport.6 However, because glasses are non-equilibrium materials and can be 

prepared in a wide range of different structures, it may be possible to identify preparation routes that 

make glasses which are better suited for charge transport. 

Recently, considerable work has been focused on achieving improved charge mobility for both low 

molecular weight and polymeric glasses through the use of anisotropic structures. 7–15 A desirable packing 

for improved charge carrier efficiency involves  orbital overlaps, which can lead to a large charge 

transfer integral, in the direction of transport.6 For molecules with extended conjugation, this 

intermolecular overlap can generally be improved through locally anisotropic packing. In semiconducting 

polymers this is well known; for example the use of thermal annealing of a polymer into a liquid-

crystalline phase to increase anisotropic order can lead to significant increase in charge carrier mobility 

upon subsequent crystallization.9 In other examples, crystalline order is not essential for enhancement in 

charge carrier mobility. For instance, a recent study shows that an indacenodithiophene–benzothiadiazole 

copolymer can achieve very high charge mobility due to locally anisotropic structures even in the absence 

of high crystallinity.10 For low molecular weight systems, several groups have developed methods to 
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induce anisotropic order into semiconducting thin films using external fields,16 zone casting,12 solution 

shearing13 and solvent vapor annealing.14 A liquid-crystalline hexabenzocoronene derivative, for instance, 

has been magnetically aligned creating a highly anisotropic structure with increased charge carrier 

mobility.16 In a related example, mobility was observed to increase by five orders of magnitude along 

columns of a discotic liquid crystal system after homeotropic columnar alignment created a highly 

anisotropic microstructure.15  

Physical vapor deposition, a technique widely used in the commercial fabrication of amorphous active 

layers for OLEDs, has been shown to produce anisotropic glasses in which molecular orientation is not 

random. By controlling the temperature of the substrate (Tsubstrate) during the deposition process, molecular 

orientation can be controlled in the deposited film.17,18,19,20 For molecules of roughly linear shape, the long 

molecular axis tends to lie in the plane of the device for low substrate temperatures while at higher 

substrate temperatures the long axis has a tendency to be perpendicular to the substrate plane.19 

Yokoyama et al.20 measured charge mobility in glasses of BSB-Cz, a light emitting molecule used in 

OLEDs. They reported that deposition conditions that led to planar orientations of the molecular long axis 

increased electron mobility by nearly an order of magnitude relative to a glass with nearly isotropic 

orientation. While this work certainly supports the general idea that anisotropic packing can increase 

charge mobility, molecular orientation is an incomplete measure of structure and tells us little about how 

neighboring molecules interact with each other in the film. To gain a better understanding of molecular 

packing and electronic coupling, a structural probe is required. X-ray scattering techniques have been 

widely implemented as a structural tool for organic thin films,21,22,23,24,25 including the aforementioned 

study on BSB-Cz,20 as well as a GIWAXS study on vapor-deposited DBP:C60 films utilized in organic 

solar cells.26  

Here we use grazing incidence wide-angle x-ray scattering (GIWAXS) to study the structural anisotropy 

in vapor-deposited glasses of TPD, a hole transport material commonly used in OLEDs. We investigate 

glasses deposited at six substrate temperatures between 0.79 Tg and 0.98 Tg, and compare these results 
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with experiments on a liquid-cooled glass of TPD. A GIWAXS-derived orientation order parameter27 is 

used to quantify the anisotropy observed in the scattering patterns of the glasses for wavevectors 

corresponding to nearest-neighbor packing (q ≈ 1.4 Å -1). To our knowledge, this is the first use of 

GIWAXS to systematically study the structure of vapor-deposited organic glass thin films as a function of 

substrate temperature during deposition. We complement the GIWAXS measurements with conventional 

wide angle x-ray scattering (WAXS) experiments in order to more fully characterize an unusual scattering 

feature at low wavevector. Vapor deposition of TPD films has previously been shown to produce glasses 

with remarkably enhanced thermal stability28 and the present experiments provide an opportunity to 

explore the structural basis for this stability.  

We find that the GIWAXS-derived order parameter for TPD glasses depends significantly upon the 

substrate temperature during deposition, exhibiting both positive and negative values. The order 

parameter from GIWAXS is highly correlated with a previously-reported order parameter19 characterizing 

molecular orientation, derived from spectroscopic ellipsometry. Based on both order parameters, we 

suggest a qualitative model of molecular packing in TPD glasses. In particular, deposition near 0.72 Tg 

produces glasses in which the molecules have a tendency to exhibit “face on” stacking. None of the 

vapor-deposited glasses show sharp diffraction peaks and it is clear that the remarkable kinetic stability 

exhibited by some of these TPD glasses is not a result of crystallinity. TPD glasses deposited onto 

substrates near 0.91 Tg show anisotropic scattering at q ≈ 0.4 Å -1 and we characterize the range of 

substrate temperatures for which this scattering is significant. 

Experimental Methods 

Sample Preparation: Glasses of TPD (Sigma-Aldrich, 99% purity, used without further purification) 

were prepared by physical vapor deposition at a deposition rate of 0.2 ± 0.02 nm/s in a high vacuum 

environment (base pressure ~10-7 torr) at UW-Madison. 
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For the GIWAXS samples, TPD was deposited onto the substrate, a <100> cut silicon wafer, which was 

maintained at the desired temperature throughout the deposition process. A liquid-cooled sample was 

prepared by transforming a vapor-deposited film to the metastable supercooled liquid state by ramping the 

sample to 350 K (Tg+20 K) and cooling at a controlled rate of 1 K/min under flowing nitrogen. All the 

GIWAXS samples were 100 – 130 nm thick. 

Samples for wide angle x-ray scattering (WAXS) were prepared with a previously described18 

temperature gradient stage that utilizes two independently controlled thermal stages, held at different 

temperatures. A rectangular <100> cut silicon substrate bridges the two stages, thereby setting up a 

temperature gradient across the substrate, with the maximum and minimum temperatures set by the 

temperatures at the stages. Deposition occurs while the temperature gradient is maintained across the 

substrate, yielding a library of glasses deposited at different substrate temperatures. The precise substrate 

temperature corresponding to each position on a temperature gradient sample was calibrated by 

comparing optical properties of the glasses on the gradient sample with the optical properties of 

isothermally prepared glasses;18 the optical properties were measured by spectroscopic ellipsometry.  The 

absolute error in substrate temperature is estimated to be less than 2 K. The WAXS samples were 1.5 to 

2.5 microns thick. 

GIWAXS Measurements: GIWAXS measurements were conducted on vapor-deposited glasses of TPD at 

the Stanford Synchrotron Radiation Lightsource (SSRL) at beam line 11-3 in grazing incidence geometry. 

The beam has a wavelength (λ) of 0.973 Å, and the beam line is equipped with a MAR345 area detector. 

For the data presented here, the incidence angle was varied from 0.12○-0.20○. The samples were kept 

under He atmosphere during x-ray exposure to reduce scatter from atmospheric gases. Typical exposure 

times for these samples ranged from 50-200 s. The samples were shipped from UW-Madison, and the 

optical properties of the samples were measured before and after the GIWAXS experiments using 

spectroscopic ellipsometry to ensure the samples had not degraded in transit or due to exposure to the x-

ray beam.   
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The data was extracted using the WxDiff Integration Tool software package (SSRL, 2010) using 

established data processing techniques.29 The diffraction pattern from polycrystalline LaB6 was used to 

calibrate the sample-to-detector distance and beam center. Due to the nearly completely horizontal 

polarization of the x-ray beam from the synchrotron source, a polarization correction (98%) was applied 

to the data. A 𝜒 correction was applied to the data to get an accurate reciprocal space map from the 

MAR345 flat area detector.21 Below we compare scattering along qxy and qz for vapor-deposited TPD 

glasses (see Figure 4).  For this purpose, we integrate the corrected scattering data in a 𝜒 slice between 

71○-85○ to obtain qxy and between 11○-25○ to obtain qz. (𝜒 = 0○ along qz). 

High-throughput WAXS Measurements: WAXS measurements were conducted on vapor-deposited 

glasses of TPD on a Bruker D8 Discover diffraction instrument, with an Inconel 625 alloy knife-edge 

installed to block air scatter. The instrument is equipped with a Cu K-alpha x-ray source (λ= 1.54 Å) and 

a VANTEC500 area detector. The incident angle was fixed at 2○ and the exposure time for each 

measurement was 1800 s. The WAXS measurements were performed on the temperature gradient 

samples (described above) that contain glasses deposited across a ~ 40 K range of substrate temperatures. 

Every point along the length of the sample corresponds to a glass deposited at a different substrate 

temperature and 9 or 10 spots were measured per sample. Three samples with overlapping temperature 

ranges were studied. With a temperature gradient that spans a 40 K range across a 3.2 cm substrate, a 

WAXS measurement performed with a 2 mm collimator produces data that averages results from glasses 

with a 2.5 K range of substrate temperatures. 

To compare results from the two scattering experiments, data are expressed as a function of the scattering 

vector, q = (4π/λ)sin θ, where θ is half the scattering angle and λ is the wavelength of the incident x-ray 

beam. q is related to a real-space periodicity by d = 2π/q. 
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Results and Discussion 

GIWAXS Measurements 

Figure 1 shows GIWAXS diffraction patterns obtained from TPD glasses vapor-deposited at several 

characteristic substrate temperatures. Particular substrate temperatures were chosen based upon published 

ellipsometry experiments, which characterized these glasses in terms of kinetic stability and average 

molecular orientation.19 A coordinate system is defined for the scattering vector q associated with the 

GIWAXS patterns, with qz defined as the component of q in the specular direction (perpendicular to the 

substrate) and qxy defined as the q component parallel to the substrate. qx and qy are treated as equivalent 

because the samples are isotropic in the xy-plane.  The isotropic order in-plane was confirmed by the 

observation that rotating vapor-deposited samples in the xy-plane caused no change in the GIWAXS or 

WAXS measurements; a similar result has been obtained using variable angle spectroscopic ellipsometry 

(VASE).19  

Glasses of TPD prepared by vapor deposition exhibit different local packing structures depending on the 

substrate temperature during deposition. Interpreting the GIWAXS patterns in Figure 1 allows for a 

qualitative picture of the structure of these glasses. A point of reference when studying the structural 

anisotropy of amorphous materials is the structure associated with the liquid-cooled glass [bottom-right 

panel in Figure 1]. The diffraction pattern of the liquid-cooled glass is isotropic as the sample scatters 

equally in all directions. (The intense feature in the upper right of this panel is an artifact due to substrate 

diffuse scattering.) Because of the disordered local packing characteristic of molecular glasses, the 

scattering shows a broad amorphous halo with no sharp rings or peaks. For the TPD glass deposited at a 

substrate temperature (Tsubstrate) of 300 K, the scattering pattern is qualitatively very similar to the liquid-

cooled isotropic glass, even though TPD glasses deposited at Tsubstrate = 300 K are known to be 1.1% more 

dense and to exhibit remarkably enhanced thermal stability. For the sample deposited at Tsubstrate = 260 K, 

there is a strong concentration of scattering intensity near qz at q ≈ 1.4 Å-1. This broad feature along qz 

could be interpreted as an imperfect lamellar-like structure with a real-space periodicity of approximately 
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4.5 Å (d = 2π/q). This spacing is consistent with a physical picture of adjacent molecules stacking flat 

with an intermolecular distance of around 4.5 Å. In contrast, the sample deposited at Tsubstrate = 315 K 

shows a slight concentration of scattering intensity along qxy.  
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Figure 1.   

 

 

 

 

Figure 1. GIWAXS scattering patterns obtained from TPD glasses vapor-deposited at three substrate 

temperatures and from the liquid-cooled glass. The concentration of intensity observed along qz and qxy 

indicates anisotropic packing in Tsubstrate = 260 K and Tsubstrate = 315 K samples, respectively. The liquid-

cooled glass and the Tsubstrate = 300 K vapor-deposited glass exhibit very similar isotropic scattering, 

despite having quite different thermal stabilities.   The features in the upper right of the images in the right 

column are an artifact due to Si substrate diffuse scattering. 
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Quantifying anisotropic scattering in TPD glasses 

To quantify the anisotropic scattering observed in Figure 1, an order parameter can be calculated based on 

the scattering near q ≈ 1.4 Å-1. The GIWAXS-derived order parameter (SGIWAXS) is defined as follows: 

                                𝑆𝐺𝐼𝑊𝐴𝑋𝑆 =  
1

2
(3 < 𝑐𝑜𝑠2𝜒 > −1)                   (1) 

 To calculate SGIWAXS, we utilize a <cos2 𝜒> average27 of the scattering intensity between q values of 1.1 

and 1.7 Å-1 along 𝜒, as defined in equation 1, where 𝜒 is the azimuthal angle in reciprocal space, with 𝜒 = 

0○ defined along qz:  

                           < 𝑐𝑜𝑠2𝜒 >=
∫ 𝐼(𝜒) (𝑐𝑜𝑠2 𝜒)(sin𝜒)𝑑𝜒
90

0

∫ 𝐼(𝜒)(sin𝜒)𝑑𝜒
90

0

                     (2) 

SGIWAXS can be viewed as quantifying the position of highest scattering intensity as well as the sharpness 

of the scattering intensity, and varies between limits of +1 and -0.5. Values of SGIWAXS near +1 would 

indicate a relatively sharp peak in intensity along qz, and no scattering intensity elsewhere with q ≈ 1.4 Å-

1. Because the scattering at this value of q is attributable to the nearest neighbor distance, SGIWAXS = +1 

would be consistent with a strong tendency for the molecules to stack in an orientation that is parallel to 

the substrate or “face-on”. An order parameter of SGIWAXS = -0.5 would indicate a sharp peak in intensity 

along qxy at q ≈ 1.4 Å-1, corresponding to molecules oriented edge-on. Possible packing arrangements 

consistent with these extreme values of SGIWAXS are represented in the schematic in Figure 2c. The TPD 

glasses studied here show only a slight tendency towards such extreme molecular packing arrangements 

and show no evidence of crystalline planes.   
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Figure 2.  

 

 

 

 

Figure 2. (a) The GIWAXS-derived order parameter, SGIWAXS, plotted as a function of substrate 

temperature during deposition. SGIWAXS exhibits positive and negative values, depending on substrate 

temperature, implying a slight tendency towards vertical and horizontal packing, respectively. Individual 

data points represent SGIWAXS calculated at specific incidence angles between 0.14° and 0.20°. (b) The 

ellipsometry-derived order parameter, SVASE, as a function of substrate temperature; SVASE characterizes 

molecular orientation. (c) Schematic showing one possible interpretation of the two extreme SGIWAXS 

values. The magnitudes of observed SGIWAXS values are much smaller than these extreme values, 

indicating only a slight tendency towards these packing arrangements. 
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The GIWAXS-derived order parameter is plotted as a function of Tsubstrate for vapor-deposited TPD 

glasses in Figure 2a, and shows both positive and negative values for substrate temperatures below the 

glass transition temperature (Tg) of the material at 330 K. The isotropic liquid-cooled glass, as a point of 

reference plotted at the right edge of the figure, exhibits an order parameter of nearly zero (SGIWAXS = 

+0.004±0.001). The glasses deposited at Tsubstrate = 260 K and Tsubstrate = 315 K show significantly different 

order parameters than the liquid-cooled glass.  Consistent with Figure 2c, we interpret the 260 K sample 

to indicate a weak tendency for molecules to lay face-on and parallel to the substrate. We interpret the 

315 K sample to indicate an even weaker tendency to stand edge-on with a planar stacking. The glass 

deposited at Tsubstrate = 325 K exhibits the same SGIWAXS value as the liquid-cooled glass, indicating an 

isotropic sample. At Tsubstrate = 300 K, there is a turnover point, where SGIWAXS ≈ 0 as the order parameter 

switches between positive and negative values. 

In Figure 2, it can be seen that SGIWAXS for the liquid-cooled glass is slightly offset from zero, implying 

that the scattering from this sample is not truly isotropic. On the other hand, we expect a bulk sample of a 

liquid-cooled glass to have an isotropic structure and thus exhibit isotropic scattering. The reasons for this 

discrepancy may be twofold. It is possible that weak (anisotropic) background scattering accounts for the 

offset from SGIWAXS = 0. Our efforts to account for the background scattering did not significantly change 

the value of SGIWAXS but these corrections are difficult for samples with broadly distributed scattering. It is 

also possible that molecular packing in the film is not uniform throughout its depth. The portions of the 

film near the free surface and the substrate might have a unique structure, with molecules having a greater 

tendency to exhibit face-on stacking than the bulk of the film. The effect of these near-surface layers 

might not be negligible for a 100 nm film. For the purposes of further discussion, the nearly zero order 

parameter value of SGIWAXS = +0.004 obtained for the liquid-cooled glass will be taken to correspond to an 

isotropic sample. 

It is instructive to compare SGIWAXS with an analogous order parameter derived from VASE: SVASE. VASE 

can be used to measure average molecular orientation in vapor-deposited glasses17–19,30 and has previously 
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been used to characterize vapor-deposited TPD. Figure 2b shows a subset of previously published19 

VASE-derived order parameter values for TPD as a function of substrate temperature which, along with 

Figure 2a, gives an important comparison of the two independently measured order parameters. The 

derivation of SVASE is shown elsewhere,19 and is based on the dichroism of the glass. SVASE is a measure of 

the average orientation of the transition dipoles for the molecules that make up a glass. In the case of 

TPD, the transition dipole lines up with the long axis of the molecule, so the order parameter determines 

the average orientation of the long molecular axis in the glass. SVASE also varies from +1 to -0.5, where 

SVASE = +1 corresponds to all transition dipole orientations being perpendicular to the substrate (all 

molecules standing up), while SVASE = -0.5 corresponds to all transition dipoles lying in the plane of the 

substrate. Figure 2 shows that the two order parameters are well correlated and they will be used together 

to suggest molecular models for the TPD glasses below. 

Comparing in-plane and out-of-plane structure 

In Figure 3 we show a direct comparison of the line-cut diffraction patterns along qxy and qz as probes of 

the in-plane and out-of-plane structure for TPD glasses deposited at different substrate temperatures. This 

complements the analysis discussed above based upon the SGIWAXS order; SGIWAXS accounts for the 

anisotropy in nearest neighbor packing but averages over all the structural information in the scattering 

pattern. The most anisotropic glass that we studied (Tsubstrate = 260 K) shows a significantly different 

scattering pattern along qz and qxy in Figure 3. Scattering for this sample shows the sharpest scattering 

features observed for any of the vapor-deposited TPD glasses, indicating more ordered packing. The peak 

at q = 1.4 Å-1, corresponding to a 4.5 Å real-space molecular packing sharpens along qz. Along qxy, a 

shoulder grows at 1.2 Å-1, while the shoulder at 0.75 Å-1 grows into a peak, when compared with the 

isotropic liquid-cooled glass. The liquid-cooled and Tsubstrate = 325 K glasses look very similar to each 

other and are both essentially isotropic, with nearly identical scattering patterns along qz and qxy. 

The comparison in Figure 3 between the glass deposited at 300 K and the liquid-cooled glass is 

particularly interesting as these two samples have very similar scattering patterns and very different 
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kinetic stabilities. It has been reported that the Tsubstrate = 300 K glass exhibits enhanced thermal stability 

with an onset transition temperature to the equilibrium supercooled liquid 16 K above that of the liquid-

cooled glass. The 300 K glass also has 1.1% higher density than the liquid-cooled glass.19 Nevertheless, 

the two glasses are remarkably similar in structure. The two glasses share nearly identical scattering 

patterns from q = 0.55 to 2.2 Å-1 in both qxy and qz, suggesting similar overall intramolecular and 

intermolecular packing. However, the Tsubstrate = 300 K glass does show a small anisotropic peak near 0.4 

Å-1 that is absent in the liquid-cooled glass. This low q anisotropic peak is investigated further in Figure 4.  

In Figure 3, it is worth noting that none of the vapor-deposited glasses, regardless of their degree of 

anisotropic scattering, show any crystalline diffraction. For comparison, the bottom panel in Figure 3 

shows the powder pattern that we obtained for crystalline TPD (as received from the manufacturer). The 

vapor-deposited glasses do not resemble this powder pattern, previous single crystal scattering results, 31 

or DFT calculations of the scattering of an alternate polymorph of TPD32. The enhanced kinetic stability 

exhibited by the glasses prepared at 260 K and 300 K is a feature related to subtle changes in amorphous 

packing and not a result of crystalline order.  
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Figure 3. 

 

 

 

 

Figure 3.  1D diffraction curves along qxy (black) and along qz (red) for glasses of TPD deposited at 260 

K, 300 K, and 325 K, as well as a liquid-cooled glass of TPD and powdered TPD crystals. The Tsubstrate = 

260 K sample shows the most variation between qxy and qz, along with a sharpening of features. The other 

three glasses show remarkably similar structural signatures in spite of their different thermal stability. 

None of the glasses show any crystalline structure. 
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Anisotropic scattering near q = 0.4 Å-1 

To investigate the anisotropic scattering peak near q = 0.4 Å-1 shown in Figure 3 for the sample deposited 

at 300 K, we employed a high-throughput WAXS characterization technique. We vapor-deposited TPD 

onto substrates with a temperature gradient imposed (and fixed) during deposition.18,19 This creates a 

library of glasses fabricated at different substrate temperatures along the length of the substrate (as 

described in Experimental Methods); a related approach using a gradient of annealing temperatures has 

recently been described.33 WAXS measurements were performed on these samples one spot at a time 

across the length of the sample, with every spot corresponding to a glass deposited at a different 

temperature. We investigated substrate temperatures in a 60 K range around 300 K to track the 

dependence of the anisotropic peak near 0.4 Å-1. Figure 4a shows the intensity of the peak along qz as a 

function of substrate temperature. Figure 4b shows a detailed view of this scattering feature in the 2D 

WAXS diffraction pattern; the box depicts the approximate integration limits used to calculate the 

intensity plotted in Figure 4a. Figure 4c shows that a similar scattering feature occurs in the same region 

of the 2D diffraction pattern from the GIWAXS measurements. The 2nd order diffraction peak of the 

feature can be seen at 0.8 Å-1 in both the WAXS and GIWAXS, indicating a high degree of order. The 

WAXS samples were 1.5-2.5 microns thick in comparison to the 100-130 nm samples utilized for the 

GIWAXS measurements. Since similar scattering features are observed for films of very different 

thicknesses, we infer that this peak is related to molecular order in the vapor-deposited glass.  

The physical origin of the anisotropic peak shown in Figure 4 is unclear. Its position might suggest 

layering with a periodicity related to the long dimension of the TPD molecule.  The length of TPD31 is 

about 17 Å and a layer of this thickness would give rise to a peak at q = 0.37 Å-1. We note that the shape 

of this scattering feature with the central node is reminiscent of scattering from SmCR liquid crystals 

which exhibit a hollow cone distribution of tilt angles and some SmC liquid crystal phases.34–36 If this 

interpretation is accurate, it would be an interesting result as TPD has no reported liquid crystal phases.  
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An anisotropic scattering peak in a similar q-range has previously been observed in vapor-deposited 

glasses of indomethacin37 (q = 0.6 Å-1; d = 1.04 nm). As in the case of TPD, the peak arose along qz only, 

but unlike TPD it was a single broad peak which persisted through a larger range of substrate 

temperatures. The anisotropic scattering peak for indomethacin was attributed to a tendency towards 

molecular layering with a real-space periodicity corresponding to a single molecular diameter. Similar 

layering behavior corresponding to about a molecular diameter has been observed in vapor-deposited 

glasses of three other molecular systems. The intensity of the anisotropic scattering varied significantly 

among these four systems.38 
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Figure 4. 

 

 

 

 

Figure 4. (a) Integrated scattering intensity of the anisotropic peak near q ≈ 0.4 Å-1 as a function of 

substrate temperature. (b) 2D WAXS diffraction pattern from a TPD glass deposited at Tsubstrate = 301 K 

with area of integration indicated. The data in panel (a) is collected from many such 2D WAXS 

diffraction patterns obtained from glasses deposited at different substrate temperatures. (c) GIWAXS 

diffraction pattern obtained from Tsubstrate = 300 K sample, indicating the feature observed in WAXS can 

also be observed in GIWAXS experiments. 
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A molecular model for anisotropic TPD glasses 

The combination of VASE and GIWAXS has previously proved useful for understanding the 

microstructure of amorphous materials27 and here we use these techniques to give us a more complete 

understanding of the molecular packing in TPD glasses. As shown in Figure 2, there is a strong 

correlation between the two order parameters. Both follow the same trends, with crossover and maximum 

magnitude order parameters occurring at the same substrate temperatures. SVASE<0 in the low temperature 

regime implies that molecules preferentially have their long axes parallel to the substrate, but it cannot be 

determined from VASE if the molecules lie face-on or edge-on. The anisotropy of the scattering peak at q 

≈ 1.4 Å-1 suggests that the molecules lay face-on at low substrate temperatures. This inference is made 

based on the 4.5 Å real-space periodicity (= daverage) from q = 1.4 Å-1, which is geometrically consistent 

only with the molecules lying face-on on the substrate. The upper panel in Figure 5 shows a crude 

representation of what we infer to be a possible face-on structure and also a smaller cartoon showing a 

structure that would be inconsistent with GIWAXS (but still consistent with VASE). From SVASE, the 

average molecular orientation angle (θaverage) relative to the surface normal can be determined19,30 (θaverage  

= arccos[(2/3 SVASE +1/3)1/2]). As a point of reference, an isotropic distribution of molecular orientations 

has SVASE = 0 and θaverage = 54.7○. For the Tsubstrate = 260 K sample, θaverage = 69○.  The Tsubstrate = 315 K 

sample has θaverage = 51○ and also has daverage = 4.5 Å; a crude image is shown in Figure 5. For illustrative 

purposes, we approximate the TPD molecules as flat, and we amplify the order in the films to elucidate 

the structure differences between glasses prepared at the two substrate temperatures shown. The actual 

structures must be much more disordered than those illustrated; one source of disorder may be a range of 

local directors for face-on packing. It should be possible to use computer simulations to generate more 

realistic structures that are quantitatively consistent with the VASE and GIWAXS data. 
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Figure 5. 

 

 

 

 

Figure 5. A schematic representing the microstructures of TPD glasses with the highest magnitude 

positive and negative order parameters in this study. daverage and the orientation of nearest-neighbor 

stacking is obtained from GIWAXS measurements, while θaverage is obtained from VASE and measured 

from the substrate normal. daverage for both glasses is ~4.5 Å-1, while θaverage,260 K = 69○ and θaverage,315K = 

50○. For illustrative purposes, the degree of order has been enhanced in the schematics. 
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Yokoyama et al.20 measured charge mobility in vapor-deposited glasses of BSB-Cz. They reported that 

low temperature deposition led to a planar orientation of the molecular long axis; relative to a glass with 

nearly isotropic orientation, the electron mobility increased by nearly an order of magnitude. These 

authors interpreted the BSB-Cz results to indicate increased  stacking along the surface normal. If the 

packing observed in low substrate temperature vapor-deposited TPD and BSB-Cz glasses are similar, the 

results presented here may provide further insight into the microstructure associated with enhanced 

charge carrier mobility. 

On the origin of structural anisotropy in vapor-deposited stable glasses 

The anisotropy in the structure and in the molecular orientation that is quantified in Figure 2 must 

ultimately be traced back to the vapor deposition process. We first review the mechanism by which 

glasses of high kinetic stability are formed. Molecules near the free surface of a glass can be highly 

mobile if the temperature is not too low.39,40,41 During deposition, this mobility gives molecules near the 

surface an opportunity to sample various configurations and partially equilibrate before being buried and 

fixed in position by subsequent deposition. Since this partial equilibration can occur well below Tg, 

highly stable glasses can be formed.28,42 The mobility associated with the free, growing surface depends 

strongly on the temperature of the substrate (Tsubstrate) during the deposition, which leads to glass 

properties that depend upon Tsubstrate. For many systems, including TPD, deposition near 0.87 Tg produces 

the glass with the greatest kinetic stability.18,19  

Recent computer simulations of coarse-grained TPD molecules19 extend this picture further by indicating 

that the molecular orientation in the glass is inherited from the molecular orientation near the surface of 

the equilibrium liquid. In the simulations, the top layer of the equilibrium liquid consists of molecules 

with a tendency to lie in the plane of the free surface while molecules just below the surface exhibit a 

tendency to orient perpendicular to the substrate. Even deeper in the equilibrium liquid, the structure is 

isotropic. During deposition, the substrate temperature controls the depth to which equilibration takes 
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place near the surface. At a given deposition rate, there is a low substrate temperature regime that traps 

the molecules in the horizontal alignment since only the very top layer of molecules can equilibrate 

during deposition. At an intermediate substrate temperature, there is just enough mobility to equilibrate 

the surface to the depth associated with vertical alignment, and this alignment is then trapped in the glass. 

The computer simulations and this explanation are consistent with SVASE data in Figure 2. This picture can 

be extended to the GIWAXS results. From this perspective, we would explain the face-on packing at low 

substrate temperatures inferred by GIWAXS as resulting from each layer of incoming molecules being 

frozen into a planar orientation during deposition. Glasses prepared on substrates near 315 K, on the other 

hand, capture not only the slightly vertical orientation of the molecules as described by SVASE in the 

second layer from the free surface, but also the parallel packing of these molecules, thus explaining the 

negative value of SGIWAXS. This view accounts for the strong correlation between SVASE and SGIWAXS, and 

could be tested by computer simulation. 

Concluding Remarks 
Grazing incidence wide-angle x-ray scattering was utilized to characterize the structure of vapor-

deposited glasses of TPD, a hole transport material used in organic electronic devices. The TPD glasses 

were deposited at various substrate temperatures and exhibited a range of anisotropic structures. The x-

ray scattering results indicate only subtle structural differences between a liquid-cooled glass and a vapor-

deposited glass with high kinetic stability. None of the vapor-deposited TPD glasses, including those with 

high kinetic stability, showed any indications of crystallinity. 

An order parameter, SGIWAXS, was derived to describe the structural anisotropy of the most prominent 

feature in the diffraction patterns (q ≈ 1.4 Å-1), which we interpret in terms of nearest-neighbor packing. 

SGIWAXS exhibited a strong correlation with a previously published order parameter for molecular 

orientation, SVASE, based on measurements on the same system from variable angle spectroscopic 

ellipsometry. By combining the GIWAXS results with previously published VASE results, we have 

inferred a possible microstructure for the glassy films. We expect that these two observables might be 
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used in conjunction with molecular dynamics simulations to further our understanding of the molecular 

packing in these films, with the ultimate goal to better understand charge carrier mobility in vapor-

deposited glasses.   
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Abstract 

Glasses of a model smectic liquid crystal-forming molecule, itraconazole, were prepared by vapor deposi-

tion onto substrates with temperatures ranging from Tsubstrate = 0.78 Tg to 1.02 Tg, where Tg = 330 K is the 

glass transition temperature. The films were characterized using x-ray scattering techniques.  For Tsubstrate 

near and below Tg, glasses with layered smectic-like structures can be prepared and the layer spacing can 

be tuned by 16% through choice of Tsubstrate. Remarkably, glasses prepared with Tsubstrate above Tg exhibit 

much higher structural organization than a thermally annealed film. These results are explained by a 

mechanism based upon preferred molecular orientation and enhanced molecular motion at the free sur-

face, indicating that molecular organization in the glass is independent of the anchoring preferred at the 

substrate. These results suggest new strategies of optimizing molecular packing within active layers of 

organic electronic and optoelectronic devices. 

  



59 

 

 

 

Introduction 

Control of molecular organization in solids, a long-standing goal in the chemical and materials sciences, 

is needed to advance many different areas of science and technology. This issue is at the heart of crystal 

engineering1,2 and is essential for many types of organic electronic devices. For example, in organic field 

effect transistors the selection of crystal polymorph and orientation serves to optimize charge transport.3 

The emitting molecules can be oriented in a glassy host to maximize light output in organic light emitting 

diodes.4  For organic photovoltaics, anisotropic amorphous packing can help to maximize -stacking and 

charge transport.5 While some approaches in these fields utilize equilibrium states of matter, metastable 

states are often successfully employed to expand the set of attainable structures.  Here we show that phys-

ical vapor deposition of liquid crystalline materials is a particularly promising route to highly organized 

nonequilibrium molecular solids. 

Liquid crystalline (LC) states have often been utilized to produce molecular organization in solids.1,6–8  

For these systems, there are well-developed methods to control structure in the fluid state and molecular 

alignment can then be transferred into the solid state. Typically, thermal annealing and specially prepared  

substrates9–13 are used to prepare large LC domains in equilibrium and subsequent cooling yields a solid, 

either crystalline or glassy, that inherits structural organization from the LC phase. In optoelectronics, for 

example, solid-state lasers with multiple lasing wavelengths in the same device are made by tuning the 

LC order (via composition) and then quenching into a glassy solid.1 For organic electronics, both smectic 

(forming two dimensional molecular sheets) and discotic phases (forming one dimensional molecular col-

umns), have been shown to promote anisotropic charge carrier mobility.6,8,14 Enhancements in mobility 

have been observed in a number of highly aligned liquid-crystalline systems.15,16 In one case, a discotic 

phase of a perylenediimide derivative17  was reported to exhibit a 5 orders of magnitude enhancement in 

charge mobility along the direction of π-stacking upon alignment and similar performance improvements 

have been reported for other systems. 6 18     
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Physical vapor deposition, a technique used commercially in the fabrication of organic light emitting di-

odes (OLEDs),19 can also be used to control molecular organization in solids. Glass films produced by 

this method are molecularly smooth, macroscopically homogenous and grain boundary-free, making them 

particularly useful in OLEDs and other multilayer device architectures.20 Depending on deposition pa-

rameters, these glassy materials can be anisotropic, with tunable molecular orientation,21,22 polar order,23 

and anisotropic molecular packing.24,25 The structural order produced by vapor deposition, albeit small 

compared with that found in equilibrium LC systems, has been shown in one case to enhance charge car-

rier mobility by nearly an order of magnitude.26 In contrast to the LC work described above, vapor deposi-

tion directly produces anisotropic order, without thermal annealing steps. 

Can the ability of physical vapor deposition to prepare mildly anisotropic solids from non-LC systems be 

combined with the structure-forming tendency of LC molecules to directly produce ordered molecular 

solids? There is precedent for using physical vapor deposition to create thin films of LC systems27–29. Par-

ticularly relevant is the work of Echher et al., which compared the electrical performance of vapor-

deposited films with spin-coated and annealed films of a columnar LC system.29 They reported that the 

columnar order was higher for vapor-deposited films than spin-coated films, leading to improved charge 

transport characteristics similar to those obtained by thermal annealing.  In another recent study, it was 

shown that controlling the substrate temperature (Tsubstrate) during physical vapor deposition produced a 

remarkable control over molecular orientation in glassy films of itraconazole, a rod-like molecule that can 

form isotropic, nematic and smectic phases;30 the average tilt angle in the as-deposited solids varied from 

27˚ to 76˚ relative to the film normal as a function of Tsubstrate. These films were found to be macroscopi-

cally homogeneous and molecularly smooth, making the process potentially useful in device fabrication.  

In contrast to the behavior of equilibrium LC systems, molecular orientation in vapor-deposited films of 

itraconazole did not depend upon the identity of the underlying substrate. 

Here we use wide angle x-ray scattering (WAXS) and grazing incidence wide angle x-ray scattering 

(GIWAXS) to characterize the molecular packing of itraconazole glasses prepared by vapor deposition at 
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various substrate temperatures. For Tsubstrate near and below Tg, the glasses were found to have highly 

aligned smectic-like layering propagating through the film along the surface normal, independent of the 

total thickness of the film (in the range 100 – 1800 nm). Remarkably, glasses prepared by vapor deposi-

tion above Tg exhibit much more organized smectic layering than could be produced by extended thermal 

annealing in the equilibrium smectic phase. The layer spacing could be controlled through Tsubstrate and 

ranged from 30 Å to 25 Å.  Combining this x-ray data with previous measurements of average molecular 

orientation,30 we describe the microstructures of the various glasses produced. Our results are consistent 

with the mechanism advanced in ref 21, where preferred molecular orientation in a deposited glass is a 

combined result of  the high molecular mobility observed on free surfaces of glasses31,32 and the tendency 

for molecules to self-assemble into anisotropic structures at the free surface of a liquid21. This mechanism 

and our experimental results indicate that molecular organization in the deposited glass is independent of 

the anchoring preferred at the substrate.  

These results suggest that vapor deposition of LC systems can be a general route for the production of 

highly organized organic solids. Although our test system is a smectic LC, the proposed mechanism indi-

cates that highly organized columnar and nematic phases should also be produced by vapor deposition, 

because these systems are also known to self-organize at the free surface.33–35 Vapor deposition might be a 

particularly useful approach for columnar systems such as those currently being explored for use in or-

ganic electronics. In comparison to methods based upon thermal annealing, vapor deposition offers two 

key advantages: 1) as-deposited samples can be more ordered than those produced by thermal equilibra-

tion, and 2) multi-layer devices can be prepared without concern that thermal annealing of one layer will 

disrupt the packing of an underlying layer. 

Experimental Methods 

Sample preparation. The structure of itraconazole is shown in Figure 1c; the name “itraconazole” has 

been used in the literature to refer to any subset of the 8 stereoisomers of this structure.36 The material 

utilized in our experiments was purchased from Sigma Aldrich (>98% purity) as a 1:1:1:1 racemic mix-
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ture of the 4 cis- stereoisomers36,37 and was used as-received; in this paper, “itraconazole” always refers 

this mixture. The systematic name for this group of stereoisomers is cis-2-sec-butyl-4-[4-(4-{4-[2-(2,4-

dichlorophenyl)-2-(1H-1,2,4-triazol-1-ylmethyl)-1,3-dioxolan-4-ylmethoxy]phenyl}-piperazin-1-

yl)phenyl]-2,4-dihydro-1,2,4-triazol-3-one38. Itraconazole is an isotropic liquid above 363 K. As the tem-

perature is lowered, it exhibits a nematic phase down to 346 K and then exhibits a smectic phase which 

undergoes a transition to a smectic glass at Tg = 330 K cooling at 1 K/min.39 (See Supplementary Infor-

mation Figure SI1 for DSC thermograph). Itraconazole is a good glass-former and can be maintained be-

low its melting point (439 K) for extended periods of time without nucleation. 

Glasses of itraconazole were prepared by physical vapor deposition onto silicon <100> substrates with a 

native oxide. The deposition rate was 0.2 ± 0.02 nm/s in a vacuum environment (10-7 torr). The deposition 

rate was monitored using a quartz crystal microbalance. All the vapor-deposited glasses of itraconazole, 

for all Tsubstrate values, were macroscopically homogeneous and pin-hole free.30 

For the samples investigated by asymmetric wide-angle x-ray scattering (WAXS), a temperature gradient 

setup was used, as previously described,22 to create a library of glasses prepared at different substrate 

temperatures. This is achieved by having two independently controlled temperature stages bridged by a 

rectangular substrate. The temperature differential between the two stages creates a temperature gradient 

along the silicon substrate that is maintained throughout the deposition process. The precise substrate 

temperature associated with various locations on the substrate was established by comparison with sam-

ples prepared at a single temperature; we find no discernable difference between the properties of a film 

prepared isothermally and a sample prepared at the same temperature on a temperature-gradient substrate. 

After deposition, the higher temperature stage was cooled to room temperature at 1 K/min.  The absolute 

error in substrate temperature is estimated to be less than 2 K. The samples used for WAXS measurements 

were 1.8 microns thick.  

For the samples investigated by grazing-incidence wide-angle x-ray scattering (GIWAXS), itraconazole 

was deposited onto isothermal substrates. For Tsubstrate above room temperature, the temperature stage was 
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cooled to room temperature at 1 K/min after deposition. Both 100 nm and 300 nm thick samples were 

prepared for GIWAXS. 

To compare the structure of a vapor deposited film with a thermally annealed film, a 1.8-micron thick va-

por-deposited glass film was heated into the isotropic liquid, quenched to room temperature, and then an-

nealed for 7 days at 337 K (where the equilibrium state is the smectic phase). This sample was then 

cooled to room temperature for characterization by WAXS.  

High-throughput WAXS measurements. Asymmetric WAXS measurements were conducted on a 

Bruker D8 Discover diffraction instrument equipped with a Cu K-ɑ x-ray source (λ= 1.54 Å), a beam spot 

size of 2 mm and a VANTEC500 area detector. A knife-edge made of Inconel 625 was installed to block 

air scatter. For the 2D WAXS patterns and the q scans in Figure 2, the incident angle was fixed at θ= 2.5˚ 

for all measurements. For each measurement, the sample was exposed to x-rays for 240 s (with a 50 W 

power output of x-ray source). The exposures were done at various points along the length of the high-

throughput temperature gradient sample, with every point corresponding to a unique Tsubstrate. A similar 

procedure was used for the χ scans in Figure 4 and the 2D patterns in Figure 6 except that the incident 

angle was adjusted for every pattern by matching the Bragg condition associated with the 2nd order reflec-

tion along qz to within 0.01 degrees. The 2nd order reflection was used rather than the primary peak at 

qz~0.2 Å-1 so as to avoid the influence of background scattering. For a list of angles and corresponding 

Tsubstrate, please see SI Table 1. The integration limits used to construct Figure 4 can be found in SI Table 2.   

GIWAXS measurements. GIWAXS measurements were conducted on beamline 11-3 at the Stanford 

Synchrotron Radiation Lightsource (SSRL) with a wavelength of 0.973 Å. The incident angle was fixed 

to 0.14˚ such that the scattering occurred from the bulk of the film and samples were typically exposed for 

200 seconds. The data was processed using the SSRL-developed WxDiff Integration Tool software. The 

diffraction patterns were corrected for polarization of the beam and χ-corrected to obtain an accurate re-

ciprocal space map, as described by Baker et al.40 
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Results 

2D scattering patterns from vapor deposited glasses of itraconazole. Figure 1a shows a subset of the 

x-ray scattering patterns obtained from glasses of itraconazole vapor-deposited at different Tsubstrate values. 

The panels in Figure 1a were obtained from grazing incidence wide angle x-rays scattering (GIWAXS) 

from 300 nm thick films. The itraconazole glasses produced by vapor deposition exhibit remarkably di-

verse local packing structures as a function of Tsubstrate, as indicated in the schematics of Figure 1b. As de-

scribed in more detail below, these range from highly ordered structures similar to smectic A packing, to a 

smectic C-like packing, and finally to a more disordered but highly anisotropic structure.  Of these, only 

the smectic A structure is a known equilibrium state of itraconazole.   

To aid in our analysis, a coordinate system associated with the scattering vector, q, is defined in Å-1 for 

the 2D GIWAXS patterns, with qz corresponding to out-of-plane scattering plotted along the vertical axis 

and qxy corresponding to in-plane scattering plotted along the horizontal axis.40 The scattering vector is 

defined by q = 4π sin(θ)/λ, where θ is half the scattering angle and λ is the x-ray wavelength. qx and qy are 

equivalent since rotating the sample in the xy-plane led to no significant change in the scattering pattern. 

The in-plane isotropy of these glasses has also been confirmed using optical microscopy and atomic force 

microscopy, neither of which show domain structure on the observable length scales.30  

Glasses deposited at Tsubstrate = 335 K = Tg + 5 K (top row of Figure 1) show the scattering features ex-

pected for a highly aligned smectic A liquid crystal. Sharp diffraction peaks are seen in the grazing inci-

dence wide-angle x-ray scattering (GIWAXS) pattern at around qz~0.2 Å-1, with higher order peaks ap-

pearing at qz~0.4 Å-1, and faintly at qz~0.6 Å-1. (There is a weak feature at qz~0.3 Å-1 due to sample reflec-

tivity.) This sequence of peaks indicates a periodic structure with long-range order and a large correlation 

length out of the plane of the substrate, with a periodicity of about d = 30 Å (d = 2π/q).  This length-scale 

is similar to that observed in the equilibrium smectic liquid structure and to the molecular length  (33 Å 

by DFT39 and 30 Å from single crystal x-ray studies38). It is consistent with end-to-end stacking of the 

molecules in a smectic microstructure. The GIWAXS measurements also show a large in-plane scattering 
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peak at qxy~1.4 Å-1.  This indicates the lateral (side-by-side) packing expected for rod-like molecules in 

smectic layers, with a nearest-neighbor spacing d ~ 4.5 Å. The GIWAXS results (and the asymmetric 

WAXS results discussed below) are consistent with the view that for Tsubstrate>Tg, the films are in the equi-

librium smectic phase during deposition. Upon cooling to room temperature, this smectic structure gets 

trapped in the glassy state, i.e., the glass structure is inherited from the equilibrium smectic liquid.  The 

most remarkable feature of glasses deposited near 335 K is the strong alignment of the smectic layers par-

allel with the substrate, as we discuss below. 
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Figure 1. 

 

 

 

 

Figure 1. X-ray scattering patterns for glasses of itraconazole prepared by vapor deposition onto sub-

strates with temperatures indicated.  a) 2D GIWAXS scattering from 300 nm films.  b) Schematics of pro-

posed microstructures, with each red cylinder representing an itraconazole molecule, showing smectic-

like layering for glasses prepared at high substrate temperatures. c) Molecular structure of itraconazole.   
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Glasses deposited at Tsubstrate = 330 K = Tg (second row of Figure 1) are similar to the those formed above 

Tg. The out-of-plane peaks observed in the GIWAXS pattern are in the same position along qz. However, 

these peaks are broader in qxy than in the glass described above. Qualitatively, this kind of peak broaden-

ing is consistent with some small lateral disorder, such as modulations in the layering.41,42  

Glasses deposited at Tsubstrate = 315 K = Tg – 15 K (third row in Figure 1) show qualitatively similar out-

of-plane diffraction peaks as described above but they are shifted to higher values along qz, indicating 

smaller layer spacings in these glasses (due to an increase in the average tilt of the molecules). The out-

of-plane peaks also broaden azimuthally (along χ, see Figure 4 inset for schematic definition of χ), indica-

tive of a textured structure within the film, i.e., a distribution of molecular layer orientations. The azi-

muthal peak broadening described here is likely convolved with lateral (along qxy) broadening as we dis-

cuss below. The in-plane diffraction peak seen in the GIWAXS at q~1.4 A-1 along qxy also broadens azi-

muthally, consistent with a slightly more orientationally disordered (textured) in-plane structure than for 

the glasses prepared at Tsubstrate ~ Tg. This structure is similar to some equilibrium smectic C systems.43   

A much different diffraction pattern is seen for itraconazole glasses formed with Tsubstrate = 260 K (fourth 

row in Figure 1) as compared to the higher Tsubstrate films. The out-of-plane peaks at qz~0.2, 0.4 and 0.6 Å-1 

are no longer present and a broad peak is seen at qz~1.4 Å-1, indicating that the molecules in the film are 

predominantly lying in the plane of the substrate. Broad low-intensity peaks are observed in the GIWAXS 

at low qxy values, consistent with a nematic or weakly smectic-like packing in-plane. (A line cut along qxy 

is provided in Supplementary Information Figure SI2). Based on the x-ray and optical evidence for in-

plane isotropy for all the PVD glasses, any in-plane smectic layer propagation must be randomly distrib-

uted in-plane.   

The thermodynamic state of the as-deposited films. The films of itraconazole prepared by vapor depo-

sition are out-of-equilibrium (glassy) solids at room temperature (where all the x-ray measurements are 

performed). They are non-crystalline as evidenced by the observation that not all the x-ray diffraction 

peaks are sharp.  The as-deposited glasses are solids that can be temperature-cycled below Tg with no 
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change in structure.  The films prepared by depositing at and above Tg, upon cooling to room temperature, 

are similar to glassy liquid crystals obtained by cooling the equilibrium smectic liquid,44 as studied previ-

ously.1,45  (Although not all glassy smectic liquid crystals will exhibit the high level of alignment observed 

in these samples as we discuss below.)  The microstructures of the films prepared by depositing at Tsub-

strate<Tg, however, are quite different than a glass prepared by cooling the equilibrium smectic liquid.  

When these samples are heated to about Tg + 15 K the as-deposited structure is lost, and the equilibrium 

smectic liquid state is formed. Upon cooling to room temperature, a glassy smectic is formed, with its 

structure inherited from the equilibrium smectic state. The observation that the as-deposited structure is 

irreversibly lost upon thermally cycling just above Tg further indicates the films are not crystalline as itra-

conazole does not melt until a much higher temperature (439 K). 

Tuning smectic-like layer spacing by choice of Tsubstrate. As introduced in Figure 1, the choice of Tsubstrate 

in a range just below Tg allows the preparation of itraconazole glasses in which the spacing of the smectic-

like layered structures is controlled. This is investigated more closely in Figure 2 using the asymmetric 

WAXS data.  Representative 2D patterns are shown at the top of the figure.  In these panels, one can ob-

serve the first and second order reflections corresponding to the smectic layers (and sometimes also the 

third order reflection). (The WAXS patterns also show a faint reflectivity peak at qz~0.3 Å-1, and back-

ground intensity below 0.2 Å-1 caused by the low incident angle geometry of these measurements.) 
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Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. WAXS scattering intensities along vector q, as defined in top panel, for an annealed glass and 

various vapor-deposited glasses of itraconazole. Top: Representative 2D asymmetric WAXS patterns from 

itraconazole glasses deposited at Tsubstrate indicated inset. The width of the pattern is approximately the 

integration area used to obtain the 1D diffractograms shown below. Bottom: Scattering intensity along q 

from WAXS for glasses of itraconazole deposited at the indicated substrate temperatures (Tsubstrate). The 

first panel shows data for a thermally annealed film. The shift of the scattering peaks to higher q at lower 

deposition temperatures indicates a decrease in the thickness of the smectic-like layers. All curves for va-

por-deposited glasses have been normalized to the data presented for Tsubstrate = 337 K. 
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The main panel of Figure 2 illustrates the spacing of the smectic-like layers by showing a line cut from 

the WAXS data along q for various glasses of itraconazole deposited between 337 K and 300 K. These 

data were obtained by integrating over an azimuthal angle approximately the width of the WAXS patterns 

at the top of the figure. For comparison, data is also presented for as a vapor-deposited sample that was 

heated into the isotropic liquid state and then annealed at 337 K for one week. All the x-ray scattering 

measurements shown in Figure 2 were conducted at room temperature.  

The diffraction peaks shown in Figure 2 for the samples vapor-deposited at Tsubstrate ≥ 307 K indicate 

smectic-like layering the samples.  Each of these samples shows the fundamental peak (~0.23 Å-1) and 

higher order reflections (~0.45 Å-1 and sometimes 0.7 Å-1). These peaks shift to higher q values and 

broaden systematically as Tsubstrate is reduced. Higher q values indicate smaller layer spacing, while the 

broadening is a sign of shorter coherence lengths and more disorder in the layered structure.   
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Figure 3. 

 

 

 

 

 

Figure 3. Thickness of smectic-like layers for vapor-deposited itraconazole glasses, as a function of sub-

strate temperature during deposition (Tsubstrate), as derived from the position of scattering peaks along qz. 

Tsubstrate = Tg is demarcated with a vertical line. The layer spacing for a sample thermally annealed at 337 

K is indicated by the gray square. 
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The spacing associated with the smectic-like layers is shown as a function of the substrate temperature 

during deposition in Figure 3, with the glass transition temperature marked with a vertical black line at 

330 K. Above Tg, the layer spacing remains nearly constant, consistent with the view that the film being 

deposited is in the equilibrium smectic phase before being cooled into a glassy solid. For samples directly 

deposited into a glassy state below Tg, however, the layer spacing is systematically and monotonically 

reduced by up to 16%, from ~30 to ~25 Å. A broadening of the diffraction peaks along q is also observed 

at lower substrate temperature during deposition, suggestive of less long-range order in films and perhaps 

less layer spacing uniformity.  This is quantified by the peak width along q and is shown in supplementary 

information Figure SI3.   

Alignment of smectic-like layers in vapor-deposited glasses of itraconazole. Figure 4 shows azimuthal 

line cuts across the second order diffraction peak at q~0.4 Å-1 for vapor-deposited and thermally annealed 

glasses of itraconazole, and allows a quantitative comparison of the degree of alignment of the smectic-

like layers in the different samples. The scattering intensity was collected at the Bragg condition for the 

peaks and is plotted against χ, the azimuthal angle (defined such that χ = 0˚ is along qz and χ = 90˚ is 

along qxy). Higher intensity and sharper peaks correspond to well-ordered structures with large coherence 

lengths and a narrow distribution of directors.  Figures 4b shows the same data as Figure 4a but with an 

expanded vertical axis.   

The most striking feature of Figure 4 is that several vapor-deposited itraconazole glasses show more high-

ly aligned smectic layers than the thermally annealed sample, indicating that these vapor deposited films 

are more highly ordered. In particular, the scattering intensity for the sample directly deposited at 337 K is 

more than one order of magnitude larger than for the thermally annealed sample.  The annealed sample 

was obtained by heating a highly ordered vapor-deposited glass into the isotropic liquid, quenching rapid-

ly, annealing for 7 days at 337 K (where the equilibrium phase is smectic), and finally cooling at 1 K/min 

to ambient conditions.  In contrast, the highly aligned sample vapor-deposited at 337 K required only 2.5 
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hours to prepare at the 2 Å/s deposition rate. We further discuss the comparison between vapor-deposited 

and annealed samples below. 

For the vapor-deposited glasses shown in Figure 4, the degree of smectic order is much lower when the 

substrate temperature during deposition is lower. Figure 4b shows, in addition, that the peaks arising from 

glasses deposited at Tsubstrate < Tg broaden significantly. These features indicate that depositions at lower 

Tsubstrate lead to layered structures with smaller coherence lengths. Qualitatively, the peak broadening ob-

served in the second order peak may arise from at least two types of imperfections. 1) Peak broadening 

along the azimuthal angle (χ) indicates that the layers are not entirely parallel to the substrate but rather 

exhibit a textured structure. 2) Lateral peak broadening (along qxy) is indicative of in-plane defects. We 

have not attempted to distinguish between these two explanations and we note that Figure 4 would appear 

very similar if the linecut had been taken along qxy rather than along χ. 

Probing lateral molecular packing. The GIWAXS scattering data near q =1.4 Å-1, as discussed in the 

description of Figure 1, contains information about nearest-neighbor packing in vapor-deposited itracona-

zole glasses.  For example, the very strong feature along qxy in Figure 1a is expected from the scattering 

of closely-packed, nearly vertical rod-like molecules.  Figure 5 plots an orientation order parameter SN-N 

based upon this feature in red; SN-N was measured from the GIWAXS patterns as described previously.25  

A value of SN-N  = +1 would indicate molecules packing parallel to each other in the plane of the substrate, 

while SN-N = -0.5 would indicate molecules parallel to each other and normal to the substrate.  For films 

deposited at Tsubstrate ≥ Tg, there is a strong tendency for the molecules to pack normal to the substrate, 

consistent with smectic-like layers parallel to the substrate. For films deposited a little below Tg, the ob-

served packing becomes more isotropic. For glasses grown at Tsubstrate << Tg, SN-N is positive, indicating a 

tendency for the molecules to pack with their long axes laying in the plane of the substrate and parallel to 

each other. Although the maximum value of SN-N = +0.12 is quite small, it is twice the value reported for 

glasses of TPD vapor-deposited at low substrate temperatures.25 
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Figure 4. 

 

 

 

Figure 4. WAXS scattering data showing the 2nd order out-of-plane diffraction peak (qz~0.4 Å-1) along the 

azimuthal angle χ for itraconazole glasses deposited at various substrate temperatures (Tsubstrate), with χ 

defined in the inset. The intensity and width of this scattering feature characterize the quality of smectic 

organization and alignment. Multiple line cuts are shown offset in the z-axis, corresponding to different 

values of Tsubstrate. Panel b is a vertically expanded version of panel a. The black curve shows data for a 

sample annealed at 337 K. For both panels, intensities are normalized to the peak intensity observed for 

the film deposited at Tsubstrate = 337 K.  



75 

 

 

 

Figure 5 also plots an FTIR-based orientation order parameter SFTIR as described in detail elsewhere.30,39 

Based on IR dichroism, SFTIR is a measure of the average molecular orientation of an axis very nearly par-

allel to the long axis of itraconazole molecules in the glass. SFTIR = +1 would indicate molecules standing 

vertically while SFTIR = -0.5 would indicate that all the molecules are lying in the plane of the substrate.  

Figure 5 shows a strong anti-correlation between SN-N and SFTIR.  For Tsubstrate ≥ Tg, SFTIR indicates that the 

molecules have a strong tendency to stand upright, consistent with the negative SN-N value and a smectic 

structure with planes parallel to the substrate. For Tsubstrate near 260 K, SFTIR indicates a tendency for the 

molecules to lay nearly flat in the plane, in agreement with the positive SN-N value. An interesting point of 

comparison is the SFTIR value measured by Tarnacka and coworkers39 for itraconazole in a homeotropical-

ly aligned smectic phase (plotted as the purple star in Figure 5).  The good agreement of this value with 

SFTIR for the vapor-deposited samples is consistent with direct deposition into a highly aligned smectic 

structure.   
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Figure 5. 

 

 

Figure 5. Orientation order parameters for nearest-neighbor packing (SN-N) obtained from the GIWAXS 

data and for molecular orientation obtained from FTIR (SFTIR), as a function of substrate temperature dur-

ing deposition (Tsubstrate). SN-N quantifies the anisotropy in lateral nearest-neighbor molecular packing, var-

ying from face-on at S = +1 to edge-on at S = -0.5; full triangles are 300 nm films and half-filled triangles 

are 120 nm films. SFTIR is a measure of the average orientation of the long molecular axis, varying from 

vertical at S = 1 to horizontal at S = -0.5; open diamonds are vapor-deposited glasses30 and the purple star 

is for the equilibrium liquid36). The solid lines are guides to the eye.  
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Comparison of thermally annealed and vapor-deposited itraconazole films.  Figure 6 shows the intri-

guing result that the itraconazole sample vapor-deposited at 337 K has more highly organized smectic 

layers than a sample thermally annealed at 337 K for one week.  Initially, we were surprised that a non-

equilibrium assembly process would be more effective in producing smectic alignment than extensive 

thermal equilibration. Figure 6 shows a comparison of WAXS data for these two samples that allows fur-

ther insight into this issue. The scattering at q~1.4 Å-1 along a wide range of χ in the thermally annealed 

sample would not be present in a smectic phase with planes propagating exclusively along the surface 

normal and this feature is indeed absent from the vapor-deposited sample. For the thermally annealed 

sample, the slightly larger scattering at q=1.4 Å-1 around χ=0˚ is consistent with a smectic population with 

planar anchoring (i.e., the molecular long axis lies along the interface). The differences in the orientation 

of smectic packing are schematically illustrated in Figure 6.  We expect that the silicon substrate with the 

native oxide promotes planar anchoring46 and, for the thermally annealed sample, this competes with the 

homeotropic anchoring (i.e., the molecular long axis lies nearly normal to the interface) preferred at the 

free surface. With this interpretation in mind, we can understand that the peak at q ~ 0.4 Å-1 along χ=0˚ is 

weaker in the thermally annealed sample because it represents only the fraction of the smectic layers that 

propagate only the surface normal. 
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Figure 6. 

 

 

Figure 6. WAXS scattering patterns and possible structures for vapor-deposited and annealed films of 

itraconazole (1.8 microns thick). Top panel: 2D scattering pattern of film vapor-deposited at Tsubstrate = 337 

K with schematic structure. Bottom panel: 2D scattering pattern of film annealed for one week at Tanneal = 

337 K with schematic structure. The presence of the broad peak at q~1.4 Å-1 in the annealed film indicates 

some population of molecules with planar alignment. In contrast, the vapor-deposited film shows no evi-

dence of planar alignment.  
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Structure. We present schematic structures for vapor-deposited itraconazole glasses in Figure 7 for three 

representative substrate temperatures, based upon the x-ray measurements presented here and results pre-

viously reported in ref 30.  The spacing of the smectic-like structures shown in the top two panels comes 

from the values reported in Figure 3.  An average molecular orientation at each substrate temperature can 

be determined from SFTIR, as plotted in figure 5:30   

θavg= arccos[(2/3SFTIR+1/3)1/2] 

Here θavg is measured from the substrate normal. It is important to note that, for the smectic-like structures 

prepared by vapor deposition, a collection of the structures shown in Figure 7 with a narrow distribution 

of molecular layer orientations is likely present across the film; the wider the distribution of layer orienta-

tions, the broader the azimuthal spread in the out-of-plane x-ray diffraction peaks. While the layers on 

average always propagate perpendicular to the substrate leading to out-of-plane diffraction peaks, struc-

tures like those shown in Figures 7 a and b likely have random in-plane orientation, leading to in-plane 

isotropy on the length-scales probed here and in microscopy30 studies. At the lowest values of Tsubstrate, 

layers are not formed, and instead, the molecules lie nearly flat in the plane of the substrate. To the best of 

our knowledge, the tunable layer spacing and highly variable molecular orientation exhibited by vapor-

deposited itraconazole glasses is unprecedented.  

The microstructures shown in Figure 7 persist throughout the thickness of the vapor-deposited itracona-

zole glasses. The peak positions in the x-ray scattering patterns are consistent for films ranging from 

around 100 nm to 1.8 microns, indicating that the spacing of the smectic-like layers is independent of 

thickness.  The orientation order parameter for nearest-neighbor packing SN-N is the same for 100 nm and 

300 nm films.  Furthermore, ref. 30 shows that the optical birefringence of the vapor-deposited glasses is 

the same for films between 180 nm and 650 nm, while SFTIR is independent in the range of 330 nm to 

1800 nm. 
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Figure 7. 

 

Figure 7. Schematics of a representative subset of microstructures for itraconazole glasses deposited at 

different substrate temperatures: a) Tsubstrate ~ Tg; b) Tsubstrate = 315 K; c) Tsubstrate = 260 K.  While the struc-

ture in panel a is very similar to a highly aligned equilibrium smectic liquid, the structures shown in pan-

els b and c have no equilibrium analogues for itraconazole. The values of the average tilt angle and the 

average layer spacing are derived from FTIR and WAXS as described in the text.    
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Discussion 

In this section, we address a number of questions about the mechanism by which vapor deposition pro-

duces ordered glasses of itraconazole and, in particular, how to understand the strong influence of sub-

strate temperature on the type of order trapped in the glass (Figure 7).  We also discuss how non-

equilibrium deposition can lead to more highly ordered solids than thermal equilibration (Figure 6).  Fi-

nally, we describe how the unique structures that can be prepared by vapor deposition might be utilized. 

Mechanism of layer formation in itraconazole glasses.  We begin by briefly reviewing what is known 

about vapor deposition of molecules that do not form liquid-crystals. Vapor deposition onto substrates 

near 0.85 Tg produces high density, low enthalpy glasses of many organic molecules.22,47 High mobility 

near the free surface during deposition allows nearly complete equilibration of just-deposited molecules 

into tightly packed configurations; further deposition traps these molecules into place.  Clearly surface 

equilibration will also occur for deposition with Tsubstrate = Tg, but under these conditions there is no ther-

modynamic driving force to form a high-density material. At low substrate temperatures (Tsubstrate << 

0.85Tg), surface mobility will be insufficient to reach high density states even though they are thermody-

namically favored. 

The above mechanism for the formation of well-packed glasses is sufficient to explain the structures 

shown in Figure 7 if we add one new element, as discussed previously.30 At the equilibrium free-surface 

of smectic and nematic forming liquids, molecules favor a smectic-like structure, homeotropically an-

chored at the vacuum interface.33,48,49 With this mechanism, deposition onto substrates at Tg will lead to a 

smectic structure with a single director normal to the substrate (Figure 7a); every new layer of molecules 

wants to form a smectic structure anchored to the free surface and each layer can fit coherently on top of 

the previous one.  Deposition at Tg + 7 K leads to structures with even higher perfection because the bulk 

material further equilibrates during the deposition process. At Tg + 7 K, structural rearrangements in the 

bulk take place on the time scale of 1 second while the deposition requires 500-10000 seconds, depending 

upon film thickness; for comparison, molecular motions are nearly 100 times slower at Tg.39,50  When 



82 

 

 

 

deposition occurs onto substrates just below Tg (middle panel in Figure 7), molecules near the free surface 

of the film still have a driving force to achieve the equilibrium smectic layer but not quite enough time to 

do so. An incompletely organized smectic layer with the “wrong” layer spacing gets trapped into place by 

further deposition since at these temperatures reorganization in the bulk material is negligible. Since mo-

bility at the surface depends strongly on temperature, the system more closely attains its equilibrium 

structure at higher values of Tsubstrate, as shown in Figure 3.   

At Tsubstrate near 0.8 Tg, surface mobility is so low that just-deposited molecules make no progress in their 

attempt to create homeotropically-anchored smectic layers.  In this regime, molecules tend to lie parallel 

to the substrate; we expect that this minimizes the energy for an incoming molecule landing on a relative-

ly flat surface.21 Interestingly, the molecules in these glasses have a slight tendency to form smectic-like 

or nematic-like structures with directors in the plane of the substrate. This can be seen in Figure 1a in the 

2D GIWAXS scattering pattern of Tsubstrate = 260 K. Along qxy, small diffuse peaks appear at around 0.24, 

0.48 and 0.72 Å-1, indicating a periodic structure in the plane of the substrate; see supplementary figure 

SI2. This feature is isotropic in the plane, indicating the presence of weakly-organized domains of ran-

domly oriented in-plane layers.  

The above mechanism allows an understanding of the surprising result that vapor-deposited glasses can 

be more ordered than thermally equilibrated samples, as shown in Figure 6.  A key feature of the proposed 

mechanism is that molecular organization in the as-deposited glass is being completely controlled by the 

free surface; Tsubstrate determines the mobility near the free surface and this determines the extent to which 

the equilibrium surface structure is attained. In contrast, during thermal equilibration in the smectic re-

gime, molecular organization of a thin film depends upon the preferred structure at both the free surface 

and the substrate.  For the substrates used in these experiments, we expect that planar anchoring is pre-

ferred.  Thus the bulk sample equilibrates as best it can with incompatible boundary conditions at the two 

interfaces and achieves a somewhat disordered compromise as represented by the schematic in Figure 6. 
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The proposal that smectic alignment for vapor-deposited itraconazole is completely controlled by the free 

surface is supported by preliminary deposition experiments on various substrates.  We have observed that 

deposition onto silicon substrates treated to promote homoetropic anchoring has no effect on the structure 

of the vapor-deposited glasses.  In addition, deposition of itraconazole at 325 K onto an already-deposited 

layer prepared at 270 K results in strong smectic layering with the director along the surface normal, even 

though molecules in the underlying layer are nearly planar.  This conclusion expands upon birefringence 

results reported in reference 30 indicating that the structures of the vapor-deposited itraconazole glasses 

prepared here do not depend on the identity of the underlying substrate.  Our assumption of high mobility 

at the surface of itraconazole glasses is consistent with previous work on organic glass formers indicating 

up to 8 orders of magnitude enhancement of surface diffusion relative to the bulk;31,32 this assumption 

could be tested experimentally. 

While not investigated here, it is likely that the vapor-deposited glasses of itraconazole exhibit polar or-

der, as observed previously for deposition of polar molecules.23,51 The mechanism described above im-

plies that glasses deposited at different substrate temperatures could exhibit different levels of polar order 

and this warrants further investigation. 

In comparison with previous literature on vapor-deposited LC systems, the current results provide evi-

dence of both more highly ordered samples and tunable smectic spacing. In earlier studies of vapor-

deposited thiophene, the microstructures achieved in the prepared films were similar to those of the 

known equilibrium smectic state; since only out-of-plane x-ray scattering was reported, it is not possible 

to characterize the extent to which the smectic layers were oriented along the surface normal. Variable 

layer spacing at equilibrium has been reported for some systems that exhibit a regular smectic A-to-

smectic C transition.43 In this case, the equilibrium layer spacing is reduced with temperature over a range 

of about 10%.  While solids with variable smectic spacing might be formed by quenching these materials, 

we are unaware of such reports. 
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Potential applications.  As discussed in the introduction, organized solids prepared via LC states are be-

ing widely explored for use in organic electronics and optoelectronics. Glassy liquid crystals have already 

been used as thin film transistors, solid-state lasers, optical memory, phosphorescent organic light emit-

ting diodes (PhOLEDs) and, optical devices such as polarizers and notch filters.1 For these applications, 

active layers are prepared by thermal annealing to attain an equilibrium LC state followed by cooling to 

form the liquid crystal glass.  

Relative to processes that rely on thermal annealing, vapor-deposition expands the range of molecular 

packing arrangements and orientations available for organic electronic and optoelectronic applications. 

Deposition allows preparation of non-equilibrium microstructures such as smectic layers with tunable 

layer spacings, as shown in Figure 3.  In addition, deposition can directly prepare highly oriented smectic 

structures that are functionally monodomains, even on substrates which would not support such high lev-

els of organization via thermal annealing, as shown in Figure 6.  Previous work has established that va-

por-deposited glasses of itraconazole are macroscopically homogeneous and molecularly smooth, as re-

quired for many applications.30 Vapor deposition is already used on a massive scale to produce organic 

light emitting diodes for cellphone displays and this illustrates the compatibility of deposition with high 

throughput manufacturing.  In contrast, the preparation of multilayer devices by thermal annealing may be 

time-consuming and could be complicated both by the influence of underlying layers on molecular an-

choring and the possibility that annealing one layer might degrade the structure of an underlying layer.  

Concluding Remarks 

Glasses of itraconazole, a model LC system, were formed by physical vapor deposition. Glasses with a 

range of interesting microstructures can be prepared by controlling the substrate temperature during the 

deposition process. Deposition onto substrates above Tg yielded highly aligned smectic layers with the 

director normal to the substrate; these samples were better aligned than a thermally annealed sample.  

Deposition just below Tg allowed the spacing of the smectic-like layers to be controlled over a range of 

16%. At the lowest substrate temperatures investigated, molecules preferentially lay nearly flat in the 
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plane of the substrate. These microstructures are formed throughout the thickness of the film and are sta-

ble at temperatures below Tg. 

The mechanism proposed here to explain the observed microstructures suggests that similarly interesting 

structures will be formed by vapor deposition of other LC systems such as those used in organic electron-

ics.  Key elements of the mechanism are the smectic organization preferred by molecules at the free sur-

face of the glass and enhanced molecular mobility near the free surface.  An important consequence of 

this mechanism is that the anchoring preferred at the substrate is irrelevant.  Vapor deposition is thus a 

tool for the preparation of structures in LC glasses that cannot be obtained by thermal annealing. An im-

portant next step is to extend this work to other types of liquid crystals in order explore what novel struc-

tures can be attained in these systems through the control of substrate temperature. Columnar systems are 

a particularly interesting target as they have often been utilized for organic electronics because of the effi-

cient charge transport that is possible along the columns.   
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Abstract 
Anisotropic molecular packing, particularly in highly ordered liquid-crystalline arrangements, has the 

potential for optimizing performance in organic electronic and optoelectronic applications. Here we show 

that physical vapor deposition can be used to prepare highly organized out-of-equilibrium (glassy) solids 

of discotic liquid-crystalline systems. Using grazing incidence X-ray scattering, atomic force microscopy 

and UV/Vis spectroscopy, we compare three systems: a rectangular columnar liquid crystal, a hexagonal 

columnar liquid crystal and a non-mesogen. The packing motifs accessible by vapor deposition are highly 

organized for the liquid crystalline systems and vary from face-on to edge-on columnar arrangements 

depending upon the substrate temperature during deposition. The structures formed at a given substrate 

temperature can be understood as resulting from partial equilibration toward the structure of the 

equilibrium liquid crystal surface during the deposition process. 
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Introduction 
 One of the central challenges in materials science is the control of molecular organization in 

solids. The ability to control molecular packing is required for the development of many technologically 

important fields. Among these fields are organic electronics and optoelectronics where molecular-scale 

packing modifications are being explored to engineer better devices.1 Organic light emitting diodes 

(OLEDs), for instance, exhibit better outcoupling when emitter molecules are oriented in the solid matrix 

with their transition dipoles lying in-plane such that they emit preferentially perpendicular to the device 

face.2 Microstructures with enhanced π-orbital overlap may also exhibit better charge carrier mobility in 

molecular systems;3,4 many such structures that have anisotropic molecular packing arrangements. 

Preparation routes that lead to optimized microstructures have been investigated for small molecule and 

polymeric organic systems, a few of which are summarized here. Solution-shearing has been used to 

prepare anisotropic structures that lead to enhanced charge carrier mobility.5 Lattice strain, in 

combination with solution shearing, has been used to further increase orbital overlap between component 

molecules, thereby further enhancing mobility.6 Films prepared in the presence of external fields can also 

exhibit anisotropic packing and improved performance.7,8 

Liquid crystalline systems have been exploited for organic electronic applications as a result of 

their propensity to self-assemble into highly ordered, anisotropic structures.9–11 Columnar liquid 

crystalline systems, in particular, are ideal candidates for organic semiconducting devices as they self-

assemble into columnar superstructures governed, in part, by molecular cores rich in π-electrons.12 The 

cores can form highly conjugated structures within the columns that exhibit high charge carrier mobility. 

However, the preparation of highly organized films of columnar liquid crystalline moieties has thus far 

required a thermal annealing process, sometimes on chemically altered substrates, to achieve the correct 

molecular packing structures.13 For instance, a sacrificial layer is required to induce face-on packing in 

certain discotic systems.14 While thermal annealing and chemically-tailored substrates may allow a 
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desired structure to be achieved, these processing steps may also have deleterious effects on the 

performance of devices.  

 Physical vapor deposition, a method used in the industrial manufacture of OLEDs,15 can be used 

to control molecular organization in glassy solids by controlling deposition conditions, even for 

molecules without liquid crystalline phases.16,17 The structures prepared are trapped as non-equilibrium 

solids that are independent of underlying substrate chemistry; anisotropic structures can be achieved 

without subsequent annealing. Vapor-deposited glasses of non-liquid crystal systems show subtle 

structural and optical anisotropy (compared with liquid crystalline structures) but have, nonetheless, 

exhibited enhanced charge carrier mobility.3 Tunability of structure of vapor-deposited glasses of non-

liquid crystal formers has also been shown for a large number of systems, with structure controlled by the 

substrate temperature during deposition (Tsubstrate).16,18,19 

Combining vapor deposition as a route to anisotropic structures with the self-assembly of liquid 

crystals has recently been shown in one case to prepare films with highly organized and widely tunable 

structures.20,21 The structural anisotropy accessible by vapor deposition was investigated in itraconazole, a 

rod-shaped mesogen which enters the smectic phase (forming molecular layers) just above the glass 

transition temperature, Tg. The vapor-deposited structures varied from molecules laying almost 

exclusively in-plane (on average, 76º from substrate normal) to molecules “standing up” with the 

molecular long axes nearly along the substrate normal (27º from the normal). The layer spacing for 

Tsubstrate = Tg to Tg – 20 K tracked the average molecular tilt angle, with higher tilts corresponding to 

smaller spacing, trapping the film into smectic-like packing arrangements not accessible in equilibrium, 

while below Tg - 20 K the molecules lie almost entirely in-plane. Some of the structures accessed by 

vapor deposition were more ordered than those prepared by extended thermal annealing of the same 

material.20 Applying this approach to discotic liquid crystalline systems may provide access to highly 

tunable columnar structures, with columns propagating either in the plane of the substrate (useful, for 

instance, in field effect transistors) or out-of-plane (useful in photovoltaics). Important precedents exist 
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for vapor deposition of discotic liquid crystals. Of particular relevance to the current work is a study by 

Eccher et al.22 which showed that vapor-deposited films of a discotic liquid crystal exhibited higher 

columnar order when compared with a spin-coated film of the same material. This led to higher charge 

carrier mobility in the vapor-deposited film. However, the range of possible structures that can be 

achieved by vapor deposition has not been investigated for any discotic system. 

Here we investigate properties of films prepared by physical vapor deposition of three disc-

shaped molecules (as shown in Figure 1): 2,6,10-triethoxycarbonyl-triphenylene (a rectangular columnar 

mesogen, hereafter called triphenylene-ester), 1,16-di(methoxycarbonyl)-6,7,12,13-

tetra(ethoxycarbonyl)phenanthro[ghi-1,2,3,4]perylene (a hexagonal columnar mesogen, hereafter called 

phenanthroperylene-ester) and m-MTDATA (4,4’,4”-tris[phenyl(m-tolyl)amino]triphenylamine, a non-

mesogen). The films were deposited over a range of substrate temperatures ranging from ~0.75 Tg to 0.99 

Tg. We characterized molecular packing in the films as a function of Tsubstrate by grazing incidence wide 

angle X-ray scattering (GIWAXS). Films prepared at low Tsubstrate exhibited face-on packing arrangements 

for all three systems. Films prepared at Tsubstrate ~ Tg exhibited edge-on packing with highly organized 

columnar structures for the two mesogens, while an isotropic disordered structure was observed for the 

non-mesogen. Atomic force microscopy (AFM) was used to determine surface morphology of the various 

films, and domain-like structures were found in the highly-organized films. UV/Visible spectroscopy 

(UV/Vis) was used to investigate the local electronic properties of the films with results indicating that π-

conjugated structures persist in the highly-ordered films even though they were directly prepared as solids 

by vapor deposition. We investigated the thermodynamic state of the films by conducting temperature 

annealing experiments; the as-deposited films are shown to be out-of-equilibrium (glassy) materials. 
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Figure 1. 

 

Figure 1. The three systems investigated, with molecular structures and transition temperatures. Also 

shown is a color-coded schematic that will be used to describe the systems in later figures. 
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These results suggest that vapor deposition of discotic liquid crystals may be generally useful for 

preparation of highly organized films and that the substrate temperature during deposition will provide 

access to a wide range of packing arrangements. The structures observed in this work can be explained by 

a mechanism invoking a combination of two factors: the tendency to self-assemble at the free surface of 

the equilibrium liquid16,23–25, and enhanced mobility at the free-surface of glasses26,27.  The generality of 

this mechanism suggests that these results may be extended to other columnar liquid crystal systems, and 

other classes of liquid crystals, that have a propensity to self-assemble into highly organized structures at 

vacuum interfaces.   

Experimental Methods 
Materials. m-MTDATA was purchased from Sigma-Aldrich (>99% pure) and used as-received. m-

MTDATA does not exhibit any liquid crystalline phases. It has a melting point of Tm = 476 K and a glass 

transition temperature of Tg =354 K. The triphenylene-ester was synthesized as described in ref 28. It 

exhibits a columnar phase below 408 K and its crystalline solid has a melting temperature Tm = 434 K. 

We estimate that Tg ~ 310 K based on in-situ thin film transformation experiments. The 

phenanthroperylene-ester was synthesized as described in ref 29. It exhibits a columnar hexagonal phase 

below 492 K. Its crystalline solid undergoes a melting transition at Tm = 520 K. It undergoes a glass 

transition at Tg = 392 K. 

Vapor deposition. Glasses of the three systems were prepared by physical vapor deposition onto either a 

silicon <100> substrate with native oxide or a fused silica substrate. The deposition rate was maintained 

at 0.2 ± 0.02 nm/s in a vacuum chamber (base pressure ~ 10-7 torr), monitored using a Quartz Crystal 

Microbalance (Sycon). The substrates were held on copper blocks that were maintained at the desired 

substrate temperature using a LakeShore 336 PID controller (LakeShore Cryotronics, Inc.) paired with 

resistive cartridge heaters (Southwest Heater Corp.) and platinum resistive temperature detectors (Omega 

Engineering., Spectris PLC). Thermal paste (Apiezon N or H, for low or high temperatures, respectively) 

was smeared between the substrates and the copper to maintain thermal contact in the vacuum 
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environment. Roughly 150 nm films were deposited on silicon substrates for grazing incidence wide-

angle X-ray scattering (GIWAXS) and for the Atomic Force Microscopy (AFM) measurements. For 

UV/Visible absorption spectroscopy (UV/Vis), 90-120 nm films were prepared on fused silica substrates. 

GIWAXS. GIWAXS measurements were conducted at beamline 11-3 at the Stanford Synchrotron 

Radiation Lightsource (SSRL). The wavelength of the incident beam was 0.973 Å, with a detector 

resolution of 0.002 Å-1/pixel (detector distance = 300 mm). The incident angle was set to 0.14○ to assure 

that the scattering occurred in the bulk of the film and exposure was typically less than 120 seconds. The 

data was processed with the SSRL-developed WxDiff software package. Following the protocol outlined 

in Baker et al.,30 the diffraction patterns were corrected for polarization of the beam and χ-corrected to 

obtain accurate reciprocal space maps.  GIWAXS measurements were performed at room temperature 

except as noted. 

AFM. Atomic force microscopy (AFM) measurements were conducted on a Bruker MultiMode 8 AFM 

using ScanAsyst PeakForce Tapping mode. The measurements were conducted at room temperature.  

UV/Vis. UV/Visible absorption spectra were collected on a JA Woollam M-2000 Variable Angle 

Spectroscopic Ellipsometer with a wavelength range of 245 nm to 1000 nm. The samples were mounted 

and measured in transmission geometry at normal incidence. A spot size of roughly 2 mm was used. 

These samples were also analyzed using X-ray diffraction, with the results indicating no significant 

difference in structure for films prepared on fused silica and on silicon. 

Results 
Molecular packing. Figure 2 shows two-dimensional (2D) grazing incidence wide angle X-ray scattering 

(GIWAXS) patterns for vapor-deposited films of the triphenylene-ester, the phenanthroperylene-ester and 

m-MTDATA; scattering intensity is illustrated in a linear color-scheme from red to blue representing high 

to low intensity):  Also shown are schematic illustrations describing molecular packing motifs that are 

consistent with the GIWAXS patterns, as we discuss below.  For each system, two GIWAXS patterns are 
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shown, one for a sample deposited at roughly Tsubstrate~0.75Tg (top pattern within each panel) and the other 

for Tsubstrate~Tg (bottom pattern within each panel); the absolute Tsubstrate is indicated. The GIWAXS 

measurements were all made at room temperature for this section of the paper. 

As shown in Figure 2, films prepared at low Tsubstrate for all three systems exhibit a roughly face-

on molecular packing motif, while at Tsubstrate~Tg quite distinct packing structures are attained by the three 

systems. To facilitate our discussion, we begin with a brief description of the 2D scattering patterns. The 

axes of the 2D GIWAXS patterns represent components of the scattering wavevector, q (reported in Å-1), 

defined as q = 4π*sin θ/λ, where θ is ½ the scattering angle and λ is the wavelength of the X-ray beam. qxy 

and qz represent the in-plane and out-of-plane wavevectors, respectively. For our samples, we did not 

observe a significant change in the scattering pattern upon rotating the films in the xy-plane (substrate 

plane). Thus, qx and qy are equivalent and the films are in-plane isotropic on the length-scale probed by 

the GIWAXS experiments (roughly 1 mm2); The scattering position of the bright peaks in the pattern 

correspond inversely to real-space periodicity of the structures, d, by the relationship d = 2π/q. Scattering 

features along qxy (horizontal axis) correspond to ordering in the plane of the substrate while features 

appearing along qz (vertical axis) correspond to ordering out-of-plane.  

We will begin our analysis with the triphenylene-ester, a columnar rectangular mesogen, focusing 

on the data in the top panel (pink) in Figure 2. Scattering patterns from two glasses are displayed 

describing the two representative structures accessible by vapor-depositing at low and high Tsubstrate for the 

system. Even though some of these scattering patterns indicate high levels of liquid crystal-like order, 

they are best described as “glasses” as we discuss below. For the pattern obtained from the glass prepared 

at Tsubstrate = 240 K (~0.77Tg), a broad diffraction peak can be seen at qz ~1.75 Å-1, corresponding to a real-

space 3.7 Å periodic structure propagating out-of-plane, that can be inferred to be a π-π stacking structure. 

A diffraction peak appearing in-plane at qxy~0.5 Å-1 indicates in-plane periodicity corresponding to 

roughly 13 Å, approximately a molecular diameter. These two features combined show a columnar 
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structure with columns propagating out-of-plane as shown in the schematic alongside the pattern. There is 

some disorder within the columns reflected in the breadth of the peak at qz ~1.75 Å-1.  

By comparison, the film prepared at Tsubstrate = 295 K (Tsubstrate ~ Tg), is highly ordered with columns 

propagating in-plane. The in-plane columnar structures are evidenced from the sharp in-plane diffraction 

peak at qxy ~ 1.8 Å-1 (notice this peak is not detectable along qz). This peak corresponds to a real-space 

periodic structure of 3.5 Å, indicating a more tightly packed π-π interaction between molecules within the 

same column than in the sample prepared at lower Tsubstrate. The sharpness of the peak, azimuthally as well 

as along qxy, indicate that the columns formed in this film are much more highly ordered and oriented than 

those in the low deposition temperature film. The columns themselves form a rectangular superstructure, 

as inferred from the rectangular grid-like pattern, with columns packing farther apart out-of-plane (dout-of-

plane = 13.6 Å) than in-plane (din-plane = 11.5 Å), as shown in the schematic (a = 13.6 Å, b = 11.5 Å, c = 3.5 

Å). This structure in the high Tsubstrate film is similar to planar aligned equilibrium liquid films of columnar 

liquid crystal structures (with columns parallel to substrate).31 As the GIWAXS experiments indicate that 

the film is macroscopically isotropic in the plane of the substrate, we infer that there must be an isotropic 

distribution of in-plane columnar structures in domain-like formations. The peak at qxy ~ 1.8 Å-1 results 

from the subset of structures with columns perpendicular to the beam while the rectangular grid-like 

pattern results from the subset of columns that propagate along the beam. We discuss the likely size of 

these domains below. GIWAXS patterns obtained for intermediate values of Tsubstrate for this system show 

structures similar to the two displayed in Figures 2, with a transition between the two structures occurring 

over about 10 K in Tsubstrate near 265 K. The observation that this transition occurs about 50 K below Tg 

(~310 K) is highly relevant for understanding the mechanism by which vapor deposition prepares these 

ordered structures.  

Vapor-deposited films of the phenanthroperylene-ester, a hexagonal columnar mesogen, also 

exhibit two representative structures, as shown in the second (blue) panel of Figure 2. The film deposited 

at low Tsubstrate exhibits a preferred face-on packing arrangement with a broad diffraction peak (with 
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scattering spread radially) centered around qz~1.75 Å-1; this broad orientational pattern indicates a 

packing arrangement with a wide distribution of out-of-plane periodic structures. This peak corresponds 

to a 3.6 Å disordered out-of-plane packing structure. There is another highly textured ring diffracting 

most strongly in-plane at qxy ~ 0.45 Å-1 (or, d ~ 13.9 Å), corresponding to a molecular diameter indicating 

nearest-neighbor order predominantly orthogonal to the π- π interaction direction. Films deposited at high 

Tsubstrate (near Tg) are highly ordered. There is a sharp feature indicative of π - π stacking in-plane at qxy ~ 

1.8 Å-1 (d = 3.5 Å), and sharp peaks at qz ~ 0.45 Å-1 as well as azimuthally along a 60-degree angle from 

qz, showing a hexagonal packing superstructure between columns (a = 13.9 Å; c = 3.5 Å). This is shown 

schematically alongside the scattering pattern and is similar to the structure of a planar aligned 

equilibrium film of the phenanthroperylene-ester, as shown below. As in the case of the triphenylene-ester 

system, the schematic for the high temperature sample is representative of one domain-like structure. 

While film structures accessible in the phenanthroperylene-ester and the triphenylene-ester share some 

common phenomenology, the phenanthroperylene-ester films show a more continuous transition in 

structure as Tsubstrate is varied. At intermediate substrate temperatures, highly textured versions of the high 

temperature hexagonal packing motif can be accessed. These structures will be discussed below and their 

scattering patterns can be found in Figure 5.  

Unlike the two systems discussed above, m-MTDATA (Figure 2 third panel, orange) is a non-

mesogen. Films prepared at low Tsubstrate exhibit a slightly face-on packing motif as inferred from the 

anisotropy in the amorphous halo at q ~ 1.4 Å-1 in the top pattern, indicative of some preference for face-

on packing with π stacking out-of-plane. A film deposited at Tsubstrate ~ Tg, on the other hand is isotropic 

and disordered, similar to the structure expected for the equilibrium supercooled liquid of m-MTDATA. 

Structures trapped into films at intermediate values of Tsubstrate monotonically become more ordered with 

decreasing Tsubstrate. This observation is in qualitative agreement with optical measurements19 of the 

molecular orientation of m-MTDATA which showed that the molecules go from isotropically organized 

to preferentially laying in-plane from high Tsubstrate to low Tsubstrate.  



103 

 

 

 

Figure 2. 

 

Figure 2. 2D GIWAXS patterns obtained from 

vapor-deposited films (~ 150 nm thick) of three 

systems, with schematics describing molecular 

packing. For each system, data is shown for 

glasses prepared at Tsubstrate ~ 0.75Tg (upper 

panel) and Tsubstrate ~ Tg (lower panel).  In the 

schematics, each disk represents one molecule. 
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Film morphology. Film morphology is important when considering these materials for applications and 

it provides further insight into the structure and organization of the films that cannot be provided by 

GIWAXS.  We used atomic force microscopy (AFM) to investigate the surface morphology of vapor-

deposited films of the three systems. Figure 3 shows AFM micrographs from low Tsubstrate and high 

Tsubstrate films of the triphenylene-ester, the phenanthroperylene-ester and m-MTDATA. All AFM 

measurements were performed at room temperature. As discussed above, the highly-ordered films 

prepared from columnar liquid crystals at Tsubstrate ~ Tg are expected to exhibit domain-like structures in 

the plane of the substrate. While the surface morphology may not necessarily reflect the bulk 

morphology, we argue below that the surface features provide a reasonable first approximation to the 

domain structure in the bulk. 

 For the triphenylene-ester, films prepared at low Tsubstrate (left micrograph of top panel in Figure 3) 

are molecularly smooth (Rq = 0.4 nm; where Rq is the root mean square average height deviation from the 

mean image plane). In contrast, the film prepared at high Tsubstrate (right micrograph) for the same 

molecule exhibits domains a few 100 nm in size (Rq = 3.0 nm). We interpret the domains observed at high 

Tsubstrate as highly ordered regions of in-plane columnar structures. This is consistent with a rudimentary 

Scherrer analysis, based on the peak widths of the columnar scattering peaks (Δq = 0.018 Å-1), indicating 

domains of at least 35 nm in the bulk. For films prepared at low Tsubstrate, the face-on packing inferred 

from the scattering pattern does not require the presence of in-plane domains and this is consistent with 

the smooth nature of the surface.  

 In vapor-deposited films of the phenanthroperylene-ester, domains are observed in the AFM 

images for films prepared at both low and high Tsubstrate. The domains get smaller as Tsubstrate is lowered, 

ranging from a few 100 nm (with Rq = 2.8 nm) for Tsubstrate ~ Tg to tens of nm in size (with Rq = 2.2 nm) 

for Tsubstrate ~0.75 Tg films (AFM micrographs from intermediate substrate temperatures have been 

excluded for brevity). The domains in the films prepared at high Tsubstrate are similar to those observed in 

the triphenylene-ester and we imagine that one domain corresponds to a region of uniform in-plane 
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alignment for the superstructure shown in the schematic in Figure 2, with the domains randomly 

distributed in-plane on the larger length scale probed by GIWAXS. We interpret the domains observed for 

the phenanthroperylene-ester film prepared at low Tsubstrate in light of the scattering pattern for this film in 

Figure 2. The q ~ 0.45 Å-1 feature indicates the presence of somewhat disorderd columns of molecules. 

The domain sizes observed in the AFM are smaller for low Tsubstrate films, consistent with the increased 

disorder.  

 Films of m-MTDATA are molecularly smooth (Rq,345 K = 0.6 nm; Rq,260 K = 1.1 nm), and exhibit 

no significant domain-like structures regardless of Tsubstrate.  For the film prepared at Tsubstrate ~ Tg, this is in 

agreement with our expectation that this film is identical to a glass prepared by cooling the isotropic 

liquid. The film prepared at low Tsubstrate is also highly disordered according to Figure 2, in comparison to 

films prepared from mesogens; domains would not seem to be required in such a disordered material.  
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Figure 3. 

 

Figure 3. AFM micrographs for glasses vapor-deposited at Tsubstrate ~ 0.75Tg (left) and Tsubstrate ~ Tg (right) 

for three systems. The height contrast color scale is kept constant at 8 nm for all the micrographs. The 

two liquid crystal systems exhibit domain-like structures in the films deposited at Tsubstrate ~ Tg (and the 

phenanthroperylene-ester shows domain-like structures also in the low Tsubstrate films). The non-mesogen, 

m-MTDATA, on the other hand, forms molecularly smooth films across the Tsubstrate regime investigated.  
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Intermolecular π conjugation. For many applications involving organic electronics and optoelectronics, 

the delocalization of electronic states within the material is highly relevant. Charge carrier mobility in 

organic materials is controlled by several factors,5,32–38 and large π-conjugation between molecules is of 

predominant importance in non-polymeric organic electronic materials.39 To gain some insight into this, 

we compared UV/Visible absorption (UV/Vis) spectra obtained from a highly ordered film and a less 

ordered film of the same system, along with a film prepared by vitrifying the equilibrium liquid crystal 

state of the system.  

Figure 4 shows the UV/Vis spectra as a function of wavelength for three phenanthroperylene-

ester films: a film deposited at Tsubstrate = 295 K, a film deposited at Tsubstrate = 387 K, and a film quenched 

to room temperature from an extending anneal in the equilibrium liquid crystal phase. The position of 

absorption features in the UV/Vis spectra are indicative of relative electron delocalization: red-shifted 

(lower energy) absorption features correspond to more delocalization in the system. 40,41  Comparing the 

as-deposited films, there is a roughly 6 nm red-shift associated with the highest wavelength (lowest 

energy) absorption at around 460 nm in the film deposited at Tsubstrate = 387 K. We take this to indicate 

better π-conjugation in the film deposited at the higher temperature and this is consistent with the more 

ordered structure observed in GIWAXS in Figure 2. Interestingly, the spectrum of the sample prepared by 

an hour-long anneal at Tg + 10 K of a vapor-deposited film prepared at Tsubstrate =387 K shows no peak 

shift when compared with the more ordered vapor-deposited glass. This indicates that the extent of 

conjugation is similar in both films and that, at least on a local level, the extent of ordering in the Tsubstrate 

~ Tg vapor-deposited film is similar to that of the equilibrium liquid crystal. As a point of reference, the 

observed shift of the absorption of the lowest energy electronic state is comparable to shifts in peak 

absorption between various crystal polymorphs of Alq3 (aluminum tris(8-hydroxyquinoline), with the red-

shifted Alq3 polymorph believed to exhibit greater π-conjugation between ligands.42 A larger, roughly 20 

nm, shift is seen between an isotropic and nematic polymeric liquid crystal aligned with a polyimide-

treated substrate and an external field.41 
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Figure 4. 

 

Figure 4. UV/Visible absorption spectra for three films of the phenanthroperylene-ester:  a vapor-

deposited film (Tsubstrate = 295 K = 0.75Tg, blue dotted line), a highly-ordered vapor-deposited film 

(Tsubstrate = 387 K = 0.99Tg, red solid line) and a film annealed at 402 K (Tg + 10 K) for an hour before 

cooling back to room temperature for the measurement (gray dashed line). Three peak positions are 

labeled with vertical lines to highlight the redshift observed for the highly-ordered vapor-deposited 

sample.  
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As-deposited films are not three-dimensional crystalline solids. While most glasses are prepared by 

cooling an isotropic liquid, glasses have been prepared from many liquid crystalline phases.43 Glassy 

states formed from liquid crystals can preserve highly ordered liquid-crystalline packing in the solid 

state.10 We can use data on the phenanthroperylene-ester to show that the vapor-deposited films are out-

of-equilibrium (glassy) solids as opposed to three-dimensional (3D) crystals. 

Figure 5 shows GIWAXS patterns obtained from three phenanthroperylene-ester films, before 

(left) and after (right) annealing above Tg. On the left, are patterns obtained from films prepared at Tsubstrate 

= 295 K, 335 K and 360 K (0.75Tg, 0.85Tg and 0.92Tg). The patterns on the right were obtained from the 

same films after a 12 minute anneal at 402 K (= Tg + 10 K = Tm – 118 K). All the patterns shown here 

were obtained at room temperature; in-situ diffraction patterns obtained during annealing are shown in 

Supplementary Information. Upon annealing, all three films evolve to some extent towards the columnar 

hexagonal scattering pattern expected for the equilibrium liquid crystalline phase. The films deposited at 

Tsubstrate = 335 K and 360 K are initially highly textured forms of the equilibrium edge-on columnar 

structure that become less textured after annealing. The evolution of the Tsubstrate = 295 K sample upon 

annealing is and discussed below. The observation that all three films evolve when held 118 K below the 

melting temperature indicate that the as-deposited films are not crystalline. Furthermore, mixed index 

peaks would be expected for a 3D crystal; the absence of such peaks is a strong general argument that the 

as-deposited films are not crystals. This conclusion is further supported by comparing the X-ray 

diffraction pattern of crystalline phenanthroperylene-ester with the vapor-deposited films, shown in the 

SI.    
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Figure 5. 

 

Figure 5. 2D GIWAXS patterns for three vapor-deposited films of the phenanthroperylene-ester before 

and after annealing at T = 402 K (Tg + 10 K) for 12 minutes, with Tsubstrate values indicated. The left 

column shows patterns for the as-deposited glasses while the right column shows patterns after annealing. 

All the films evolve towards the equilibrium structure with homeotropic molecular alignment.  In both 

patterns for the Tsubstrate = 335 K sample, the bright feature at qxy = 1.7 and qz = 1.2 A-1 is diffuse scatter 

from the underlying silicon substrate and not from the phenanthroperylene-ester film.  
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The structural evolution of the Tsubstrate = 295 K sample upon annealing is particularly interesting as it 

gives us a window into the transformation process. After the 12-minute anneal at 402 K, the film is only 

partially transformed into the preferred planar alignment.  An extended anneal of 5 days at the same 

temperature completely transforms the film into a planar aligned liquid crystal. The GIWAXS patterns in 

the SI illustrate that this transformation begins at the free surface (vacuum interface) with the molecules 

anchoring edge-on (planar columnar alignment). During annealing, the bulk of the film initially perfects 

the pre-existing microstructure (as can be observed, for instance, by the sharpening of the out-of-plane 

peak at qz ~1.75 Å-1 among other features); eventually the preferred planar column geometry propagates 

from the free surface through the bulk of the film.  

Discussion 
The origin of structural anisotropy observed in vapor-deposited films. For each of the three systems 

investigated here, quite different structures can be prepared by physical vapor deposition, depending upon 

the choice of substrate temperature during deposition.  A mechanism based on molecular dynamics 

simulations has been proposed to explain how non-mesogens form anisotropic glasses through the 

physical vapor deposition process.16,25 Very recent work has utilized this approach to understand the 

structures prepared by vapor deposition of a smectic mesogen.20 In this section, we show that this 

mechanism can also account, at least qualitatively, for the structures observed here for columnar 

mesogens.  

 It has been shown that vapor deposition of organic molecules that are not mesogens can produce 

glasses with higher thermal stability and higher density than glasses of the same system quenched from a 

liquid;44,45 at a deposition rate of 0.2 nm/s, the largest effects are often observed for Tsubstrate ~ 0.85Tg. The 

development of these properties is attributed to high mobility near the free surface of the glass that allows 

molecules near the surface to partially equilibrate as they are being deposited onto the film. During the 

vapor deposition process, every molecule that lands on the film is, for a short time, part of the highly 

mobile surface before being buried by the next layers of molecules. During their short residence time at 
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the free surface (~5 seconds for a typical deposition rate), molecules have enough mobility to find 

efficient packing arrangements. Further deposition traps these packing arrangements in the bulk material, 

resulting in high density and high thermal stability. 

 The structural anisotropy in vapor-deposited glasses can also be traced back to the enhanced 

surface mobility described above along with one additional feature: the preferred structural packing of the 

molecules at the free surface of the liquid. Molecular dynamics simulations of coarse-grained16 and 

atomistic19,25 non-liquid crystal forming systems have provided the mechanism to explain anisotropy in 

vapor-deposited glasses. For example, liquid m-MTDATA was simulated and it was found that at the free 

surface of the equilibrium liquid, molecules tend to lie flat in the plane of the film, while deeper into the 

liquid the structure was isotropic. When m-MTDATA is deposited far below Tg (Tsubstrate ~0.75Tg, in 

Figure 2), the anisotropic structure that is preferred at the free surface is trapped into the bulk of the film. 

In contrast, when m-MTDATA is deposited at high Tsubstrate (just below Tg), the mobility near the free 

surface propagates deep enough into the film that isotropic packing arrangements are trapped by 

subsequent deposition (as shown in Figure 2).   

The mechanism to explain bulk anisotropy based on free surface structures can also be used to 

explain the structures prepared by vapor deposition of liquid crystals. Ediger and coworkers vapor-

deposited a smectic liquid crystalline system, itraconazole,20 finding that deposition near Tg resulted in a 

highly ordered glass with structure similar to a smectic monodomain. In smectic liquid crystals, the free 

surface structure in equilibrium involves homeotropic anchoring (where the molecular long axis is 

perpendicular to the vacuum interface) and smectic layers parallel to the interface.24  When deposited near 

Tg, high mobility allows each layer to form this equilibrium structure and further deposition traps this 

structure into the glass. 

For columnar systems, the vacuum interface generally induces edge-on molecular alignment (i.e., 

columns propagating in-plane).31,46 Thus, the edge-on molecular alignment motif will be assembled 

during the deposition process if surface mobility is sufficient. For depositions with Tsubstrate ~ Tg, this leads 
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to the highly-ordered structures shown in Figure 2 for the two mesogens in this study. As each new layer 

is deposited, the molecules align edge-on along the free surface, with the same director and in registry 

with the underlying layer, as they would in an equilibrium film, before being trapped in this arrangement 

by oncoming molecules. This explains why the observed superstructures mimic the equilibrium 

hexagonal and rectangular columnar structures for the phenanthroperylene-ester and the triphenylene-

ester, respectively. Since in-plane structures are being formed simultaneously on all parts of the film and 

there is no driving force for macroscopic alignment, there should be a domain structure with a uniform 

distribution of in-plane directors, consistent with our observations. This highly ordered structure is 

observed when deposition occurs considerably below Tg (down to Tg – 50 K for the triphenylene system) 

and is an indication that surface mobility is much higher than bulk mobility, as observed previously for 

glasses of organic molecules that are not mesogens.26  

For deposition of the columnar liquid crystal systems at Tsubstrate ~ 0.75Tg, surface mobility is 

lower and molecules at the free surface are unable to rearrange into the preferred edge-on molecular 

alignment before being buried by the next layer of molecules. In this temperature regime, we infer that the 

molecules deposited on the film initially tend to lie flat in the plane, and are trapped in this motif upon 

further deposition; this is consistent with observations for low temperature depositions of non-

mesogens.16,19 For both liquid crystalline systems in Figure 2, there is evidence for preferential π-π 

stacking out-of-plane with columnar structures propagating out-of-plane.  For the low temperature 

depositions, the triphenylene-ester films are more highly ordered than the phenanthroperylene-ester films. 

We conjecture that this may be due to the high symmetry of the triphenylene-ester molecule; minimal 

molecular rearrangement would be required to form the in-plane rectangular structures observed in these 

films.   

Previous studies involving columnar liquid crystalline systems have shown there is an order-

induced enhancement in charge carrier mobility.47 Eccher et al., for instance, showed that vapor 

depositing a discotic derivative of benzo[ghi]perylene led to higher charge carrier mobility than a spin-
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coated film of the same material, but still higher charge mobility was observed in a highly annealed 

sample.22 In that work, the deposited films were prepared by deposition onto a substrate at ambient 

conditions. We interpret this result to indicate that deposition at a low substrate temperature resulted in a 

relatively disordered film that, upon annealing, increased in order and electrical performance. In the 

present work, we have shown that by careful choice of substrate temperature during deposition, the as-

deposited film does not need to be annealed to prepare a highly ordered film. Moreover, the substrate 

temperature can also determine if the ordered structures are packed edge-on or face-on.  

Based upon the results presented here for columnar mesogens and those presented previously for 

a smectic liquid crystal, 20,21  we suggest that vapor deposition can be used generically with various liquid 

crystalline systems to prepare highly ordered and highly tunable packing motifs in glassy films. In this 

study we confirmed that the structures of the as-deposited films are identical for deposition onto fused 

silica and silicon, it has been shown elsewhere that the as-deposited structures are independent of a wider 

range of underlying substrates.21 Similarly, preliminary data on thicker films of the columnar systems 

(300 nm) indicates that the structures of the as-deposited films are independent of thickness; for other 

vapor-deposited systems, this has been shown for a much wider range of thicknesses and systems, from 

20 nm48 to microns20. These findings are consistent with the proposed mechanism since the structure 

trapped in the solid films is directed by the free surface (and not the substrate).   

Potential applications. Manipulating organization and structure in organic solids is a crucial step 

towards engineering better films for organic electronic and optoelectronic devices. Liquid crystalline 

moieties have been explored for this purpose and glasses prepared from liquid crystals have been 

investigated for a variety of applications from thin film transistors to polarizers and optical notch filters.10 

In these studies, however, the ordered layers were prepared by thermal annealing and then quenched to 

attain the required morphology.  

 In comparison to thermal annealing, vapor deposition presents a number of potential advantages 

as a means to prepare solids with liquid crystalline order.  Vapor deposition provides access to a large 
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variety of microstructures independent of the chemical nature of the underlying substrate; for thermal 

annealing to be successful, the anchoring condition imposed by the substrate must be consistent with the 

desired structure.  In addition, thermal annealing of one layer might degrade the structure of a previously 

prepared layer. Vapor deposition is already a common thin film fabrication technique in industrial 

settings, making these findings even more pertinent. The two representative structures formed in the 

liquid crystalline systems investigated in this study are both potentially useful in devices46 that require 

different geometries. For instance, in organic field effect transistors (OFETs) where efficient charge 

transport is required from a source to a drain (running along the device plane) in-plane columnar 

structures (i.e., edge-on molecular packing motifs) are beneficial. On the other hand, for organic 

photovoltaic devices (OPVs) which generally have sandwich device geometries, out-of-plane columnar 

arrangements (face-on molecular packing) are most efficient to carry charges between the device 

electrodes. That these structures are accessible without consideration of the underlying substrate 

chemistry may be valuable in designing devices. 

Conclusion 
Glasses of three disc-shaped molecular systems were prepared by vapor deposition, including two 

systems that form columnar liquid crystals. For the liquid crystal systems, a range of potentially useful 

structural motifs were shown to be accessible by controlling the substrate temperature during deposition 

(Tsubstrate). When deposited at Tsubstrate near Tg, the structures of the columnar systems were closely related 

to their equilibrium liquid crystal structures. Depositing at Tsubstrate ~ 0.75 Tg, prepared face-on packing 

motifs of varying levels of organization. The vapor-deposited structures could be rationalized by a 

mechanism in which glass packing is controlled by surface mobility; if the substrate temperature is close 

to Tg, molecules at the surface organize into structures preferred at the free surface of the equilibrium 

liquid crystal and this structure is trapped into a glassy solid. 

This work provides a new method to prepare highly organized films of columnar liquid 

crystalline systems, extending previous work involving a smectic20 liquid crystal and non-mesogens16. 
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This preparation technique may be useful in preparing active layers in organic electronic and 

optoelectronic devices. One important aspect of the work that needs further investigation is the 

preparation of highly organized films with controllable in-plane structure (such that all the columns are 

pointing along a predetermined axis in the device geometry). More work is required to move towards that 

goal, perhaps with the use of external fields during the deposition process to control in-plane order. 
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Molecular orientation at the interfaces determines important material properties.  Orientation at 

the free surface determines surface charge,1 surface energy,2,3 and which functional groups are available 

for gas phase reactions.4  At the interface between two organic semiconductors, molecular orientation 

determines charge injection across the interface.   In this work, we show for the first time that molecular 

orientation at the free surface of organic semiconductors is anisotropic, both in the liquid state and as 

vapor-deposited glasses.  We focus on the relevance of these findings for understanding the anisotropy of 

vapor-deposited glasses such as those used in the production of OLEDs.  In OLEDs, it is understood that 

anisotropic packing can increase the efficiency of both light emission5 and charge transport.6  More 

generally in organic electronics, it is widely appreciated that anisotropic packing can optimize the 

performance of a range of devices including OFETs,7 optical notch filters,8 and solid-state lasers.9 

Physical vapor deposition, a common industrial fabrication technique for organic thin films,10 has 

been shown to prepare glasses with structural anisotropy and also with high kinetic stability11.  Vapor 

deposition of non-mesogenic molecules can form mildly anisotropic glasses while deposition of 

mesogens can result in highly ordered structures that resemble monodomains of liquid crystals.  For any 

given molecule, a range of anisotropic structures can be formed depending upon the temperature of the 

substrate during deposition (Tsubstrate).12–17 Understanding the origin of the anisotropic packing in vapor-

deposited glasses of such a wide range of molecules is highly relevant, due to the technological 

importance of controlling molecular packing in solids.  Other thin film fabrication methods can also 

produce anisotropic films but typically utilize external fields18 or careful control of flow by shearing19 or 

blade-coating.20 

Recently a mechanism15,16 has been proposed to explain the high kinetic stability and structural 

anisotropy in vapor-deposited glasses. It is proposed that both effects result from high molecular mobility 

at the vacuum interface of an organic glass.21 As the film is deposited below the glass transition 

temperature Tg, every newly deposited molecule uses the high mobility to partially equilibrate before 

being buried by additional molecules; once a given molecule is more than a few monolayers from the 
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interface, it is trapped since it can no longer take advantage of surface mobility. The bulk vapor-deposited 

glass is, therefore, high stable since all molecules equilibrated to a significant extent below Tg. To explain 

the anisotropy of vapor-deposited glasses, this mechanism assumes that molecular orientation at the 

equilibrium vacuum interface of a liquid is generally anisotropic. During deposition, molecules try to 

equilibrate towards this anisotropic structure, and these configurations are then trapped into the bulk upon 

further deposition. This mechanism is supported by recent coarse-grained and atomistic molecular 

dynamics (MD) simulations for rod-shaped15 and disc-shaped molecules16; the simulations indicate 

significant anisotropic orientation at the free surface of the equilibrium liquids.  

To experimentally test this mechanism, we determined the molecular orientation near the vacuum 

interface and deeper into the bulk of two disc-shaped molecular systems with different equilibrium liquid 

structures and compared our results to predictions made by the mechanism. We investigated m-MTDATA 

[Tg = 354 K; 4,4’,4”-tris[phenyl(m-tolyl)amino]triphenylamine] that does not exhibit a liquid crystal 

phase, and phenanthroperylene-ester [Tg = 392 K; 1,16-di(methoxycarbonyl)-6,7,12,13-

tetra(ethoxycarbonyl)phenanthro[ghi-1,2,3,4]perylene] which forms a discotic hexagonal liquid 

crystalline phase above Tg.  

The proposed mechanism makes two clear predictions14,16 of the vacuum interface structure 

required to achieve the bulk properties of vapor-deposited glasses of the systems investigated: 1) The 

vacuum interface structure of the equilibrium liquid must be anisotropic (even if the bulk is isotropic and 

disordered), while the bulk liquid structure must be similar to structure of a glass prepared at Tsubstrate ~ Tg. 

And, 2) even though both systems are disc-shaped, the phenanthroperylene-ester liquid should exhibit 

edge-on orientation at the vacuum interface while the m-MTDATA liquid should exhibit a preferred face-

on orientation to be consistent with the bulk structural properties of the glasses. The results reported here 

are the first experimental evidence to test the mechanism, and gives us confidence that we understand and 

can predict anisotropy of vapor-deposited glasses.  
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We used near-edge X-ray absorption fine structure (NEXAFS) spectroscopy to determine the 

depth-dependent molecular orientation in films of m-MTDATA and phenanthroperylene-ester. When 

using a polarized X-ray beam, the absorption intensity near an absorption edge region (up to 30 eV above 

the edge) depends strongly on the orientation of the bonds the atom is involved in. For an absorption to 

occur, the polarization state of the incident X-ray beam must align (by a cosine-squared relationship) with 

the transition dipole associated with the absorption. In the set of experiments shown here, it is not the 

absorption that is directly measured, but rather the photoelectric emission that occurs upon relaxation 

following the absorption. Two emission regimes were measured, a surface-sensitive Auger Electron Yield 

(AEY) originating 1-1.5 nm from the vacuum interface and a bulk-sensitive Total Electron Yield (TEY) 

penetrating 10 nm from the vacuum interface. NEXAFS has previously been used to determine the 

molecular orientation of thin organic films22–24 and adsorption layers,25–27 and a similar approach will be 

used here. These are the first reported measurements on low molecular weight organic semiconductor 

films and vapor-deposited glasses, to the best of our knowledge, providing new insights into the 

interfacial structures not captured in bulk measurements.  

To determine the average molecular orientation, α, spectra are collected at various incidence 

angles, θ, as described in Figure 1a, inset. Angle-resolved TEY spectra near the carbon K-edge of a 

phenanthroperylene-ester film are shown in Figure 1a, with a region of interest (ROI) corresponding to 

the 1s-to-π* excitation (~285 eV). A pre-edge and post-edge normalization was applied to all spectra, as 

reported previously.23,28 An expanded view of the ROI is shown in Figure 1b. The absorption intensity is 

monotonically increasing when the incident angle is increased from 20○ to 90○. Qualitatively this means 

that there is a greater overlap between the incident beam polarization and π-orbital direction when the 

beam is incident at 90○ than 20○. For this sample, there is a larger population of molecules with π-orbitals 

perpendicular to the substrate than parallel, (and, therefore, more molecules with their benzene ring 

functionalities standing "edge-on" in the plane of the substrate). To quantify the average molecular 

orientation, 
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we integrate the 1s-to-π* response as a function of incident angle, θ (as reported in Figures 2-4). The 

following equation24,28 is fit that simulates the angular response of the 1s-to-π* response: 

𝐼(𝛼, 𝜃) = 𝐴 {
1

3
𝑃 [1 +

1

2
(3𝑐𝑜𝑠2𝜃 − 1)(3𝑐𝑜𝑠2𝛼 − 1)] +

1

2
(1 − 𝑃)𝑠𝑖𝑛2𝛼} (1) 

In eqn. 1 I is the integrated intensity of the 1s-to-π* response as a function of θ, α, normalization factor, A, 

and the polarization factor of the beam, P (90%). The equation is used to fit the experimental response 

with α as the fitting parameter (dashed lines in Figures 2-4). The equation assumes cylindrical symmetry 

in the system; a reasonable assumption since the films have been shown to be in-plane isotropic, as 

described elsewhere.14,16 

We will begin our discussion investigating vapor-deposited glasses of m-MTDATA, the non-

mesogen system represented in Figure 2. At the top of the figure are plots representing surface-sensitive 

AEY (1-1.5 nm depth) and TEY (10 nm depth) 1s-to-π* absorption intensities (nitrogen K-edge ~400 eV) 

as a function of θ for glasses prepared at Tsubstrate ~ 0.75Tg (left) and Tsubstrate ~ Tg (right). The dashed lines 

are the best fit to equation (1) with α indicated in the figure. Below the plots are schematics, with every 

disc representing one molecule of m-MTDATA. The 10-nm depth measurements are consistent with bulk 

measurements using X-ray scattering and optical observables reported previously. For the film prepared at 

low Tsubstrate, the molecules have a slight tendency to lay “flat” in-plane (47○ < 55○ isotropic) while the 

films prepared at high Tsubstrate have a 55○ average molecular orientation, consistent with an isotropic 

response. The high Tsubstrate glass is expected to be essentially identical to the supercooled liquid structure 

of m-MTDATA based upon optical16 and X-ray measurements.14 In addition, we observed that the carbon 

K-edge spectra collected for the equilibrium supercooled liquid and high Tsubstrate glass were similar, to 

within 2○ uncertainty for TEY orientation measurements (due to time limitations, we were unable to 

collect nitrogen K-edge spectra on the supercooled liquid). The surface, on the other hand, are similar in 

both glasses, with AEY spectra indicating identical α values to within 3○, regardless of Tsubstrate.  
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The results from the m-MTDATA glasses discussed above are indicative of two pieces of 

evidence supporting the proposed mechanism: 1) the surface structures are anisotropic, even for the bulk 

isotropic glass (and by proxy, the supercooled liquid), and 2) the vacuum interface of all glasses of m-

MTDATA are highly mobile, allowing for both the glasses to equilibrate at the vacuum interface to 

similar structures. During the deposition, molecules arriving at the vacuum interface have a preferred 

face-on orientation (perhaps to reduce surface area). At low Tsubstrate, this preferred orientation is trapped 

into the bulk of the film upon further deposition. As a new set of molecules arrives at the vacuum 

interface, the previous set are cannot rearrange due to the limited mobility at low Tsubstrate in the bulk. On 

the other hand, at high Tsubstrate, there is enough mobility deeper into the film such that even after being 

buried by continued deposition, the molecules can still rearrange to the preferred bulk orientation (i.e., 

isotropic or 55○).  

Figure 3 shows 1s-to-π* (carbon K-edge ~285 eV) data from vapor-deposited glasses and an 

equilibrium supercooled liquid film of phenanthroperylene-ester, the columnar mesogen. The 10-nm TEY 

response is consistent with previously reported bulk measurements. In the bulk, glasses prepared at 

Tsubstrate ~ 0.75Tg exhibit a tendency for molecules to lie in-plane (50○<55○ isotropic), somewhat similar to 

the non-mesogen. Glasses prepared at Tsubstrate ~ Tg, however, show a strong tendency towards “standing” 

edge-on in the plane of the film, markedly different from the film prepared under equivalent conditions 

for the non-mesogen. The liquid of phenanthroperylene-ester also shows this strong edge-on molecular 

orientation in the 10-nm TEY response. The columnar packing motif shown in the schematics cannot be 

inferred from the NEXAFS spectra, but is based on X-ray scattering results that indicated the formation of 

highly ordered hexagonal columnar packing motifs present in the high Tsubstrate glass and the equilibrium 

supercooled liquid. Quite similar to the TEY response, the surface-sensitive AEY response also shows a 

preferred face-on molecular orientation at the vacuum interface for the low Tsubstrate glass, and an edge-on 

molecular orientation at the vacuum interface of both, the high Tsubstrate film and the supercooled liquid.  
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The results from the phenanthroperylene-ester glasses and liquid discussed above are in 

agreement with the predictions of the mechanism, with the vacuum interface of the liquid being 

anisotropic. Unlike m-MTDATA, the molecules near the vacuum interface for the high Tsubstrate glass and 

the liquid of phenanthroperylene-ester, prefer an edge-on orientation. This behavior is 

phenomenologically similar to other discotic liquid crystal systems.29 During deposition, the oncoming 

molecules initially adopt a face-on orientation. At low Tsubstrate, this orientation gets trapped into the bulk 

of the film as the molecules are buried by further deposition into an immobile bulk. At high Tsubstrate, 

however, the mobility is high enough for the molecules during their short residence time, and even deeper 

into the bulk, to rearrange to the preferred equilibrium orientation. Interestingly, unlike in the films of m-

MTDATA, where the film’s vacuum interface rearranged to the preferred interface molecular orientation 

regardless of Tsubstrate, phenanthroperylene-ester’s vacuum interface structure is kinetically arrested to the 

as-deposited state. This may be because at room temperature (roughly 100 K below Tg), the molecular 

mobility, even at the vacuum interface, is limited. However, upon heating the film above Tg, the vacuum 

interface rearranges to the preferred equilibrium edge-on molecular orientation, while the bulk doesn’t 

have the required mobility to do so, as described below.  

Figure 4 summarizes an annealing experiment conducted on the low Tsubstrate phenanthroperylene-

ester film to show that, at elevated temperatures, the vacuum interface prefers edge-on molecular 

alignment, regardless of the underlying material. Previous studies12 on vapor-deposited glasses have 

shown that by changing Tsubstrate during deposition, a bilayer film can be formed with the molecular 

orientation within the 2 layers of the films controlled by Tsubstrate during its deposition. This was inferred to 

mean that the vacuum interface was templating the structure of the films, regardless of what the 

underlying material’s orientation was (i.e., no substrate/epitaxial effects played a role in the second layers 

structure). Indeed, this was also observed in the phenanthroperylene-ester film upon annealing. The as-

deposited low Tsubstrate phenanthroperylene-ester film exhibits face-on molecular orientation, both, at the 

vacuum interface and deeper into the film. But after annealing the film for 20 minutes 10 K above Tg (402 
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K) and quenching back to room temperature, the vacuum interface exhibits preferential edge-on

orientation, as indicated by the AEY angular response. Deeper into the film, however, the edge-on 

orientation was not developed during the anneal, but some changes to the TEY angular response are also 

observed, indicating that bulk mobility is also present, as expected 10 K above Tg. These results are 

consistent with a similar annealing experiment conducted and probed using X-ray scattering that showed 

a small population of the molecules had rearranged to the edge-on orientation post-anneal; with these 

results, we can confirm that the population involved in the rearrangement is near the vacuum interface. 

In conclusion, we used near-edge X-ray absorption fine structure spectroscopy to determine the 

molecular orientation near the vacuum interface of a non-mesogenic and a mesogenic glass-former, m-

MTDATA and phenanthroperylene-ester. We determined that the molecular orientation near the vacuum 

interface is anisotropic with a preferential face-on orientation for m-MTDATA and edge-on orientation 

for phenanthroperylene-ester. This study qualitatively confirms the structures predicted in the MD 

simulation for the non-mesogen and provides experimental evidence to support the mechanism proposed 

for the origin of anisotropy in vapor-deposited glasses. These results empirically extend the mechanism to 

mesogenic systems, as well. A deeper understanding of the origin of the observed anisotropy in vapor-

deposited glasses will allow for directed engineering of molecular films for organic electronic 

applications.   



129 

Figure 1. Top: The molecular structures of the two systems investigated. Bottom: a) total electron yield 

(TEY) spectra near the carbon K-edge collected from a glass of phenanthroperylene-ester prepared at 

Tsubstrate = 387 K. 5 curves are overlaid, corresponding to spectra collected at different incident angles, θ, 

as described inset. b) Expanded view of the region-of-interest corresponding to a 1s-to-π* absorption, 

with monotonically increasing intensity as a function of incident angle. 
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Figure 2. AEY and TEY angular responses for vapor-deposited glasses of m-MTDATA prepared at 

Tsubstrate = 260 K ~ 0.75 Tg (left) and Tsubstrate = 345 K ~ Tg (right). Schematics are shown below the plots, 

with one orange disk corresponding to one m-MTDATA molecule, to illustrate the molecular packing in 

the films. 
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Figure 3. AEY and TEY angular responses for vapor-deposited glasses and the supercooled liquid of 

phenanthroperylene-ester, prepared at Tsubstrate = 295 K ~ 0.75 Tg (left) and Tsubstrate = 387 K ~ Tg (center) 

and an equilibrium liquid measured at Tmeasure = 402 K (right). Schematics are shown below the plots, with 

one blue disk corresponding to one phenanthroperylene-ester molecule, to illustrate the molecular packing 

in the films. 
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Figure 4. AEY and TEY angular responses for a vapor-deposited glass (left) and an annealed film (right) 

of phenanthroperylene-ester. The as-deposited film was prepared at Tsubstrate = 295 K ~ 0.75 Tg (left) and 

exhibited face-on molecular orientation near the vacuum interface and deeper into the film. Upon 

annealing at Tg + 10 K for 20 min, the molecules near the vacuum interface rearrange to an edge-on 

orientation. Schematics are shown below the plots, with one blue disk corresponding to one 

phenanthroperylene-ester molecule, to illustrate the molecular packing in the films. 
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In this chapter, I will summarize the contributions of this body of work within the context of the 

field at large, divided into technique-based contributions and scientific contributions. I will also propose 

future directions of work, as well as a re-engineering of chamber components to increase productivity of 

researchers in the future. Sections 1 and 2 will focus on conclusions, while section 3 will focus on future 

directions, including (section 3.1) high-throughput NEXAFS measurements, and (section 3.2) 

determining bulk transformation length scales of glasses into supercooled liquids. And finally, in section 

4, I will propose a modification to the vapor-deposition chamber to allow for easier co-deposition of 

materials from two independently controlled material sources (crucibles). 

Adapting new techniques to characterize vapor-deposited organic 

glasses 

X-ray scattering to determine molecular packing in glasses: X-ray scattering is the gold-standard for

solid state characterization in crystalline materials. Glasses, however, are generally disordered materials, 

leading to weak scattering signatures dominated by the so-called amorphous halo,1 a broad diffraction 

ring that is azimuthally isotropic in intensity. The origin of the halo is from the distribution of inter-

atomic distances that are present in the glassy2 material (and, as such, the halo is present in the region of 

reciprocal space corresponding to distance of 3-5 angstroms). Prior work by Ediger and coworkers had 

shown that some vapor-deposited glasses exhibited structural and optical anisotropy.3–7 It is important to 

note that the structural anisotropy was not due to the formation of nanocrystallite-type structures, but 

rather a manipulation of molecular packing towards anisotropic configurations.7 Configurations of 

varying levels of anisotropy could be accessed in vapor-deposited glasses by controlling deposition 

conditions during film fabrication. These findings were, in large part, the inspiration that led to 

developing the experiments I undertook.  

As proof-of-principle, it needed to be shown that the structural anisotropy seen in a few systems 

previously was generally true of molecular glasses that exhibited optical anisotropy. Molecular glasses, 
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however, are poor candidates for X-ray scattering experiments for 2 reasons: 1) they are disordered, so 

Bragg-type diffraction phenomena that requires periodic structures in the film do not occur and 2) organic 

molecular systems consisting mainly of atoms with small radii, like carbon, oxygen and hydrogen, are 

low-Z systems, i.e., have small electron clouds to interact with the X-rays. These factors make 

determining any X-ray scattering signal on a lab X-ray source particularly challenging. To overcome this, 

the experimental conditions had to be manipulated, most importantly, with the introduction of a “knife-

edge” into the instrument geometry, as shown elsewhere.8 The knife-edge is a wedge made of Inconel 

625, a nickel-based alloy that absorbs X-rays, built in-house. It is placed directly above the thin-film 

sample, between the source and the detector. In this geometry, it works by blocking stray background 

scatter of the incident beam as the beam traverses through the air, improving signal-to-noise in the 

resulting diffraction patterns. Along with the knife-edge, the samples prepared had to be thicker (roughly 

1000 nm compared with 100-600 nm used for spectroscopic ellipsometry) to increase scattering volume 

in the experimental setup. The on-campus setup was also modified to allow for high throughput 

measurements, using the temperature gradient sample preparation technique developed4 previously by 

researchers in the Ediger lab. With this on-campus setup, we could survey glasses prepared over large 

ranges of substrate temperatures for anisotropic scattering signatures. As preliminary trials, we were 

successfully able to do this for vapor-deposited glasses of TPD, indomethacin and a subset of the TNBs.  

 Having developed a screening procedure on-campus, it was possible to shortlist samples of 

interest to investigate at the Stanford Synchrotron Radiation Lightsource (SSRL). With the assistance of 

Michael Chabinyc’s group at the University of California Santa Barbara and Michael F. Toney’s group at 

SSRL, we optimized the grazing incidence X-ray scattering (GIXS) setup at beamline 11-3 for our 

requirements: setting detector distance, slit-widths and beamstop positions tailored to investigate organic 

thin films down to ~100 nm,9 with periodic feature sizes of d ~ 35 Å to 3 Å, as well as develop in-situ 

annealing protocols. These parameters have continued to be used by Ediger group members in 

experiments that have followed. Aside from allowing for thinner films to be investigated, which is 
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important since functionalizing these materials in devices requires thin geometries, the synchrotron is also 

equipped with a large 2D detector, allowing for a quick reciprocal space mapping of the film. The 

reciprocal space map can be used to quantify the extent of anisotropy in highly disordered systems 

(Chapters 2 and 3), and solve for the structure of 3-dimensional unit cell-type structures (Chapter 4) of 

highly organized glassy materials.  

 X-ray scattering has proven to be useful, especially when combined with optical techniques to 

gain deeper insight into the molecular packing configurations accessible by vapor deposition. As 

researchers in the Ediger lab continue to make strides towards preparing films with more complex 

structures GIXS will grow in its usefulness to characterize the films. 

X-ray Absorption Spectroscopy to determine depth-dependent molecular orientation in glasses and 

supercooled liquids: A mechanism for the origin of structural and optical anisotropy in vapor-deposited 

glasses was posited based on atomistic and coarse-grained molecular dynamics (MD) simulations on 

supercooled liquids of a few molecular systems.10,11 The systems were rod-shaped and disc-shaped non-

mesogens. The mechanism relies on the fact that the vacuum interface of the supercooled liquid has 

anisotropic molecular orientation.   

 With the assistance of Dennis Nordlund at SSRL, a Near-Edge X-ray Absorption Fine Structure 

(NEXAFS) spectroscopy protocol was developed at beamline 8-2, allowing for automated sample 

alignment and in-situ temperature control, to get experimental evidence of a monolayer of molecules with 

anisotropic orientation near the vacuum interface supercooled liquids and glasses. (This setup may be 

modified such that the high-throughput temperature gradient sample geometry may be adopted for 

NEXAFS runs in the future; detailed description in 6.3.1). NEXAFS spectroscopy to determine molecular 

orientation works on the “search-light effect” principle. When a polarized incident beam is used, the 

absorption spectrum depends on the angular relationship between the polarization state of the incident 

beam and the transition dipole of the excitation, by a cosine-squared law (i.e., an absorption occurs when 

the polarization state and the transition “line up” and does not occur when they are perpendicular to each 
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other).12 This anisotropic absorption can be used to determine an average tilt angle of the transition 

dipole.13,14 In the case of a 1s-to-π* transition in a benzene moiety, the absorption maximum occurs 

perpendicular to the plane of the benzene ring. Therefore, qualitatively, if a higher absorption is seen 

when the sample is illuminated with X-rays at the 1s-to-π* energy at a glancing incidence than a normal 

incidence with the polarized beam, it can be inferred that there is a larger population of benzene rings 

laying in-plane. 

Scientific contributions of this body of work 

A recent push in materials science has been towards preparing organic films with controllable 

microstructures for organic electronic and optoelectronic applications. Depending on the application, 

preferential face-on or edge-on packing arrangements can be advantageous. In non-mesogenic systems, 

the extent of structural anisotropy is relatively small, but still quantifiable by X-ray scattering anisotropy, 

as shown in Chapter 2. To prepare films that were highly anisotropic, we turned to liquid crystal-forming 

mesogens, with their penchant to self-assemble into highly ordered structures in equilibrium. We 

investigated how substrate temperature during deposition (Tsubstrate) affects the structure in vapor-

deposited glasses of calamitic (rod-shaped; section 6.2.1) and discotic (disc-shaped) mesogens (section 

6.2.2) in Chapters 3 and 4, respectively. In 6.2.3, I briefly discuss the experimental evidence collected to 

verify a mechanism proposed to explain the origin of structural anisotropy in vapor-deposited glasses as 

described in Chapter 5. 

Calamitic liquid crystals form highly tunable structures by vapor deposition. Itraconazole, a model 

smectic liquid crystal former, was shown to exhibit not only highly organized structures upon vapor-

deposition, but also exhibit structures that could not be accessed in equilibrium or by long annealing.15 In 

equilibrium, itraconazole forms smectic layers above the glass transition temperature. When deposited at 

or above Tg, monodomain films of layered itraconazole were prepared that would maintain the smectic-

like layering even after the film was cooled to below Tg, with an average tilt angle of 27 degrees from the 
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substrate normal. Decreasing Tsubstrate found that layer-spacing could be monotonically decreased as well, 

until the average molecular tilt angle was roughly 55 degrees (at a Tsubstrate ~ 307 K). In films prepared at 

Tsubstrate less than roughly 307 K, the molecules were almost exclusively face-on with an average tilt angle 

of 76 degrees. Perhaps most remarkably, the vapor-deposited films prepared above Tg were more highly 

organized than a film of similar thickness annealed above Tg for one week, showcasing the potential 

advantages of vapor deposition over thermal annealing. 

Discotic liquid crystals form highly organized columnar structures by vapor deposition. In 

equilibrium, columnar discotic mesogens molecular columns that further aggregate into either hexagonal 

or rectangular (distorted hexagonal) superstructures.16 The direction of these columns, either 

perpendicular or parallel to the substrate, in equilibrium systems is dependent on the boundary conditions 

at the substrate (and/or vacuum) interfaces.17 We showed for two mesogen systems that, by controlling 

Tsubstrate during deposition, glasses with columns propagating in- or out-of-plane could be formed. At 

Tsubstrate ~ 0.75Tg, the columns propagate out-of-plane and the molecules are laying face-on, while at 

Tsubstrate ~ Tg, the columns propagate in-plane (albeit randomly propagating in-plane. The films prepared at 

high Tsubstrate were particularly highly ordered with domain-like formations observed on the free surface, 

as well. These results were in stark contrast to the non-mesogen disc-shaped system investigated that 

showed no domain-like structures and did not exhibit any sharp diffraction peaks associated with long 

range columnar packing motifs.  

Molecular orientation near the vacuum interface. To explain the motivation behind this study, it is 

illustrative to revisit the mechanism10,11 proposed in the literature on the origin of anisotropy in vapor 

deposited films. The mechanism proposes that the anisotropic nature and the high kinetic stability of 

vapor-deposited glasses can be traced by to the enhanced surface mobility observed at the vacuum 

interface of organic glasses. As molecules are vapor-deposited, they land at the vacuum interface where 

they can have up to 8 orders of magnitude higher molecular mobility to rearrange than when trapped in 

the bulk of a glass. During the short residence time at the vacuum interface, the molecule partially 
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equilibrates, before getting buried by the next set of molecules to be deposited. The extent of equilibration 

depends on the length of residence time (controlled by deposition rate) and the mobility at the surface 

(controlled by the substrate temperature during deposition, Tsubstrate). The anisotropy arises because the 

partial equilibration leads the molecules to rearrange in an anisotropic configuration because, as per the 

molecular dynamics simulations10,11 of the liquids, these are the preferred configurations at a vacuum 

interface in equilibrium. Experimentally measuring the molecular orientation near the vacuum interface 

would let us test the validity of the mechanism. 

NEXAFS spectroscopy was used to determine the molecular orientation near the vacuum 

interface and deeper into the bulk of the film for 2 systems: m-MTDATA and phenanthroperylene-ester, a 

non-mesogen and columnar mesogen, respectively. We experimentally verified that the MD simulations 

were a reasonable picture for the nature of the vacuum interface of the liquids, providing evidence 

towards verifying the proposed mechanism. We also empirically extended the proposed mechanism to 

mesogens by determining molecular orientation near the vacuum interface for liquid crystalline systems, 

as well, that exhibit very different bulk anisotropy upon vapor-deposition than non-mesogenic systems. 

Based on the mechanism, one would predict an opposite anisotropy near the vacuum interface of 

supercooled liquids (and by proxy, liquid-cooled glasses) for mesogens (edge-on orientation) as opposed 

to non-mesogens (face-on orientation). We determined this to be true, and the results are shared in 

Chapter 5. 

Future directions 

6.3.1 High-throughput NEXAFS experiments 

The pre-existing hardware at beamline 8-2 can be easily adapted to be used for temperature 

gradient samples. A change in the command line that controls the instrument is enough to modify the 

protocol to be used. In Figure 1, I have provided an example of what the modified SPEC command line 
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would look like along with a schematic showing the experimental setup if using a temperature gradient 

sample. Every command allocates a certain area defined by positions on the NEXAFS sample holder 

“stick,” and the measurement occurs at the center of that allocated area, as described in Figure 1. 

 

 
 
 

# Everything between “#” is a comment (not code) # 

htxs_set_sample_info 1 1 "sample1 spot1"  0 -0.5 2  10 -0.5 6          

 

# The above command defines an area with filename “sample1 spot1” 

section 101 (6-2=)4 by (10-0=)10 mm area (0.5 mm thick substrate)# 

 

htxs_set_sample_info 1 2 "sample1 spot2"  0 -0.5 6  10 -0.5 10         

htxs_set_sample_info 1 3 "sample1 spot3"  0 -0.5 10  10 -0.5 14         

# This can be run with smaller limiting dimensions if needed, keeping 

in mind spot size is about 1 mm# 

. 

. 

. 

 

Figure 1. One of the NEXAFS sample holders available at beamline 8-2 is shown above, with two 

temperature gradient samples shown mounted on. The SPEC code shown below will execute the 

measurements indicated by the white X marks. The demarcations of spot position are not to scale for 
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illustrative purposes, and are representative of the areas of interest on the sample as defined by the code 

below. Measurements occur at the center of an area of interest. 

 

Determining the length-scales associated with bulk vapor-deposited stable glass transformations 

 Stable glasses, unlike liquid-cooled glasses, transform via a growth front mechanism18 when 

annealed above the glass transition temperature, Tg. (Liquid-cooled glasses, on the other hand, inherit 

dynamic heterogeneity from the liquid, and so transform via a bulk mechanism where some regions 

transform sooner than others, but on a scale of 5 nm or larger looks homogeneous). The growth-front 

transformation of stable glasses is related to the high molecular mobility19 at the free surface of a film, 

and the very efficient molecular packing of the bulk of a stable glass. When the stable glass is annealed 

above Tg, the molecules in the bulk are very densely packed (compared with the packing efficiency in a 

liquid-cooled glass) but the molecules at the free surface are able to rearrange (due to enhanced 

mobility/free volume at the free surface).  This leads to the transformation of the top layer of the film into 

a supercooled liquid, and the layer of glass right below it has a liquid-glass interface, where it too can 

transform. And so, this front of enhanced mobility cascades through the rest of the film.  

 By reducing mobility at the free surface (by capping the film with a higher Tg material or 

sputtering a metal on top), the growth front mechanism can be impeded. In this case, the glass may begin 

to transform from within the bulk. This is also observed in very thick (uncapped) films of stable glasses 

where, it is inferred that, both a bulk and a growth front process occur. One way to think about this is that 

the bulk transformation process is stochastic, and the larger the volume of bulk the higher the chances of 

this process being initiated.  

 The bulk transformation process in stable glasses described above has not been characterized. 

Small angle X-ray scattering (SAXS) may allow us to gain insight into the size and dynamics of the 

growth of supercooled liquid regions within a glassy matrix as a glass is transformed. Scattering relies on 



145 

 

fluctuations in electron density, and the density changes between the supercooled liquid and the glass can 

be about 1.5-2% (depending on glass preparation and annealing temperature). Similar studies have 

previously been shown in cases of polyamorphism of an organic system20 and transformation kinetics of a 

metallic glass,21. It has been observed in vapor-deposited glasses of indomethacin that for films about 1 

micron or thicker,18 the bulk process competes with the growth front mechanism. Assuming a roughly 1-

micron distance between supercooled liquid-initiation sites in a thicker vapor-deposited indomethacin 

film (on the order of 10s of microns), a q ~ 0.01 Å-1 would be required to measure such density 

fluctuations. This is accessible, for instance, at the Advanced Photon Source in Argonne, IL. Beamline 8-

ID-I could be setup with a detector distance of about 3.5 m, and a photon energy of 7.35keV, allowing for 

the small-angle reciprocal space mapping. SSRL beamline 1-5, also optimized for SAXS measurements, 

is equipped with a variable 4.6-16 keV source, a variable detector distance and a temperature-controlled 

stage, required for annealing the sample during the run. A similar geometry may be setup there. Aside 

from just the size of the density fluctuations, Rg, the shape and dispersity of the regions can also be 

determined as described schematically in Figure 2.22 The plot is a schematic of the dataset expected from 

a sample with polydisperse (in shape and size) set of density fluctuations. The plot can be divided into 2 

regimes:1 1) The plateau of intensity at low q values, or the Guinier regime (q*Rg < 1). Where the plot 

“rolls over” (short dashed line) is representative of the average size, Rg. 2) At higher q, the intensity goes 

as q-P where P is the Porod exponent. This provides information about the shape of the fluctuations, with 

extremes at P = 4 corresponding to perfectly spherical and P = 1 corresponding to rod-shaped 

fluctuations.22  
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Figure 2. Schematic of small angle X-ray scattering data from a sample with polydisperse density 

fluctuations. The low q Guinier regime describes the average size of fluctuations, Rg, while the high q 

Porod exponent, P, describes the shape of the fluctuations as described in the text. Schematic based on 

data presented in Sinha et al.22 and Cherny et al.23 
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New crucible shield design for two-component co-depositions 

 Two-component glasses with carefully controlled composition are of fundamental and application 

interest. Previous work in the Ediger group has shown that preparing films with two components with 

controllable composition is possible.3 There are two approaches to achieving this: 1) pre-mixing a known 

composition into a single crucible and running a single-source deposition, and 2) having two 

independently controlled crucibles of pure material and maintaining their relative rates of deposition to 

achieve the desired composition. The second of the two strategies allows for much more experimental 

flexibility and less wasted material. However, when designing such experiments with colleagues, some 

recurring engineering issues impeded progress. Most crucial of these was the fact that the crucibles had to 

be rotated around a fixed axis to measure independent rates of deposition before exposing the substrates 

to the vapor. The crucibles are connected to the vacuum feedthrough via crimp connectors, and upon 

rotating, these connectors would often come lose due to the tension applied to them when the crucibles 

were moved. To work around this, I have designed a shield that can be mounted on the same rotational 

axis that the crucible holders are currently mounted on while the crucibles will be set at the bottom of the 

chamber (it may help to add weight to the bottom of the crucible holder for stability). The shield would 

allow for 3 positions, as shown in Figure 3, that expose either crucible one at a time, or both crucibles 

simultaneously, allowing for a precise determination of rate of deposition from both sources before 

beginning the deposition by dropping the substrate shield. Figure 4 includes a blueprint to construct the 

shield. 
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Figure 3. Top-down view of the proposed shield shown relative to position of crucibles in the vacuum 

chamber. The rotation axis of the shield is denoted by the blue X. Positions A, B and C allow for 

deposition from only the left crucible, both crucibles and only the right crucible, respectively.  
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Figure 4. A blueprint for the proposed shield. Note the screw hole in the center of the disk has not been 

specified, and should be added once the correct mount has been identified (a 1/8th inch screw will be 

compatible with the current feedthrough setup, but may need to be modified depending on user need).   
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