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Abstract 

We have found that the smooth surface of crystalline rubrene films formed through an 

abrupt heating process provides a valuable platform to study organic homoepitaxy. By 

varying growth rate and substrate temperature, we are able to manipulate the onset of a 

transition from layer-by-layer to island growth modes, while the crystalline thin films 

maintain a remarkably smooth surface (less than 2.3 nm RMS roughness) even with thick 

(80 nm) adlayers. We also uncover evidence of point and line defect formation in these 

films, indicating that homoepitaxy under our conditions is not at equilibrium or strain-

free. Point defects that are resolved as screw dislocations can be eliminated under closer-

to-equilibrium conditions, whereas we are not able to eliminate the formation of line 

defects within our experimental constraints at adlayer thicknesses above ~25 nm. We are, 

however, able to eliminate these line defects by growing on a bulk single crystal of 

rubrene, indicating that the line defects are a result of strain built into the thin film 

template. We utilize electron backscatter diffraction – a first for organics – to investigate 



the origin of these line defects and find that they preferentially occur parallel to the (002) 

plane, in agreement with expectations based on calculated surface energies of various 

rubrene crystal facets. By combining the benefits of crystallinity, low surface roughness, 

and thickness-tunability, this system provides an important study of attributes valuable to 

high-performance organic electronic devices. 
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Electronic devices based on organic thin films promise low-cost fabrication and 

utilization of flexible substrates.1 While many devices today feature amorphous films or 

polycrystalline films with grain sizes on the order of 10-100 nm, organic single crystals 

have revealed remarkably enhanced optical and electrical properties compared to 

disordered films. One of the most well-studied molecules in this regard is rubrene, whose 

orthorhombic polymorph single crystals have demonstrated high mobility (greater than 

10 cm2/Vs)2 and long exciton diffusion lengths of up to 8 µm.3 Despite this, practical 

device applications require uniform, pinhole-free crystalline thin films, rather than bulk 

crystals, that can be thickness-tuned to the appropriate device application, thereby 

necessitating a good understanding of organic thin film epitaxy.4,5 

We have previously shown6 that as-deposited amorphous rubrene thin films can 

be transformed into highly crystalline thin films through a heat treatment and, further, 

that these crystalline films can be thickness-tuned by evaporating additional rubrene on 

top of the crystal template. In this work we investigate the homoepitaxy of rubrene on top 

of the crystal template layer as we manipulate growth modes and find evidence of crystal 

defects. These defects are shown to be a result of either built-in stress or admolecule-

flux-driven kinetic effects.7 We also successfully employ electron backscatter diffraction 

(EBSD) – a first for organics – to characterize these thin films. Just as a thorough 

understanding of epitaxy has proven critical for devices based on III-V inorganic 

semiconductors, such as GaAs, these results enhance the understanding of organic 

homoepitaxy in highly crystalline thin films and lay the groundwork to incorporate 

growth-enhanced performance into the next generation of organic electronic devices. 

Indeed, compared to III-V materials, crystalline rubrene thin films present a more 



practically accessible experimental realm by offering lower processing temperatures (140 

˚C vs. ~600 ˚C for GaAs8) that are amenable to flexible substrates, and growth under high 

vacuum conditions rather than the ultra-high vacuum systems necessary for III-V growth 

via molecular beam epitaxy. 

Results and Discussion 

We begin by thermally evaporating a ~20 nm film of rubrene onto a thin (5 nm) 

layer of tris[4-(5-phenylthiophen-2-yl)phenyl]amine (TPTPA, see Fig. 1a inset for 

molecular structure) atop a glass/ITO substrate. We have found that the amorphous 

TPTPA underlayer further improves the abrupt-heating-induced crystallization process6,9 

and allows access to pinhole-free films with remarkably large crystalline domains on the 

order of hundreds of microns, as seen in the polarized optical microscope (POM) image 

in Fig. 1a. The rubrene molecules adopt the orthorhombic polymorph (a = 26.86 Å, b = 

7.19 Å, c = 14.43 Å) with the (h00) planes parallel to the substrate.10,11 A 75 nm thick 

adlayer grown on top of the crystal template layer enhances contrast in the POM image 

and single grains retain their uniform color (Fig. 1b). The uniform coloring of each grain 

suggests that each is a single crystal domain. To prove this, we performed EBSD on three 

different areas within a single-colored grain for a film like that in Fig. 1b and found the 

resulting Kikuchi patterns to be identical (Fig. 1c). These results show that homoepitaxy 

on top of the pristine rubrene crystal propagates the crystal phase and orientation of the 

underlying crystalline rubrene template layer. 

To understand the homoepitaxial adlayer growth at the nano-scale, we employ 

atomic force microscope (AFM) imaging. We find that the pristine crystal template 

shown in Fig. 1d exhibits a smooth surface with root mean square (RMS) roughness of 



0.77 nm (see Fig. S1 for line scans). Occasionally, however, this smooth surface is 

interrupted by a molecular step approximately 1.5 nm in size that leads to another smooth 

terrace (darker red area in Fig. 1d, line scan in Fig. S1). This approximately 1.5 nm 

molecular step size has been observed repeatedly for rubrene single crystals12-16 and is 

consistent with the (100) layer spacing, d100 = 1.34 nm. As it has been known for some 

time that a flat surface is important for improved thin film growth,17 and therefore the 

remarkably smooth surface of the crystal template presents an intriguing basis upon 

which to study epitaxy. 

Adlayers ranging from 1 – 80 nm were grown atop the rubrene crystal template 

layer at a growth rate of 0.1 Å/s and were imaged via AFM. To investigate the effect of 

substrate temperature, which is known to affect molecular growth modes,18 we deposited 

the adlayers at room (20 ˚C, Fig. 2a-e) and elevated (80 ˚C, Fig. 2f-j) temperatures (a 

finer thickness sweep is presented in Figs. S2 and S3, respectively, with line scans 

presented in Fig. S4). At both temperatures, the 1 nm thick adlayers (Fig. 2a and f) yield 

a sub-monolayer that is just beginning to coalesce with features approximately 300 nm 

wide. This scenario would be consistent with layer-by-layer-like growth, as the second 

monolayer, identified by the few white (higher z-value) areas in Fig. 2a and f, is just 

starting to form as the first layer is coalescing. The 10 nm adlayer still exhibits layer-by-

layer growth for the elevated growth temperature case (Fig. 2g), as another sub-

monolayer grows on top of the fully completed growth of previous monolayers. But for 

the room temperature case, Fig. 2b shows what appears to be the onset of an island 

growth mode at 10 nm adlayer thickness, as at least two layers are growing on top of a 

still-incomplete base layer. Moreover, unlike the largely irregularly shaped sub-



monolayer features exhibited in Figs. 2a,f,g, the features in Fig. 2b take on a distinct 

shape; namely, an elongated hexagon ~400 nm wide and ~600 nm long. Even at a 25 nm 

thick adlayer, the elevated temperature case (Fig. 2h) retains a (near-) layer-by-layer 

growth mode as a single layer grows on top of a layer below that is nearly complete. The 

room temperature case, however, sees a dramatic new feature appear at 25 nm adlayer 

thickness (Fig. 2c): Five nearly vertical, parallel “lines” run through the image. These 

crystallographic line defects, discussed later in more detail, even affect the island growth 

mode as certain defects “cut through” islands to split them in two. Strikingly, however, 

though the defect has cut the sample into sections, the growth features remain correlated 

across the defect, as evidenced by the same molecular step height on either side of the 

defect. Even growth features influenced by the presence of molecular terraces on the 

template layer are correlated across these defects (Fig. S5). It should be noted that these 

line defects do not persist through the entire thickness of the film; rather, the lines begin 

at a certain adlayer thickness and propagate upwards, with typical depths measured via 

AFM of approximately 1 – 3 molecular steps. 

The line defects and island growth mode persist in the room temperature case 

throughout the 50 and 80 nm adlayers shown in Figs. 2d and e, respectively. By 80 nm 

adlayer thickness (Fig. 2e) five molecular steps are common for each island, and a typical 

island size is about 680 x 920 nm. For the elevated temperature case, the line defects are 

apparent in the 50 nm and 80 nm adlayer thicknesses (Fig. 2i and j, respectively) and 

growth has transitioned to an island growth mode with islands averaging 1.4 x 1.9 µm in 

size. The large difference in island size is an expected result of the variation in growth 

temperature. At elevated temperatures, an adsorbed molecule can diffuse over much 



greater distances before nucleation of a stable island since surface diffusion is a thermally 

activated process,19 which correspondingly results in a lower island nucleation density 

and thus larger island sizes.  

A striking result of the growth sequences shown in Fig. 2 is that both growth 

conditions yield a Stranski-Krastanov growth mode, i.e. layer-by-layer growth that 

transitions into island growth. Although generally kinetic (non-equilibrium) effects may 

enter, in a near-equilibrium picture Stranski-Krastanov growth can be seen as arising due 

to competition between the surface free energy of the deposit, gD, the surface free energy 

of the substrate, gS, and the free energy of the interface between the n and n + 1 layers, 

gint. Following Ref. [19], if gS < gD + gint then exposed areas of the substrate are not as 

energetically costly as exposed areas of deposit and it thus becomes most energetically 

favorable to form islands that minimize the exposed deposit area and maximize the 

exposed substrate area. However, if gS > gD + gint it then becomes favorable to cover the 

substrate and grow a complete layer of deposit on top. In general (heteroepitaxy), 

however, the deposit layer will be strained and will store that elastic energy. As each 

additional layer is deposited, the strain from the previous layer is incorporated and hence 

gint will increase. Thus at some point, the relation gS > gD + gint will no longer hold and 

growth will return to islanding as, again, gS < gD + gint. The only way to preserve layer-by-

layer growth indefinitely is to have gS = gD + gint which requires gint = 0, a scenario that 

can only occur in homoepitaxial systems.19 The fact that Fig. 2 displays Stranski-

Krastanov growth features at both temperatures is therefore quite striking for this 

homoepitaxial system and indicates that, despite perfect lattice matching, adlayer growth 

is still strained as a result of growth not occurring under equilibrium conditions. We note 



that the TPTPA underlayer (Fig. S6) is amorphous20 and should therefore not induce 

lattice strain. Since the onset of islanding and line defects occur at a thicker adlayer for 

growth at an elevated temperature, this suggests that the additional thermal energy serves 

to relieve some of this built-in strain but is not able to eliminate it entirely (i.e. gint, 20 ˚C > 

gint, 80 ˚C > 0). In fact, a similar island growth mode at room temperature and 0.1 Å/s 

growth rate is seen even for homoepitaxy on rubrene single crystals,21 indicating that 

even a single crystal is not sufficient to avoid the onset of an island growth mode. This 

may, for instance, be due to a Schwoebel energy barrier. 

Another notable result of the growth sequences displayed in Fig. 2 is that even 

after 80 nm of adlayer growth, the films remain remarkably smooth. To elucidate this, the 

RMS roughness of the films as a function of adlayer thickness is plotted in Fig. 3. Up to 

25 nm adlayer thickness, the values for RMS roughness of the heated (red curve) and 

room temperature (black curve) growth sequences remain on the same order as a 

monomolecular step, consistent with a layer-by-layer growth mechanism. Even at the 

thickest adlayers, however, no significant roughening occurs (in absolute terms), 

resulting in RMS roughness values of 1.35 and 2 nm for the elevated and room 

temperature cases, respectively. This can be compared to, for example, the case of a 

simple kinetic roughening model19,22 in which molecules exhibit no inter-layer diffusion, 

roughness should then approximately scale with the square root of thickness. This model 

well-describes the growth of certain systems, e.g. PTCDA at room temperature (with an 

offset of 2 ML).23 Other systems exhibit more complex scenarios of roughness scaling 

with thickness, such as the rapid roughening24 and substrate dependent growth25 of 

diindenoperylene thin films, the interlayer and surface processes intermediate between 



colloids and atoms in the case of C60 growth,26 or even the “delayed” roughening 

mechanism witnessed in amorphous rubrene thin films.27 Considering that many other 

molecular systems display some form of roughening, in some cases even rapid 

roughening, it is even more remarkable that for the homoepitaxial growth of crystalline 

rubrene performed here, the roughness is limited to essentially a monomolecular step. As 

a numerical comparison, if we had no inter-layer transport, we would expect an 

additional ~9 nm of RMS roughness for our films, which is an order of magnitude larger 

than the ~0.6 – 1.2 nm observed. Obviously, there is efficient inter-layer transport (and 

also intra-layer transport) in our system, which supports the excellent smoothness. We 

further note that, despite a nominal shift from layer-by-layer to island growth modes, the 

roughness does not significantly increase, in contrast to conventional growth theory 

expectations. Though this growth system may be too complicated to be fully explained by 

traditional growth theory (i.e. kinetic effects, such as a small but finite Schwoebel energy 

barrier, could account for the slightly increased roughening), the “island” terminology is 

consistent with what has been previously reported in the literature.21 

Despite the ability of these films to retain an impressively smooth surface during 

homoepitaxy, they do not grow defect-free. When the room temperature adlayer growth 

rate is increased to 1 Å/s, as shown in Fig. 4a, films exhibit the previously mentioned line 

defects (dashed arrows) as well as “hole” defects (solid arrows). We note that these line 

and hole defects, as well as the molecular terraces of the islands can even be seen in high-

resolution SEM images (Fig. S7). To investigate these hole defects, for rates of 1 Å/s we 

investigated films of different thickness (Fig. S8) to determine their onset and found that 

they form when the adlayer is 10 – 15 nm thick (Fig. 4b). These defects typically occur in 



the center of a growth island; zooming into one of these islands yields a shallow hole 

about 4 Å deep (Fig. S9), around which the height increases by approximately one 

molecular step: the classic description of a screw dislocation. We suspect that these screw 

dislocations yield a high-energy site in the center of the screw that makes adlayer 

molecule attachment unfavorable, thereby resulting in a hole as adsorbed molecules that 

land in this region diffuse across the surface to a more energetically favorable attachment 

site (for instance, the screw growth front). However, these hole defects can be eliminated 

simply by decreasing the adlayer growth rate to 0.1 Å/s, as was the case in Fig. 2. To 

explain this, we propose that at high flux (1 Å/s) the adsorbed molecules diffuse along the 

surface but are not able to reach the most energetically favorable attachment site before 

being “trapped in place” by the impinging flux of molecules. This results in a defect 

around which a screw dislocation forms. 

In the context of surface roughness, the screw dislocation holes do not correspond 

to a smoothly varying surface profile typical for standard analysis of roughness. 

However, analysis of subsections of the films where no holes are present can be reliably 

performed and yields an RMS roughness value within ~10% of the value for the whole 

film (holes included). This, coupled with the fact that the holes do not cover much area 

naturally (typical hole size 0.012 µm2 and density 2.88 µm-2), means that their effect on 

the absolute value of the surface roughness can be neglected. Referring back to Fig. 3, the 

adlayers grown at 1 Å/s are rougher than their counterparts grown at 0.1 Å/s, though only 

marginally so, and they again maintain an extremely smooth film even after 80 nm of 

adlayer growth (RMS roughness of 2.3 nm). Since the holes themselves do not 

significantly increase the RMS roughness value, it is striking that there is such a distinct 



increase in roughness at the adlayer thickness corresponding to the onset of the screw 

dislocations; this may be due to a simultaneous transition to the island growth mode 

which results in surface roughening. 

The other crystallographic defects seen in Fig. 4a and the thicker adlayers of Fig. 

2 are parallel line defects. From our EBSD analysis earlier, we know that each grain in 

the film is a single crystal domain with the a-axis out-of-plane, but randomly rotated in-

plane. Through further analysis of the crystal grains via EBSD, we are able to determine 

the crystal planes that run parallel to the line defects (Fig. 4c). While each grain has 

several planes parallel to line defects, every grain was determined to possess line defects 

that run parallel to the (002) plane. To understand why this is, we estimated the surface 

energies of the various rubrene crystal facets found in the Bravais, Friedel, Donnay and 

Harker (BFDH) crystal habit28-30 by calculating the intermolecular potentials31,32 and 

following the methods of Refs. [33,34]. The values are given in Table 1, and we find that 

the lowest surface energy crystal facet is the (200) plane, which is consistent with the 

experimental fact that this plane has the largest exposed surface area for our thin films (a-

axis out of plane) and which is in agreement with observations of bulk rubrene single 

crystals.35 To understand the line defects, we must first consider that in the case of our 

epitaxy with built-in strain, the strain will continue to build with each additional 

monolayer until the energetic cost to expose a new surface is less than the cost to 

continue storing the ever-increasing elastic energy caused by the growth-induced strain. 

The first surface to be exposed, then, will be the plane with the next-lowest surface 

energy as it is, energetically, the least costly to expose. Indeed, we have determined that 

the (002) facet (10.2 meV/Å2) has the next-lowest surface energy behind the (200) facet 



(6.04 meV/Å2). The line defects, which expose new crystal surfaces, will then 

preferentially occur parallel to the (002) plane, in agreement with our observation that all 

grains possess line defects running parallel to the (002) plane; this concept is 

demonstrated schematically in Fig. 4d. Interestingly, the density of these line defects 

depends on the adlayer growth conditions. Adlayers grown at room temperature and 1 

Å/s have the highest line defect density with 1.26 lines/µm (perpendicular to the line 

defects), as opposed to the relatively similar line defect densities of 0.74 lines/µm and 

0.86 lines/µm for 0.1 Å/s adlayers grown at room temperature and 80 ˚C, respectively. 

This appears logical, as the high-flux, low-temperature case should be the growth 

condition furthest from equilibrium; this, in turn, introduces the most strain into the 

system that can then be relieved by more frequent formation of line defects. 

We further investigate these line defects by comparing growth on a rubrene bulk 

single crystal. Under growth conditions far from equilibrium (1 Å/s and room 

temperature), we deposit an 80 nm adlayer and find (Fig. 5) that though hole defects are 

still present (which is expected given this deposition flux, as discussed previously), the 

line defects are absent. This provides strong evidence that the source of these line defects 

likely originates from built-in strain between the thin film template layer and growing 

adlayer. This has substantial implications for the thin film community as it asserts that 

even a crystalline thin film with a crystallographic phase nominally identical to that of a 

bulk single crystal could still harbor built-in strain and thus yield quasi-homoepitaxial 

growth defects. 

It could be asserted that the monomolecular steps present on the pristine rubrene 

crystal template might play a role in the formation of the screw dislocations and line 



defects. However, the comparison growth on a rubrene bulk single crystal provides strong 

evidence that this is not the case. An AFM image of the pristine (no adlayer) rubrene bulk 

single crystal shows a molecularly smooth surface (Fig. S10). Despite this, adlayer 

growth on top of the bulk single crystal still yields screw dislocations at high flux (Fig. 

5), and the fact that these screw dislocations occur on the thin film template only after 10 

– 15 nm adlayer thickness (i.e. approximately 10 monolayers) suggests that the 

monomolecular steps present on the thin film template surface do not play a significant 

role in the formation of screw dislocations. Similarly, the line defects were only found to 

occur after ~25 nm adlayer thickness, by which point, again, the influence of features on 

the template layer should be small.  

Conclusion 

We have investigated the homoepitaxy of rubrene on crystalline rubrene thin 

films and found that, despite near-perfect lattice matching and a polycrystalline template 

layer wherein each macroscopic grain is a single-crystal domain, a built-in strain exists in 

this growth system. Though layer-by-layer growth is initially observed for adlayers less 

than ~10 nm thick, an island growth mode eventually develops with the onset adlayer 

thickness determined by the growth conditions (flux and temperature). Surface roughness 

remains remarkably low despite thick adlayer growth and the formation of line and screw 

defects. Further, we show that the preference of these line defects to occur parallel to the 

(002) plane is consistent with the surface energies of the various rubrene crystal facets.  

These results improve our understanding of epitaxy in organic systems by 

demonstrating that homoepitaxial growth does not preclude built-in strain. We have also 

shown that the defects induced by this strain can be entirely eliminated, or have their 



onset delayed, by carefully controlling adlayer growth conditions. Further, crystalline 

thin films may possess built-in strain despite nominally matching the crystal phase of a 

bulk crystal. Considering the benefits of defect reduction, high crystallinity, low surface 

roughness, and thickness tunability to high-performance electronic devices, the results of 

this study underscore the importance of understanding organic semiconductor epitaxial 

growth.  



Methods 

All growth was performed on glass substrates pre-patterned with ITO. Substrates 

were cleaned via successive ultrasonication in deionized water, acetone, and isopropyl 

alcohol, before receiving an oxygen plasma treatment. Rubrene and TPTPA were 

purchased from commercial vendors (Nichem and Lumtec, respectively) and were 

purified via thermal gradient sublimation prior to use. All layers were deposited via 

thermal evaporation with a base pressure < 7 x 10-7 Torr. TPTPA was evaporated at 0.5 

Å/s and rubrene was evaporated as described in the text. To crystallize the template layer, 

the samples are placed on a pre-heated hotplate set to 140 ˚C for ~7 minutes in a nitrogen 

glovebox.  Polarized optical microscope images were taken with an Olympus BX60F5, 

and atomic force microscopy images were taken with a Veeco Innova, model 840-012-

711. Intermolecular potential calculations and BFDH morphology were determined using 

the Mercury software and the crystallographic information file from Ref. 9. We note that 

while these calculations are not rigorous, our purpose is to compare the relative values of 

the facet surface energies, instead of asserting the correctness of their absolute values.  

A FEI Nova Nanolab 200 FEG-SEM scanning electron microscope was used to 

image the films at an acceleration voltage of 10 kV and a current of 3.7 nA. The 

microscope was equipped with an Oxford Nordlys Nano EBSD detector with 

forescattered detector diodes to incorporate forward scattered imaging capability. The 

SEM images presented in this manuscript are all obtained from the forescatter detectors. 

Using this, we can combine surface roughness contrast with orientation contrast in a 

single image. EBSD patterns are acquired from selected regions within the same grain. 

The registered patterns were then matched with the reference rubrene crystal file to 



determine the orientation of the crystal in terms of three Euler angles.  The Euler angles 

were then used to calculate the position of the crystal planes and their orientation. 

A FEI Helios Nanolab 650 FEG-SEM equipped with an Elaster XHR immersion 

lens FESEM column was used to obtain high-resolution images. The UC technology of 

this column provides a highly focused monochromatic beam stable at an acceleration 

voltage of 1 kV and a current of 96 pA. This enables us to image the surface features of 

our samples in high spatial resolution without inducing beam damage. An Elaster in-lens 

secondary electron detector (TLD-SE) at a reduced working distance of 2 mm was used 

to improve the signal to noise ratio at intentionally lowered beam conditions. 

 Rubrene bulk single crystals were grown by the method of horizontal physical 

vapor transport. Rubrene (Acros Organic) was placed on cleaned glass cylinders as the 

source for the crystallization and heated to ~300 °C. Argon gas with a flow rate of 100 ml 

min-1 was chosen as a carrier gas to prevent oxidization during crystallization. The 

rubrene crystals used in this study were grown for 5-10 hours. 

Supporting Information Available: Figures S1-S9. This material is available free of 

charge via the Internet at http://pubs.acs.org.  

 

Acknowledgements 

M.A.F. and B.P.R. acknowledge support for this work from the U.S. Department 

of Energy, Office of Basic Energy Sciences, Division of Materials Sciences and 

Engineering under Award #DE-SC0012458. J.K. and A.L.B. acknowledge the National 

Science Foundation (DMR-1508627). F.S. wishes to thank the DFG.   



Table 1: Estimated Surface Energies of Various Rubrene Crystal Facets 

Crystal Facet Surface Energy (meV/Å2) 

(200) 6.04 

(002) 10.2 

(111), (11-1), (-11-1), (-111)  13.2 
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Figure 1. Polarized optical microscope image of (a) a 20 nm thick 

rubrene crystal template (the molecular structures of rubrene and 

TPTPA are inset) and (b) the film after 80 nm of adlayer growth 

showing grains on the order of hundreds of microns that retain their 

uniform color even after adlayer growth. (c) Scanning electron 

microscope (SEM) image of the film in (b). Electron backscatter 

diffraction (EBSD) of three different spots within the same crystal 

grain reveals identical Kikuchi patterns (insets) thereby proving that 

each grain is a single crystal domain. (d) Atomic force microscope 

(AFM) image of the rubrene crystal template in (a) showing a smooth 

surface interrupted by another smooth surface one molecular step 

below (darker red region).  

	



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

Figure 2. AFM images of varying adlayer thicknesses (identified in image) grown on 

the rubrene crystal template (a)-(e) at 0.1 Å/s and room temperature substrate or (f)-(j) 

at 0.1 Å/s and 80 ˚C substrate temperature. Crystallographic line defects are present in 

(c), (d), (e), (i), and (j), some of which are emphasized with dashed lines as guides to 

the eye.  



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	
	 	

Figure 3. Plot of the root mean square (RMS) roughness as a function 

of adlayer thickness for growth under various conditions. Though there 

is some slight variation in RMS roughness between the different 

growth conditions, all films retain a remarkably smooth surface even 

when defects are present. 



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

Figure 4. (a) AFM image of an 80 nm adlayer grown at 1 Å/s and room 

temperature substrate demonstrating “hole” defects (solid arrows) and 

line defects (dashed arrows). (b) AFM image of 15 nm adlayer grown 

under the same conditions as (a) showing the onset of screw 

dislocations with a hole starting to form in the center (inset). (c) SEM 

image showing line defects in three different grains. EBSD was used to 

identify (yellow text) the crystal plane parallel to these line defects. (d) 

Cross-section schematic showing the surfaces exposed when a line 

defect forms. The (200) plane has the smallest surface energy and thus 

occupies the largest area. When a line defect exposes a new surface, it 

most often exposes the plane with the next smallest surface energy, 

which is the (002) plane. 



	

Figure 5. A 10 x 10 µm AFM image of an 80 nm adlayer grown at 1 

Å/s and room temperature on a rubrene bulk single crystal showing the 

presence of hole defects (expected at this flux) but no line defects. 


