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Abstract 

 

Thin films of pentacene, i.e. a polycyclic hydrocarbon consisting of five linearly-fused benzene rings, 
are grown on silicon and quartz (SiO2) substrates by matrix assisted pulsed laser evaporation (MAPLE) 
and by using toluene as a frozen matrix (melting point: −95 °C). The thin film samples are 
subsequently investigated for their optical, morphological and chemical structure, i.e. by Fourier 
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), atomic force 
microscopy (AFM), and spectroscopic-ellipsometry (SE). Due to its highly conjugated aromatic 
behaviour, pentacene exhibits semiconductor properties and has been shown to generate excitons 
upon absorption of ultra-violet (UV) or visible light. Here, we study the excited state dynamics of 
pentacene, in bulk and as thin films, after optical excitation, by using femtosecond (fs) time-resolved 
second harmonic generation (SHG). A pulsed femtosecond Ti:sapphire laser (80 MHz repetition rate, 
800 nm, 100 fs) is employed to demonstrate the SHG potential of such polycyclic aromatic 
hydrocarbon simple molecule. The substrates used in studying the films are inert and non-
interacting, known to deliver no noteworthy contribution to the SHG signal. Therefore, the pure 
response of pentacene to the electronic excitation can be resolved in contrast to the measurements 
on SiO2. Finally, a comparative discussion of our results is made with respect to literature. This study 
provides important insights on the excited states dynamics of pentacene, an essential step for 
understanding the photophysics of simple, linearly-fused arenes. 

 
Keywords: pentacene, organic semiconductor, thin film, photophysics, second harmonic generation. 

 
 
1. Introduction 

The need for "use-and-throw" materials, for cost-efficient eco-friendly sensors, 

electronics, and single use devices, led to a significant growth in the field of organic and 

biodegradable materials. Organic electronics comes with advantages such as reduced costs, 

simple processing and efficiency, low processing temperatures, in addition to the ecological 

reasons [1]. The nonlinear optical (NLO) capabilities of organic thin films have been 
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extensively studied in the last decades, targeting applications such as spectroscopy and 

imaging, second harmonic generation (SHG), electro-optic modulation (EOM) for specific, 

aimed applications, e.g. in medicine and optoelectronics [2-5].  

A dark blue powder in bulk, pentacene is a polycyclic aromatic hydrocarbon (i.e. a 

linear acene), a small molecule exhibiting p-type organic semiconducting properties with 

high field effect mobility due to the highly π-conjugated electronic structure [6]. Pentacene 

and some of its derivatives were first synthesized in 1912 by chemists William Hobson Mills 

and Mildred May Gostling of the Northern Polytechnic Institute in London. More efficient 

synthetic methods were devised later on by Marschalk and by Allen and Gates, in the 1930s 

and 1940s, respectively. Modern synthetic methods have been devised in order to overcome 

the low solubility of pentacene in common organic solvents, which limits its deposition as 

films, and therefore its applications. Pentacene is well soluble in hot chlorinated benzenes, 

such as 1,2,4-trichlorobenzene, from which it can be recrystallized to form platelets. The first 

crystal structure determination of pentacene molecular crystals was reported in 1961: 

“Crystals of pentacene obtained by crystallization from trichlorobenzene consisted of 

extremely thin deep violet-blue leaflets, with only the (001) face developed. Attempts to 

grow thicker specimens by recrystallization from trichlorobenzene in an atmosphere of 

carbon dioxide yielded only similar very thin plate-like crystals.” [5]. This experimental study 

allowed researchers for the first time to accurately determine the molecular dimensions of 

the pentacene molecule: ~14 Å in length, and the C-C bond that range from 1.381 to 1.464 Å 

in length. Single crystals of pentacene can be grown either from organic solvents or by 

various techniques, such as the metal-organic vapor-phase epitaxy (MOVPE) [5-7]. The 

peculiar packing adopted by the pentacene molecules in a crystalline form is noteworthy, i.e. 

aligned in parallel along the a and b crystal axes of the unit cell, thereby forming molecular 

monolayers in the a, b plane. The monolayers are characterized by d-spacing of 14.1, 14.5 or 

15.4 Å, depending upon the method of crystallization adopted. Pentacene is the most 

studied organic semiconductor used for organic field-effect transistor (o-FET) systems, with a 

high application potential due to a hole mobility in OFETs of up to 5–6 cm2 V−1 s−1 in highly 

polycrystalline films, which exceeds that of amorphous silicon [7-9]. It was also tested in 

organic light-emitting diode (LED), photovoltaic devices, and its derivatives have been 

examined as potential dichroic dyes [10-11]. SHG has already been used as a method of 

probing for the device operation based on pentacene use in FET [12, 13]. However, due to 
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the fact that the compound generates excitons upon absorption of ultra-violet (UV) or visible 

light, this makes it very sensitive to oxidation and therefore limits its use [14]. Upon 

deposition on any insulating substrate, pentacene molecules organize to form polycrystalline 

films. The most common deposition techniques for growing pentacene and similar 

molecules as thin films are chemically vapour deposition (CVD), cluster beam deposition 

(CBD), vacuum evaporation, pentacene precursors, spin coating, dropcasting, blade coating 

and inkjet printing from solutions. Other non-conventional methods, such as pulsed laser 

deposition (PLD) and laser-induced forward transfer (LIFT) have also been presented in 

literature [14-35]. However, solution processed thin film devices typically require a multi-

layer construction in which successive layers are deposited from solvents of opposite 

polarity such that the deposition of each new film does not damage the preceding layer. 

Here, we report on the morphological, chemical and optical properties of pentacene thin 

films deposited by matrix assisted pulsed laser evaporation (MAPLE). 

MAPLE is a modified pulsed laser deposition procedure specially created for delicate 

materials such as polymers, proteins, biomaterials, and soft materials, or molecules with 

complicated structure [36-46]. It involves the homogenization of the interest material 

(solubilisation or suspension of the guest molecules) in a matrix (i.e. a solvent, miscible liquid 

or gel), the usual concentration of the guest material being 0.1–4 wt%. The mixture is 

subsequently solidified (i.e. frozen to liquid nitrogen) in order to create a system that can be 

used as a target. When the target inside a vacuum system is irradiated by a low-fluence 

pulsed laser beam (typically in the range of 0.1 – 0.7 J/cm²), the matrix evaporates and is 

pumped out of the system, whereas the guest molecules are collected on a substrate. 

MAPLE requires a matrix highly absorbing at the wavelength of the laser beam, while a 

relatively low absorption by the guest material is preferred. On the other hand, other 

ejection mechanisms may also be involved during the laser–target interaction. Photo-

chemical reactions between the matrix and guest materials need to be avoided or 

considerably reduced, e.g. by preferring non-halogenated solvents to halogenated ones, or 

by using solvents that have linear and/or branched instead of only cyclic catenae, whenever 

possible. Since the film is not in contact with any solvents after the deposition, MAPLE can 

be used for obtaining combinations of layers and as part of devices, for which no compatible 

solvent exists. The advantages of this soft laser-processing method involve: well-controlled 

film thickness and adherence, together with the possibility of growing simple or hybrid 
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multi-structures, e.g. organic/organic vs. organic/inorganic, simply by using a multi-

compartmented target design [45].  

In this contribution, we study the influence of a pulsed femtosecond Ti:sapphire laser 

(80 MHz repetition rate, 800 nm, 100 fs) on pentacene in bulk and in MAPLE grown thin 

films, to demonstrate the SHG potential of such a polycyclic aromatic hydrocarbon simple 

molecule. The substrates used in studying the films are inert and non-interacting, known to 

deliver no noteworthy contribution to the SHG-signal. This study provides important insights 

on the excited states dynamics of pentacene, an essential step for understanding the 

photophysics of simple, linearly-fused arenes. 

 

2. Experimental 

2.1 Materials and thin film growth 

Pentacene was acquired from Sigma-Aldrich and used “as provided”. For the MAPLE 

experiments, we used 1wt % pentacene dissolved in toluene (melting point: −95 °C), frozen 

down by liquid nitrogen cooled system on a copper target holder (figure 1a), and maintained 

solid during laser irradiation. The laser fluence used was in the range of 0.2 –0.4 J/cm² at 266 

nm wavelength (the fourth harmonic of a Nd:YAG - Surelite II - Continuum Company). The 

repetition rate was set at 10 Hz (maximum available). The depositions took place in vacuum 

at an initial pressure of 1x10-5 mbar, based on the thermodynamics and kinetics of the phase 

transition simulations, and previous studies on the dynamics of the ablation process in order 

to minimize photochemical-induced damage from direct interaction with the intense laser 

[41, 46]; the pressure slightly increased (>5x10-5 mbar) during irradiation due to solvent 

evaporation. Thin films have been grown on silicon and on quartz substrates, corresponding 

to 36 000 – 72 000 pulses. The target was rotated while the beam scanned its surface during 

deposition, with the substrate placed in front of the target (4 cm) and parallel to it. The 

deposition rate was determined by a quartz crystal microbalance (QCM) device.  

2.2 Chemical, morphological & structural analysis, SHG properties 

Atomic force microscopy (AFM) (“XE-100” setup produced by Park Systems) and 

scanning electron microscopy (SEM) (“Quanta ESEM FEG 450” produced by FEI) have been 

employed to study the thin films surface morphology. Optical measurements performed by 

spectroscopic ellipsometry (SE) technique (“V-VASE” setup produced by J.A. Wollam) 

acquired the data points in 350-1700 nm range with a step of 2 nm and at 65° angle of the 
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incidence. Fourier transform infrared absorption (FTIR) spectra of the pentacene thin films 

grown by MAPLE are compared to dropcasted films, achieved in transmission in the range 

400 – 4000 cm−1 with 4 cm-1 resolution (“FT/IR-6300 FT-IR Spectrometer” produced by 

Jasco). The setup for SHG employed a femtosecond laser, since the SHG induced by 

femtosecond laser beam irradiation instead of a nanosecond Nd:YAG laser is superior due to 

the higher electric field induced at sample level for a lower deposed energy. This means that 

the efficiency of SHG is higher and structural changes induced during the beam irradiation 

are lees probable to happen. The femtosecond pulsed beam was delivered by a Ti:sapphire 

oscillator (“Tsunami”, produced by Spectra Physics) operating at 80 MHz and 800 nm central 

wavelength, with 100 fs pulse duration at the sample level. The power of the incident beam 

was adjusted by a combination of half-wave plate and Glan-Thompson polarizer. The 

average beam power was varied in the range 0–400 mW. The beam was focused onto the 

analysed sample by a 20X objective lens (5 μm spot size). Both reflected SHG and reflected 

NIR light have been collected by the same lens and sent through a slit of a short focal 

distance spectrograph coupled to a thermoelectrically cooled intensified charge-coupled 

device (iCCD) camera (developed by ANDOR, an Oxford Instruments Group). Although the 

spectrograph separates radiation depending on the wavelength (400 nm versus 800 nm in 

our case), the very low ratio between the intensities of both types of radiation require the 

use of a several IR cut filters before spectrograph entrance. The detection system 

spectrograph-camera is less efficient and slower than a filter-photomultiplier system but it is 

more reliable when measuring a very low signal on a high background. 

 

3. Results and discussion 

Although pentacene is well soluble in hot chlorinated benzenes, it is only slightly 

soluble in common organic solvents (e.g. simple arenes) leading to very low concentrations 

[47]. Furthermore, the pentacene molecule is very sensitive to oxygen especially when 

dissolved, slowly degrading upon exposure to air and light. Vacuum-deposited pentacene 

films usually contain polycrystalline crystallites and amorphous phase. The structure of 

pentacene films depends on the deposition temperature and evolves with the thickness. X-

ray diffraction of polycrystalline pentacene films reveals that crystallites consist of both thin 

film phase and bulk phase with interlayer spacing d of 15.4 Å and 14.5 Å, respectively. Past 

studies suggested that the thin film phase nucleates on the substrate initially and the 
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nucleation of bulk phase increases obviously beyond a certain thickness (~100 nm), value 

that is known to decrease with increasing deposition temperature [34, 48, 49]. Therefore, 

our approach by using the MAPLE technique eliminates these drawbacks. Photochemical and 

oxidation effects are reduced to a minimum due to the low temperature of the system, low 

concentration, and high vacuum employed during thin film deposition. We already shown 

that high-quality pentacene thin films of high crystallinity and low surface roughness can be 

produced by PLD without inducing chemical degradation of the molecules [14]. Here, we 

show that the deposition at 0.2 J/cm² laser fluence and at a concentration of 1 wt % 

pentacene in toluene, led to a mass deposition rate of 1.13 ng/cm² per pulse, as measured 

by the QCM device. Profilometry studies on such thin films revealed deposition rates 

between 0.04 and 0.6 Å/ pulse for using fluences in the range 0.2 – 0.4 J/cm². These results 

have been further corroborated with spectroscopic and morphology investigations. 

 

3.1 Fourier-transform infrared spectroscopy 

Comparative FTIR spectra for pentacene dropcast vs. MAPLE deposited films, for 

different used laser fluences, are presented in figure 1b (inset, upper left: the pentacene 

molecule). The band at 3040 cm-1 corresponds to the C-H stretching vibration of the ring. At 

1623 cm-1 and 1434 cm-1 one can identify the C-C vibrations of the ring, and at 909 cm-1 and 

841 cm-1, the C-H vibrations in the ring. Other distinctive vibrations (960 cm-1 and 992 cm-1) 

are also present in the recorded spectra (as compared to the “Advanced Electronic 

Packaging”, edited by William D. Brown). At 732 cm-1 is identified the C-H out of plane 

bending vibration; the peak at 1116 cm-1 corresponding to the C-H out of plane and the one 

at  1296 cm-1 corresponding to the C-C stretching, are pentacene’s “fingerprint” vibrations 

[50-57]. No significant oxidation effects are observed, but traces of toluene in the film are 

also identified, as reported elsewhere [58]. 

 

3.2 Atomic force microscopy and scanning electron microscopy 

The AFM study revealed dense and compact surfaces, with features that vary in 

height between a few tens to hundreds of nanometres (figure 2a), with evenly distributed 

aggregates with sizes up to a few microns. The root mean square (RMS) roughness is 107 nm 

for a film deposited at 0.4 J / cm², at a thickness of about 400 nm. The given film thickness is 

an average value because pentacene molecules are organized in microcrystallites of 
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different sizes and order on the substrate. The so-called “thin-film phase” is dominant at 

room temperature deposition and for an average film thickness smaller than 50 nm. The 

“single crystalline phase” dominates at higher substrate temperatures and for a thickness 

above 150 nm. Both phases appear in films of with more than 150 nm thickness deposited at 

room temperature, while the “single crystalline phase” is best expressed for deposition 

temperatures above 100 °C. The morphology on top of the films is strongly dependent upon 

the preparation conditions of the films. SEM investigations also reveal that the films are 

uniform and compact, without cracks or pores, covering entirely the substrate (figure 2b), 

proving that the films are similar or superior when compared to other deposition 

techniques.  

 

3.3 Spectroscopic-ellipsometry 

The optical model used for theoretical calculation is composed by a stack of three 

different layers: the SiO2 substrate, the pentacene thin film, and a top layer with high 

roughness.  Each layer has different optical constants and thickness. For the SiO2 layer, the 

optical constants are from literature [59]. The top rough layer is approximated to be made of 

50% air and 50% pentacene, and the values of refractive index and extinction coefficient are 

calculated in the frame of the Bruggeman approximation [60]. Theoretical calculations of the 

optical constants in pentacene thin films are made in two steps. First, it is necessary to 

calculate the thickness of this layer and for this purpose, a simple Cauchy dispersion formula 

with Urbach tail, are used in the range of 900-1700 nm, where the material is supposed to 

be optically transparent. The thickness of sample was found to be d = 355.5 ± 1.2 nm with a 

roughness t = 39.2 ± 0.5 nm and a MSE value of 31.7. The Cauchy-Urbach formalism can be 

used just for wavelengths where the material is optically transparent or exhibits weak 

absorption. In order to fit the experimental data on the entire measured spectrum, it was 

necessary to find another formalist. The best fit is obtained by using a sum of four Gauss 

oscillators (figure 3a). One may observe a discrepancy between the experimental data points 

(green and blue line) and the theoretical curve (red lines) in UV range (350-400 nm), and the 

same behaviour is also observed in the infrared range (1100-1700 nm). This discrepancy may 

be explained by the presence of micrometric features of up to 1.5 microns at the surface, as 

it can be seen in the AFM and SEM images. The calculated oscillators’ parameters are 

presented in table 1, where “Amp” is the amplitude of oscillation, “En” is the centre energy 
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of oscillator, and “Br” is the broadening of the oscillator. Furthermore, in order to fit 

experimental data with the model, it is important to assume depolarization effects [61, 62]. 

In experimental data from optical methods based on light-polarization, the depolarization 

may occur. The depolarization originates from incoherent superposition of different 

polarization states transmitting or reflecting from the sample. The depolarization effects 

come either from the setup itself or/and from a measured structure (figure 3b). In short, the 

physical phenomena that generate partially polarized light are as follows: (a)-incident angle 

variation originating from focusing of the probe light, (b)-wavelength variation caused by the 

finite spectral resolution of the monochromator, (c)-surface light scattering caused by a 

large surface roughness of a sample, (d)-thickness inhomogeneity of layers in the structure, 

(e)-backside reflection in a thick substrate. The generated optical constants, as a function of 

wavelength, are presented in figure 4. The strange optical behaviour in near IR range come 

from misalignment in the experimental/theoretical curve, and not from intrinsic properties 

of the material. In the 400-1100 nm range, the values of refractive index (figure 4a) and 

extinction coefficient (figure 4b) are in good agreement with other reported values [63]. The 

single molecule has a HOMO-LUMO gap of about 1.1 eV as deduced from the Kohn-Sham 

eigenvalue differences. Here, the value of the band gap is approximated from the Tauc plot, 

i.e. f(E)=(αE)², where α is the absorption coefficient, i.e. α=4πk/λ (figure 5). This value is 

found to be Eg~1.72 eV +/- 0.05 eV, in reasonable agreement with literature [64]. Finally, the 

transmission spectrum (figure 6) reveals that the films are 60% to 80% transparent in the 

range of 900-1700 nm. 

 

3.4 Second harmonic generation by pentacene thin films 

Lack of inversion symmetry in a nonlinear medium is a necessary prerequisite for the 

occurrence of a second-order nonlinearity. However, the isolated pentacene molecule as 

well as pentacene crystals which exhibit a triclinic symmetry are nearly centrosymmetric. 

The second-order nonlinearity originates in pentacene films from the lack of inversion 

symmetry at the surfaces of the crystallites and is practically independent of the structure 

and morphology of the films [65-67]. The deformation mechanisms of molecular crystals and 

thin films combine characteristics of metals, liquid crystals and polymers. They tend to be 

soft like polymers, and their anisotropic molecular conformation, low molecular weight, 

weak inter-molecular interactions and lack of physical entanglements allow for significant 
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molecular rotations - like in liquid crystals. The high degree of long range order present in 

thin films and single crystals also allows for the presence of well-defined lattice defects [67]. 

The damage threshold value for pentacene is very high compared with other films of 

organic molecules and very important for their application in measurements of pulse 

duration of femtosecond pulses. First, we tested that the pentacene powder (bulk) gives a 

reasonable SHG signal at a chosen incident power without any changes during laser 

irradiation (figure 7), as this is a strong feature compared to other organic samples that may 

easily induce a violent decomposition and even burning under a focused laser beam. The 

nonlinear behaviour in the spectrum of light emitted by the pentacene nanolayer under 

femtosecond laser beam irradiation (figure 8) is highlighted by the regular shape of the 

emission band. Compared to SHG measurements of other organic layers made by the same 

experimental set-up [3, 68, 69] we can underline two main features of the pentacene layer: 

stronger SHG signal and higher resistance to the deposed energy by laser beam. Finally, we 

tested the dependence of the SHG intensity versus the incident beam power. The results are 

also shown in figure 8. We used squared power on abscissa in order to test the expected 

linearity I(2ω) ~ I2(ω). The slope of fitting line, that is proportional to susceptibility, can be 

used to compare different samples measured with the same set-up in order to improve the 

experimental conditions of sample fabrication.  

To explain the SHG efficiency for the centrosymmetrical pentacene films we have to 

assume that the distortion at the grain boundaries of the polycrystalline thin film is 

responsible for the SHG, i.e. to consider the size of the boundaries of the films to understand 

the different SHG efficiencies. Therefore, the efficiency of SHG is independent of the 

microscopic configuration. 

 
4. Conclusion 

Thin films of pentacene are grown by matrix-assisted pulsed laser evaporation. The 

films are uniform, dense and without pores or cracks, with uniformly distributed aggregates 

that can be observed at the surface. The refractive index of the films, as it was measured in 

the 400 – 1000 nm wavelength range, varies between 1.78 and 1.93 with a maximum in the 

UV region. The value of band gap was found to be Eg~1.72 eV +/- 0.05 eV, which is in 

reasonable agreement with literature. The efficiency of second harmonic generation is 

independent of the microscopic configuration and the morphological structure, but depends 
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upon the size of the surface and of the domains themselves. The nonlinear investigations 

reveal that the films exhibit second harmonic generation capabilities, making them suitable 

for applications organic optoelectronics. 
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Table & Figure captions 
 

 
 
Table 1. Spectroscopic-ellipsometry parameters, where “Amp” is the amplitude of 
oscillation, “En” is the centre energy of oscillator, and “Br” is the broadening of the 
oscillator. 
 

 
 
Figure 1. (a) MAPLE target holder and pentacene solution during liquid nitrogen cooling, and 
(b) FTIR spectra for pentacene dropcast vs. MAPLE deposited films, for different laser 
fluences (inset, upper left: the pentacene molecule) 
 
Figure 2. (a) AFM and (b) SEM images on a pentacene thin film grown at 266 nm laser 
wavelength, on Silicon substrates (72 000 pulses at 0.4 J/cm²) from a 1 wt% pentacene in 
toluene frozen target 
 
Figure 3. (a) Spectroscopic-ellipsometry data fitting with 4 Gauss oscillators, and (b) the 
corresponding depolarization curve  
 

Figure 4. Wavelength dependence of the (a) refractive index and (b) the extinction 
coefficients, obtained by fitting the experimental data with a sum of 4 Gauss oscillators 
 
Figure 5. (αE)² vs. E for a MAPLE pentacene deposited film 
 
Figure 6. The transmission spectrum for a 400 nm pentacene thin film deposited onto a 
quartz substrate (grown at 0.3J/cm² laser fluence) 
 
Figure 7. Emission intensity for pentacene powder 
 
Figure 8. Plot of the I (SHG) vs. P (incident) for thin film samples grown by MAPLE 
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