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Daphné Lubert-Perquel,a,b Dongkuk Kim, a Peter Robaschik a, Christopher W. M. Kay c,d and Sandrine 
Heutz *a,b 

Thin films of pentacene and p-terphenyl were grown via organic molecular beam deposition to enable solid-state dilution 

of functional molecules (pentacene) in an inert matrix (p-terphenyl) at higher concentrations than permitted by traditional 

crystal growth methods, such as melts. Growth rates were first optimised for single component films to ensure a precise 

control over the dopant/host concentrations when the mixed films were deposited. Both thin film and bulk phases can be 

identified in pentacene growths, with the precise lattice parameters dependent on the deposition rates. The effect on the 

microstructure, resulting from progressive dilution of pentacene in a p-terphenyl host, was then investigated. Although 

disorder increases and the crystallite size decreases in the mixture, with a minimum at a 1:1 ratio, phase segragation is not 

observed on the length scale (limit) that can be probed in our measurements This indicates that the mixed films form 

homogeneous solid-solutions that may be employed for the investigation of solid-state phenomena. Our methodology can 

be extended to other compatible host-dopant systems used in optoelectronic and spintronic devices.

Introduction 

Pentacene has been extensively researched for its promising physical 

properties in optoelectronic applications, most notably its high 

charge carrier mobility, semiconducting behaviour and singlet fission 

properties.1–4  P-terphenyl crystals, on the other hand, have been 

commonly implemented as scintillators for identifying particles for 

neutron energy spectrum measurements for their fast time response 

and high quantum yield.5 This molecule has also been used as a 

matrix for the dilution of pentacene in crystal6 and thin film7 form. 

The concentration of pentacene has been reported to influence its 

applicability in optoelectronic applications. Previous literature has 

reported the use of an optically excited organic mixed molecular 

crystal for maser applications consisting of pentacene and p-

terphenyl, where pentacene is present in very low concentrations8–

11. Conversely, pure pentacene has been implemented for devices 

such as organic field-effect transistors and organic photovoltaic 

devices.1–4 The benefits of doping organic materials for e.g. OLED 

applications,12 and of mixing n and p-type semiconductors in 

ambipolar transistors13,14 have also been reported, as well as more 

fundamental studies on the structure of functional blends.15 

P-terphenyl and pentacene have similar crystal structures with one 

monoclinic and the other triclinic respectively. Both systems have a 

herringbone structure with two inequivalent molecular sites which 

results in pentacene molecules substituting into the p-terphenyl 

lattice when blended.6,16  Various studies have reported the 

existence of polymorphism in pentacene, where the film thickness 

and deposition conditions are determining factors. The different 

polymorphs are distinguished by their d(001)-spacing values: the thin 

film phase (15.1 Å and 15.4 Å)17 typically observed below 50 nm and 

the bulk phase (14.1 Å and 14.5 Å).18–21 The variation  observed has 

been attributed to the broad distribution in the tilt angles of the 

pentacene molecules with respect to the substrate surface. In 

addition to these experimental values, calculations have also 

predicted equivalent crystal structures with isostructural variations 

in the lattice parameters.18 With evaporated films of pentacene, it 

has been reported that both phases can be observed.22,23 The 

combination of phases, not uncommon in organic growths, is due to 

structural distortion caused by the varying intermolecular 

interactions during deposition.24 In addition to the thickness of 

pentacene, the deposition temperature also influences which 

polymorphs are present.18  

With organic molecular beam deposition (OMBD), the surface 

interactions are dominated by physisorption. This depends on the 

weak attractive van der Waals forces that are balanced by Pauli 

repulsion. As a result, there is an optimum deposition rate to grow 

films with this technique. This considers the kinetic energy of the 

impinging molecules in order to balance the probability of 

adsorption, as determined by the sticking coefficient, as well as the 

probability of backscattering.  Both factors can strongly affect the 

overall material adsorbing onto a substrate and lead to large 

deviations in actual thickness.24,25 Here, we investigate the influence 
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of growth rate on morphology, structure and thickness of pentacene 

and p-terphenyl films, with a focus on generating smooth, 

continuous films and mixtures with a well-defined composition. By 

studying the texture of the films, we discover that the ratio of thin 

film and bulk phases is strongly dependent on the orientation of the 

films.  The need to develop well-defined systems to investigate solid-

state phenomena in optoelectronic and spintronic devices has 

already been highlighted in various studies7,10,26,27. Our work 

provides a methodology to grow the precise systems required in such 

studies.    

Experimental 

Pentacene, purified by sublimation, was commercially obtained from 

TCI UK Ltd and p-terphenyl (99+%) was supplied by Alfa Aesar. Both 

were used with no further purification as this has no effect on 

morphology or structure, as observed by comparing with previous 

work employing purified powder.7 Pentacene and p-terphenyl were 

(co-)evaporated onto the silicon wafers from individual knudsen cells 

to a thickness of 200 nm using organic molecular beam deposition 

(OMBD) at a base pressure of 3x10-7 mbar. The OMBD chamber used 

was a Kurt J. Lesker Spectros 100 system and the rates were 

monitored using quartz crystal microbalance sensors placed near the 

sources and at the substrate.  

Calibration of the sources is essential to ensure a precise thickness of 

the deposited films. The films are deposited at a nominal rate, 

yielding a nominal thickness, which can be directly compared with 

the actual thickness (measured ex situ by scanning electron 

microscopy on the cross-sections) provided the films are smooth and 

continuous. For pentacene, the measured thickness was in 

agreement with the nominal thickness and so the nominal rates are 

used for all depositions. Conversely, p-terphenyl deposits in 

dispersed crystallites and required additional optimisation. The 

calibration of the thickness of p-terphenyl was performed using 

optical spectroscopy on an Agilent Technologies Cary 5000 

UV/Vis/NIR Spectrophotometer. All surface imaging was done with 

tapping mode atomic force microscopy (AFM) using an Asylum 

Research MFP-3D microscope. The topography calculations for the 

AFM images were done using the Gwyddion open-source software.28  

X-Ray diffraction (XRD) patterns in the -2θ geometry were taken 

using a Philips X’Pert Pro Panalytical diffractometer using a Cu Kα 

source (λ = 1.54106 Å). Texture measurements were obtained by 

rotating the sample along the ω axis29 unless otherwise stated and 

were carried out on the Philips X’Pert Panalytical diffractometer. All 

texture scans were run on the most intense peak at the 2θ value for 

the (002) pentacene plane at a given concentration. 

Results and discussion 

Single Films 

Pentacene films with a thickness of 200 nm were deposited on 

oxidised silicon substrates using organic molecular beam 

deposition. Various deposition rates were investigated. The thin 

films show facetted crystallites with an average width of 450 

nm, irrespective of growth rate, as measured from AFM images 

shown in Figure 1. The widths are calculated as equivalent 

diameters, see Supplementary Note 1. The growth rates of 0.1 

Å/s and 0.5 Å/s result in a smooth and homogeneous surface 

with an average roughness of 16.1 ± 1.0 nm and 13.1 ± 1.7 nm 

respectively. This was calculated as the root mean square 

average (RRMS) of the total window displayed for three separate 

scans at different points on the sample. Increasing this to 1 Å/s 

leads to the formation of short rod-like grains on top of the film, 

increasing RRMS to 19.3 ± 1.0 nm.  

 

Figure 1. Atomic force microscope images of 200 nm pentacene films grown at deposition rates of a, 0.1 Å/s b, 0.5 Å/s c, 1 Å/s and 200 nm p-terphenyl films grown at rates of d, 

1 Å/s e, 5 Å/s and f, 10 Å/s. All scale bars are 2μm.
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In contrast to pentacene, the 1 Å/s deposition rate was 

unsuitable for p-terphenyl, with low sticking coefficients 

allowing surface diffusion,24,30 which results in large, dispersed 

crystallites and poor coverage.  As a consequence, faster 

deposition rates were investigated up to an order of magnitude 

higher. Increasing the deposition rate to 5 Å/s results in a more 

homogeneous grain shape and size with improved coverage. 

This morphology is indicative of an island-type growth.24,31 

Initially crystallites condense on the substrate with subsequent 

molecular layers forming gradually as the nucleation sites 

expand to form complete microcrystalline layers.32,33  This is 

consistent with previous work showing that micron-thick films 

deposited at 5 Å/s form mostly continuous layers of micron-

sized platelets.7 Lastly, films were deposited at 10 Å/s showing 

similar morphology to the 5 Å/s case. The surface roughness of 

the different films was also calculated using the root mean 

square average. For the 1 Å/s, 5 Å/s and 10 Å/s deposition rates, 

the RRMS is 197.5 ± 23.1 nm, 93.5 ± 9.3 nm and 78.8 ± 6.6 nm 

respectively.  

 

As the p-terphenyl films are not homogeneous with poor 

coverage across the oxidised substrates,24 the average thickness 

was determined by calculating the amount of material 

deposited on each substrate. This actual thickness is important 

for mixed films as their composition relies on accurate 

knowledge of individual deposition rates to ensure a precise 

ratio of material. If the calibration of the p-terphenyl were 

inaccurate, the dopant concentration would be unpredictable. 

A calibration curve was therefore used to estimate the amount 

of material deposited in each growth. This was determined by 

measuring UV/Vis absorption of solutions with a known 

concentration of p-terphenyl in dichloromethane (DCM), not 

shown here, which demonstrates p-terphenyl follows the Beer-

Lambert law. The evaporated films were then dissolved in DCM 

after deposition, Figure 2a. The amount of material on each 

substrate could then be calculated relating the absorption to 

the solution concentration as shown in Figure 2b. The 

concentrations were then converted to mass and 

corresponding average thickness values by normalising to the 

sample size, shown in Table 1. The errors are estimated from a 

performing the experiment on thin films grown at different 

times and using different volumes of DCM (10 and 15 ml) to 

generate the solutions. This calibration also allows us to identify 

the optimum deposition rate as 5 Å/s, since the final thickness 

is within 10% of the nominal value corresponding to the 

instrument error. At 1 Å/s significantly less material is deposited 

than expected due to insufficient kinetic energy of the 

impinging molecules, a threshold determined by the sticking 

coefficient.25 The adsorbates that are deposited are therefore 

free to migrate across the surface or desorb, aggregating into 

larger crystallites than at faster deposition rates, Figure 1d. 

Similarly, at 10 Å/s the thickness is overestimated, though in this 

case the molecules have excessive kinetic energy. As a result, 

molecular collisions with the substrate result in 

backscattering.30  

 

X-ray diffraction (XRD) was used to study the structure of the  

single component films as a function of deposition rate and to 

investigate any preferred orientation within these sample. 

Strong order is observed in the thin films, with the (00l) planes 

dominating the scan, meaning the stacking a-axis of the 

molecules is parallel to the substrate. The shifts in the peak  

Table 1. Calibration of the p-terphenyl films at various deposition rates with a target 

thickness of 200 nm. The molecule has a density of 1.23 g/cm3 and the samples were all 

1 cm2. 

Nominal Rate 
(Å/s) 

Mass 
(μg) 

Average Thickness 
(nm) 

1 48.2 ± 7.2   98 ± 18 

5 93.4 ± 5.7 190 ± 14  

10 78.8 ± 15.8 162 ± 39 

 

positions and presence of additional satellite peaks suggest that 

pentacene films form mixed-phase systems as previously 

reported in the literature.18,19,22,34 The pentacene polymorph 

identified for the slow deposition rates (0.1 and 0.5 Å/s) appears 

Figure 2. a, Deposited films dissolved in 10 mL of DCM with additional samples from the 

same growth remeasured a week later in 15 mL of DCM. b, Calibration data (black) and 

plotted experimental data (colour), with the extrapolated line of best fit used to calculate 

a theoretical thickness for each film.
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to be the thin film polymorph with the lattice spacing d = 15.0 Å, 

Figure 3a. However, with the faster 1 Å/s growth, the peak shift 

to lower angles indicates that the lattice spacing increases to d 

= 15.1 Å. As predicted by calculations, this spacing can be 

attributed to an isostructural phase of the thin film 

polymorph.18 In addition, the small satellite peaks observed at 

0.1 Å/s and 1 Å/s belong to the bulk phase with lattice spacing 

14.0 Å.20,34  The bulk phase is also present in the film grown at 

0.5 Å/s. However, the corresponding peaks only appear when 

the sample is tilted at an angle  = 5° (supplementary Note 2 

and Figure 2) and are therefore not obvious in the 2θ scan 

acquired at  = 0 in Figure 3a. This tilt angle can be correlated 

to the 3° difference in contact angle of the molecules between 

the film and bulk phases (d = 14.1 and 15.0 Å) observed in the 

θ-2θ measurements. In effect, the (00l) planes of the thin film 

polymorph are aligned to the substrate and consist of the 

majority contribution, whereas those of the minor bulk phase 

polymorph are tilted, Figure 3b. Therefore, it can be concluded 

that the samples contain both polymorphs, and the relative tilt 

between the unit cells ensures that the molecules are aligned 

with each other in both polymorphs.  This tilt suggests that even 

slight variations in texture could have important implications for 

the proportion of bulk phase that can be detected in the films 

assessed using standard -2 XRD methods. Indeed, films that 

have less preferential orientation should appear with a higher 

bulk phase fraction, and a quantitative analysis of thin film to 

bulk phase present in the films would require a full texture 

analysis in addition to the standard -2 geometry.   

p-Terphenyl is an established host molecule for pentacene due 

to its similarity in molecular structure, which allows the 

pentacene to substitute in one of two inequivalent sites in the 

unit cell.6,35,36 As shown in Figure 3c, there is no structural 

variation or disorder introduced in the p-terphenyl films by 

altering the deposition rate and its preferred orientation is the 

same as pentacene, i.e. the stacking axis parallel to substrate.   

Mixed Films  

Due to the significant variations in morphology of the p-

terphenyl with deposition rate, for the co-depositions of 

pentacene and p-terphenyl, the rate of the latter was kept 

constant for low relative concentrations of pentacene. Various 

concentrations were investigated, with the relative deposition 

rates reported in Table 2. The only sample where the p-

terphenyl rate was altered was the 50% pentacene sample, as 1 

Å/s was the upper limit where morphological and structural 

variations start to occur. 

Figure 3. X-ray diffraction for the 200 nm films at various deposition rates.  a, Pentacene 

films with a slow-growing thin film polymorph with d = 15.0 Å and another thin film 

polymorph grown at 1 Å/s with d-spacing = 15.1 Å. The satellite peaks correspond to the 

bulk phase polymorph with d = 14.0 Å b, Schematic showing the pentacene thin film 

polymorph d = 15.0 Å (blue) and the bulk phase polymorph d = 14.1 Å (orange) and the 

angles between the substrate (002) planes and molecular planes. c, p-terphenyl films at 

various deposition rates show no structural variations and the molecular orientation on 

the (001)/substrate plane is shown in the inset. 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5  

Please do not adjust margins 

Please do not adjust margins 

 
Table 2. Deposition rates and resulting roughness of the pentacene and p-terphenyl 

solid-solutions. 

 

 The AFM images for the blends are shown in Figure 4. Adding a 

dopant to the p-terphenyl dramatically alters its morphology, 

reducing the grain size by an order of magnitude. The 

crystallites appear more regular and the roughness is reduced 

to 16.5 nm as shown in Table 2. The 5% and 10% pentacene 

samples are very similar, with closer packed but more tapered 

crystallites. However, the 50% composition has two different 

grain shapes – elongated needles in addition to the platelets 

with a more faceted appearance -  despite the smallest reported 

standard deviation in the roughness. This radical variation in 

morphology compared to the other solid-solutions is likely due 

to non-optimal growth rates for either molecule. Domains 

belonging to either pentacene or p-terphenyl are not apparent 

in any of the blends, indicating that the molecules mix 

homogenously within grains, rather than phase separating. Due 

to the irregular shape of the crystallites, the lateral grain size as 

a function of concentration is calculated from the AFM images 

using the threshold determination of grain boundaries 

(supplementary Figure 2).28 The dimensions are shown in the 

inset of Figure 5, alongside the out-of-plane grain size calculated 

from XRD as described later. The grain size generally reduces 

with increasing concentrations of pentacene, with the minimum 

occuring for the 1:1 pentacene:p-terphenyl blend.  

The XRD patterns for the 200nm thick blended films, Figure 5, 

show the same trend as the previously reported work on micron 

thick films.7 The blends show a typical solid-solution 

progression, with the peak position shifting between the (00l) 

peaks of the pure components. The out-of-plane grain size, 

calculated using the Scherrer equation taking into account the 

instrumental broadening, is at a minimum for the 1:1 blend, as 

Concentration 
(% Pentacene) 

Pentacene 
Rate (Å/s) 

p-Terphenyl 
Rate (Å/s) 

Roughness 
RRMS (nm) 

0.5 0.025 5 16.5 ± 7.3 

5 0.25 5 13.2 ± 3.8 

9 0.5 5 14.6 ± 4.4 

50 1 1 17.2 ± 0.7 

Figure 4. Atom force microscope images with 2 μm scale bar. These show the 200 nm solid-solutions with pentacene concentration a, 0.5% b, 5% c, 10% and d, 50%.

Figure 5. X-ray diffraction of the 200 nm films as a function of pentacene concentration. 

The inset shows the out-of-plane grain size as calculated from the Scherrer equation on 

the left axis and the lateral grain size calculated from AFM images on the right axis. 
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quantified in the inset of Figure 5, mirroring the trend of the 

lateral dimensions calculated from AFM. It should be noted that 

the Scherrer calculation cannot be applied to the most dilute 

blends as the broadening of the peaks is below instrument 

resolution. The pure pentacene films have an out-of-plane grain 

size exceeding 100 nm, indicating the films grow continuously 

throughout most of the deposition. It can be assumed from the 

XRD powder diffraction that these large crystallites are 

composed of the thin-film polymorph, as this is the largest 

contribution in the data.  

 

To assess the degree of orientation of the crystallites with 

respect to the substrate in the pure and mixed films, a rocking 

curve (Δω scan, Figure 6) was performed for each 

concentration, see methods. This measurement provides the 

orientation of the diffracting planes with respect to the 

substrate.22 We observe single peaks with full-width half 

maximum ranging between 0.6 and 1.2 centred at ω=0, Table 

3. Here, the 2θ value for the pure pentacene film is that of the 

thin film polymorph, unlike the previous section focussing on 

identifying the bulk phase. This indicates the molecules are 

strongly preferentially oriented with the (00l) planes parallel to 

the substrate. This strong preferential orientation has also been 

measured using electron paramagnetic resonance (EPR) 

spectroscopy on thick films of 0.5% pentacene in p-terphenyl.7 

EPR can be used to investigate the extent of disorder and has 

been quantitively compared to XRD texture scans in blends of 

phthalocyanine molecules.37  Similarly, a comparison can be 

drawn between the sharp peaks of the XRD ω-scan, which 

indicates little deviation of the grain orientation, with the 

rotation pattern obtained in EPR, which perfectly matches the 

calculation assuming a single-crystal behaviour.7 Broadening of 

the Δω peaks is maximum in the 1:1 blend, indicating these are 

the most disordered samples, in agreement with the AFM scans 

and XRD data measured in the -2θ geometry. 

Table 3 The FWHM of the peaks for the tilt scans ω and ψ at the given 2θ position, as a 

function of pentacene concentration in p-terphenyl. 

Concentration 
(% Pentacene) 

2θ (°) 
At (002) 

FWHM ω (°) 

p-Terphenyl 13.04 0.64 

0.5 13.04 0.66 

5 12.96 0.78 

10 12.91 0.77 

50 12.14 1.24 

100 11.65 0.99 

Conclusions 

Thin films of pentacene and p-terphenyl were grown by OMBD. 

Due to the weak interactions between the organic molecules 

and silicon substrates, it is necessary to strike a fine balance 

between adsorption and backscattering to ensure ideal growth 

of the films. For pentacene, slow deposition conditions are 

optimal, whereas rates an order of magnitude higher are 

preferable for p-terphenyl. For the latter, large coverage 

variations are observed for slower rates. This crucial parameter 

was therefore optimised for all mixed films, except that with 1:1 

ratio, which as a result displayed the most structural disorder. 

Moreover, pentacene is polymorphic and typically grows in 

mixed phases. The formation of these polymorphs varies not 

only with temperature and thickness, as is well established in 

the literature, but, also, with deposition rate. We achieve 

pentacene films with the thin film phase d = 15.0 Å combined 

with the bulk phase d = 14.1 Å. When the deposition rate is 

increased, the lattice spacing of the thin film phase shows an 

isostructural increase of 0.1 Å. The mixed films of pentacene in 

p-terphenyl show no phase separation in AFM or XRD, but 

rather form homogenous blends best described as solid 

solutions. This confirms the efficacy of this growth technique for 

organic mixed films. Furthermore, the well-defined orientations 

are indicative of little disorder with increasing concentrations, 

as demonstrated with the consistency of the texture figures. 

Thus, progressive solid-state dilution, without the formation of 

separate domains, will enable the gradual aggregation of 

molecules to be investigated to resolve fundamental questions 

regarding organic devices. The use of a p-terphenyl host could 

be extended to other acene derivatives useful in the singlet 

fission and wider optoelectronic communities. This work also 

has far-reaching implications as the methodology can be 

applied to any compatible organic host-dopant system, to 

investigate solid-state phenomena in a controlled matrix, and 

to mixed molecular systems that rely on a combination of 

properties such as ambipolar transistors. 
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Figure 6. Rocking curve, ω, as a function of pentacene concentration taken at the 2θ 

position for the respective (002) peak positions as described in Table 3. 
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