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Laser-induced tuning of crystallization
in tetracene thin films
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Linus Pithan,c Christoph T. Koch, a Jürgen P. Rabe,a Andreas Opitz *a and
Stefan Kowarik *d

This study explores how laser light affects the morphology of tetracene films, and it presents novel

strategies for improving the creation of thin films used in (opto-)electronic devices. We demonstrate

that laser light (532 nm, 1.1 W mm�2), applied during tetracene deposition, not only increases grain size

but also induces photoalignment. The observed effects arise from enhanced molecular diffusion,

resulting from energy transferred by light to the molecules after adsorption, but not from heating the

substrate surface underneath. We observe that linearly polarized light promotes photoalignment, while

increased crystallite sizes occurs with both linear and circular polarizations. We propose an Ostwald

ripening process facilitated by laser illumination, where smaller crystallites get optically heated and

dissolve, allowing molecules to surmount step-edge barriers and assemble into larger crystallites.

Importantly, the crystallite sizes achieved with laser illumination surpass those attainable by substrate

heating alone. The study demonstrates that laser illumination acts as a promising new parameter for

controlling thin film properties and is distinct from growth control via substrate temperature and growth

rate. Light control also includes the ability for lateral patterning, with implications for the future of

molecular materials and their manufacturing technologies.

Introduction

Nucleation and crystal growth are foundational processes in

the formation of crystalline materials with a wide range of

applications. For tetracene, this includes nanoparticles for

photocatalysis1 or semiconductor thin films used in elec-

tronics2–4 and optoelectronics.5–10 Although it is a critical step

in the growth of these materials, many aspects of nucleation

remain poorly understood. Questions persist about the nature

of aggregates before nucleation, the existence and role of

amorphous precursor phases, and the methods available to

externally control the nucleation process.

Laser illumination has been identified as a method with the

potential to influence 3D nucleation and crystalisation.11 The

technique, known as non-photochemical laser-induced nuclea-

tion (NPLIN),12,13 is gaining attention for its ability to control

nucleation both spatially and temporally through the manip-

ulation of the laser’s spot size and its duration of application.

Separate from NPLIN as a method for bulk crystallisation, laser

illumination has also proven useful in thin film growth. For

instance, for growth of organic semiconductor materials such

as sexithiophene (6T), controlled laser illumination has been

leveraged for selecting specific polymorphic forms and thereby

influencing electrical and optical properties.14 Similarly, during

growth of tetracene thin films, the direction of laser polariza-

tion has been found to influence crystal alignment, demon-

strating that laser illumination is a promising way to control

nucleation and thin film growth.15 However, until now, the

discussion on NPLIN has primarily focused on bulk crystal

growth from solutions or melts, not extending to vacuum-

deposited thin films. Mechanisms such as bubble formation

are specific to NPLIN from solution and the effects of laser

illumination during organic molecular beam deposition have

not yet been studied extensively. Also, NPLIN usually is using

high peak power, pulsed lasers, whereas our work employs

comparatively low power continuous wave lasers. While our

previous work14,15 has established the fact that laser illumina-

tion affects crystal phase and crystal orientation in organic

molecular beam deposition, crucial information regarding

light-induced effects on nucleation densities, crystallite sizes,

and the thin film roughness remains lacking.

In this study we demonstrate how laser illumination during

tetracene thin film growth can induce the formation of larger
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crystallites, significantly altering the morphology of thin films.

The observed effects are not a consequence of mere laser-

induced substrate heating but are attributed to light-matter

interactions within the growing tetracene thin film. Larger

crystallite sizes and enhanced photoluminescence (PL) are

noted under both linear and circularly polarized laser light.

However, photoalignment is uniquely observed with linear

polarization, underscoring the nuanced control that laser para-

meters offer in the thin film nucleation process. This study can

also be seen as a first example that expands the concepts of

NPLIN to the domain of thin films grown in vacuum, further

establishing laser light as a novel lever to control crystallisation

and film growth.

Experimental methods
Thin film growth

Tetracene powder was purchased from Sigma Aldrich and used

without a further purification. It was placed into the crucible of

an effusion cell. Outgassed glass wool was inserted afterwards

to hold the tetracene powder in place for top-down evaporation.

Silicon substrates measuring approximately 10 � 10 mm2 and

featuring a 200 nm oxide layer were sequentially sonicated for

5 minutes each in acetone, followed by distilled water, and

concluding with isopropanol to ensure a clean surface for thin

film deposition. Then, substrates were immediately dried using

a nitrogen gun, and stored in the organic molecular beam

deposition (OMBD) vacuum chamber with a base pressure

below 5 � 10�7 mbar. Substrates were mounted with silver

conductive paint onto a molybdenum sample holder with

resistive heating and cryogenic nitrogen cooling. The temperature

measurements and temperature stabilisation were performed

with a K-type thermocouple attached to the molybdenum sample

holder. Through comparisons between the sample holder thermo-

couple and thermocouples in direct contact with the silicon wafer,

we estimate our absolute temperature error to be below 10 K.

However, the reproducibility and relative accuracy of temperature

measurements within the same setup are significantly higher,

with an estimated precision of 1 K. Before film growth, substrates

were heated at 100 1C overnight, and then at 200 1C for 1 hour.

The nominal film thickness of deposited tetracene was controlled

via a quartz crystal microbalance (QCM) and kept constant

at 30 nm. The same molecular flux of 1 nm min�1 was used for

all films.

The setup for tetracene film growth under laser illumination

is illustrated schematically in Fig. 1a. During the deposition

process, selected substrates were subjected to laser illumina-

tion at 1.5 W power to assess the effects of illumination on thin

film growth. A 532 nm wavelength diode pumped solid state

(DPSS) laser from Roithner Lasertechnik was used. The 532 nm

wavelength aligns with the first Davydov component of tetra-

cene crystallite absorption, resulting in strong and directional

light absorption. The laser spot size at the sample had a full

width at half maximum (FWHM) of 0.64 mm. For several films

we converted the laser light from linear to circular polarization

by placing a quarter-wave plate in the laser beam path before it

entered the vacuum chamber glass window. The temperature

of the sample holder during the film growth was kept at a

constant value using a PID controlled heating element and

constant liquid nitrogen flow for cooling.

Photoluminescence (PL)

To gain insight into PL of tetracene films with and without laser

illumination during growth, we employed a polarization-

dependent PL setup. Tetracene samples were excited using a

455 nm LED from Thorlabs. Tetracene emission was collected

by a lens, then passed through a polarizer, a long pass filter,

and an optical fibre into the compact CCD spectrometer

CCS200 from Thorlabs. Background signal and sample lumines-

cence were both recorded for 19 seconds for each measurement at

Fig. 1 (a) Schematic of the setup for tetracene growth involving laser illumination. (b) Photograph in natural light of a ca 10 mm � 10 mm tetracene
sample, which was grown under laser illumination, exhibiting a spot ofE1 mm with changed appearance, where the laser hit. (c) Heat-flow simulation of
the substrate heating through the laser demonstrates a E11 1C rise in substrate temperature in the illuminated spot.
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room temperature. The dependence of integrated PL counts in the

range 2.3–2.5 eV on the angular position of polarizer was used to

calculate a dichroic ratio.

Atomic force microscopy (AFM)

The surface morphology of tetracene films was determined

using a Bruker Nanoscope V multimode 8 AFM with ScanAsyst

mode and OTESPA-R3 tip (spring constant 26 N m�1). AFM data

were analysed with the open source software Gwyddion to

obtain roughness, grain height and grain area.16

Scanning electron microscope (SEM)

We used a Zeiss GeminiSEM 500 to image the samples from the

top and in cross section in order to obtain the lateral grain size

and the grain thickness, respectively. The SEM was operated at

an acceleration voltage of 10 kV with the 20 mm aperture and

the in-lens detector was used to acquire the images. For the

cross-sectional SEM, the angle between sample surface and

incoming electron beam was 51. For SEM cross sections,

samples were prepared by breaking the silicon substrate across

the visible illumination position (see Fig. 1b). SEM images were

analysed with the software Fiji.

Results

Our study investigates the impact of laser illumination on

the nucleation and growth of crystalline tetracene thin films.

We use a comparative approach, analysing samples prepared

under varying substrate temperatures and different illumina-

tion conditions. A crucial aspect is the role of trivial laser-

induced substrate heating versus optical growth control by

direct light absorption in the molecular layer. For this we

explore morphological changes of the tetracene thin film,

photoalignment of crystallites and larger crystallite sizes with

enhanced photoluminescence. These changes clearly show that

optical growth control goes beyond substrate heating and

molecular flux control.

To estimate the direct heating effects of the laser on the

substrate we use finite element simulations. These simulations,

one of which is depicted in Fig. 1c, confirm that a localized

temperature rise is limited to about 11 K. The simulation

provides the steady-state temperature distribution between a

laser-heated circle with a 0.64 mm diameter at the top of the

substrate, with a power density of approximately 1.1 W mm�2,

and a heat sink maintained at �50 1C at the base of the glue

layer. The simulations were conducted using Autodesk Fusion

360, which modelled heat flow through a silicon wafer with a

thickness of 0.4 mm and a thermal conductivity of 150Wm�1 K�1,

and an epoxy glue layer with a thickness of 0.1 mm and a thermal

conductivity of 0.46Wm�1 K�1. The absorbed power from the laser

beam, adjusted for the silicon reflectivity, was set at 0.94W. For two

backside temperatures of�50 1C and�25 1C at the sample holder,

which is where the thermocouple is positioned in the experiment,

the temperature increment remained below 11 K. Notably, the area

of a 5 K temperature rise is a wide spot of ca. 4 mm diameter,

whereas the grown tetracene film shows a narrower ca. 1 mm

diameter spot with changed, milky appearance only where the laser

hit (see Fig. 1b). This is a first indication that this minor, localized

substrate heating cannot be the sole factor in the morphological

changes observed. Note that the demarcation of non-illuminated

areas and the central laser illuminated spot enables a direct

comparison between the illuminated and non-illuminated film

regions on the same substrate in further experiments. While it

would be interesting to perform a similar calculation of the

temperature within the tetracene film to understand the direct

optical effects better, too little is known about heat transfer within

tetracene and across tetracene-silica interfaces to arrive at a reason-

ably accurate estimate.

To contextualize these findings of a roughly 11 K rise due to

thermal effects of the laser illumination on the Si-substrate we

performed a temperature dependent growth study of tetracene

growth without illumination. A wide 70 K range of different

substrate temperatures was investigated with samples grown at

�50 1C, �25 1C, and 20 1C in line with previous, temperature-

dependent growth studies.17–19 The upper limit of 20 1C, was

established based on the volatility of tetracene molecules at our

specific growth rate, which precludes higher temperature

growth due to molecular desorption. Note that slightly higher

substrate temperatures of 30 1C in literature were possible, but

only when using significantly higher deposition rates.19 The

respective AFM micrographs without laser illumination are

shown in Fig. 2a–c. As expected, the nucleation density

decreases for higher temperatures as tetracene molecules

become more mobile and can diffuse to nucleation sites in

the vicinity rather than nucleating a new island. Because of the

lower nucleation density, the grain size increases correspond-

ingly with temperature.19,20 We expect the film to consist of the

tetracene thin film phase,21,22 however the details of tetracene

polymorphism are not the focus of this study.

Fig. 2 panels (d)–(f) showcase the surface morphology of

tetracene films grown under linearly polarized (LP) and circu-

larly polarized (CP) laser illumination. For both LP and CP

conditions during the growth phase, an increase in grain size is

evident when compared to films grown without any form of

illumination at equivalent temperatures. This is quantitatively

detailed in Table 1, where lateral grain size, vertical grain

height—as depicted in the histogram insets of the figure—and

surface roughness, all measured from atomic force microscopy

(AFM) images, exhibit a consistent upward trend with the

introduction of illumination. The modest temperature eleva-

tion of 11 K as calculated for the laser substrate heating above

cannot account for the observed augmentation in grain size.

The analysis becomes even more compelling when considering

that films grown without illumination at a substrate tempera-

ture of �25 1C possess grains that are markedly smaller than

those in films grown under illuminated conditions at a colder

�50 1C sample holder temperature, which we calculate to be

�39 1C in the laser spot. Even when comparing the laser

assisted growth at �39 1C/�50 1C to the dark growth at the

highest substrate temperature of 20 1C, the grain size achieved

under illuminated conditions is still larger. These observations
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underscore the role of illumination as a novel control variable

in OMBD to adjust grain size.

Fig. 3 presents the SEM results that echo the AFM findings,

highlighting increases in the tetracene film grain height and

diameter in response to linear-polarized laser light exposure

during growth. In contrast to the AFM images which are each

taken on a different sample, the SEM measurements provide

information on the lateral changes on spots with/without laser

illumination on the same sample. These variations, sum-

marised in Fig. 3e together with the laser intensity profile,

confirm the influence of laser light on the film morphology,

with grain dimensions expanding notably at the centre of the

laser spot. It is noteworthy, that the FWHM of the grain height

(0.70 � 0.17) mm aligns closely with the actual laser spot

FWHM (0.64 � 0.17) mm, both deduced from Gaussian

fits, suggesting a correlation with the growth process of

tetracene within the vacuum chamber. Conversely, the grain

diameter shows a broader distribution (1.19 � 0.22) mm,

slightly exceeding the span of the laser beam. This can be

rationalised by the fact that lateral diffusion has a lower

energy barrier than vertical diffusion across step edges. There-

fore, hot adsorbate molecules can diffuse out of the laser spot

maximum.

Consistent with findings in ref. 15 our study reveals photo-

alignment in tetracene crystals formed under linearly polarized

(LP) laser illumination, a phenomenon consistent across

various substrate temperatures. Photoluminescence (PL) was

observed for all films, and the presence of facets on the

crystalline grains suggests that the films comprise crystallites

rather than amorphous structures. Within these crystals, the

orientation of tetracene molecules is predominantly vertical,

allowing for efficient absorption and emission of light

perpendicular to the substrate.23 Our analysis, detailed in

Table 1, shows a dichroic ratio exceeding 54%, which, while

significant, is less than that reported by Pithan et al.15

This discrepancy can be attributed to the higher molecular

flux of 1 nm min�1 used in our experiments, which shortens

the deposition time and thus, the window for interaction

between the laser light and the growing crystallites. Films

grown in the absence of laser illumination, or under circularly

Table 1 Summary of parameters describing lateral and vertical crystal grain sizes, film roughness and photoalignment (see also Fig. 4b) for different
growth and illumination conditions. Within our experimental reproducibility and measurement uncertainty the morphological parameters of LP and CP
can be considered as comparable

Growth conditions No laser �50 1C LP �50 1C CP �50 1C No laser �25 1C LP �25 1C No laser 20 1C

Lateral grain size [mm2] 0.037 0.226 0.269 0.054 0.532 0.186
Grain height [nm] 29 171 112 44 105 62
Roughness [nm] 4 37 32 5 33 11
Dichroic ratio (measure of
crystalline alignment)

9% 54% 4% 6% 56% 7%

Fig. 2 AFMmicrographs of tetracene film (size 4 � 4 mm2), grown on SiO2 substrate without illumination in the top (a)–(c) and with laser illumination (LP
and CP) in the bottom (d)–(f). The insets show the height histograms for the micrographs. The height and width of crystallites increases significantly under
illumination.
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polarized (CP) light, demonstrate minimal dichroic ratios

between 4% and 9%. These ratios fall within the uncertainty

margin of our apparatus, suggesting that these films do not

display notable dichroism. The inclusion of a quarter wave-

plate in the experimental setup resulted in a negligible

reduction in laser power from 1.5 W to 1.4 W, insufficient to

account for the dichroic ratio plummeting to 4% under CP

laser light. This further underscores the crucial influence of

laser polarization in fostering the growth of orientationally

aligned tetracene crystals. Ultimately, the observed photoa-

lignment serves as another proof of the direct interaction of

light with the crystalline structure of the thin film, distinct

from any thermal substrate heating effects that might arise

but could not result in crystal alignment on an amorphous

substrate.

In Fig. 4a, we observe that tetracene films grown under

circularly polarized laser light at a substrate temperature of

�50 1C show a significant increase in PL intensity in the

illuminated areas, with a roughly twofold enhancement com-

pared to the non-illuminated regions. This enhancement is

consistent with the larger grain sizes induced by laser illumina-

tion, and may be a sign of superradiance in larger, better

ordered and bulk-like crystals.24–26 This enhanced molecular

ordering within the crystal structure is also evidenced by the

clearer Davydov component, seen as a shoulder at ca. 2.2 eV.27

This observation of increased PL is consistently found also for

other laser illuminated samples, though the exact enhance-

ment factor varies. In Fig. 4b, polarised PL is shown as a

function of the azimuthal angle of the polarizer in the detection

path. The PL is clearly weaker for films grown in the dark.

Strong azimuthal alignment and polarized PL is only found for

LP laser illumination, while CP and dark films show little to

no azimuthal dependency of the PL. These findings showcase

the role of laser illumination in dictating the growth and

subsequently also the photophysical behaviour of tetracene

thin films.

Fig. 3 (a) Photograph of a sample which was grown at substrate temperature �50 1C and molecular flux 1 nmmin�1. Up to a thickness of 30 nm, while a
linear-polarized laser light was applied in the centre of the sample. Top-view and cross-section SEM images of the tetracene film grown in a region
without illumination (b), at the edge of the illuminated region (c), and close to the centre of the laser spot (d). In (e) the grain height and grain diameter
extracted from SEM images as well as the laser intensity profile are plotted as a function of the lateral sample position. For the combined plot, the
maximum of the laser intensity profile was aligned on the x-axis to match the maximum of the grain parameters.
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Discussion

The role of laser illumination in the growth of crystals has been

a subject of keen interest due to its unique influences on

material properties. In our investigation of laser control in

molecular beam deposition, we discern that laser illumination

distinctly differs from a mere increase in substrate tempera-

ture. Typically, an elevated substrate temperature can cause

impinging molecules to desorb immediately, a phenomenon

that can hinder or completely prevent controlled thin film

growth. In contrast, we propose direct laser heating of the

molecular film occurs in a three-step process: (i) initial adsorp-

tion and thermalisation of hot adsorbed molecules on the cold

substrate, (ii) formation of a tetracene nucleus, (iii) absorption

of the light in the nucleus leading to an increase in the

temperature and kinetic energy of the molecules. This techni-

que maintains the molecules in their adsorbed state before

energy is optically applied, leading to more controlled growth

without desorption.

Most studies on non-photochemical laser-induced nucleation

(NPLIN) use laser wavelengths outside the target compound’s

absorption bands to avoid photochemical effects. Although

single tetracene molecules exhibit no absorption for photons

at 532 nm, the crystals are expected to strongly absorb at this

wavelength. Still, in the vacuum environment of our experi-

ments, stable tetracene molecules show no significant photo-

chemical effects, affirming that we are examining a purely

non-photochemical process. Tetracene crystals absorb light at

532 nm, but individual molecules do not. This indicates that

the effects we observed happen after nucleation. A high nuclea-

tion density is presumed to initiate the process, but the sub-

sequent laser-induced heating of the small crystallites may

trigger their dissolution, potentially causing a process akin to

Ostwald ripening.28 This would result in the growth of larger

crystallites at the expense of smaller ones. Larger crystals

possess a reduced surface-to-volume ratio, diminishing the

probability of molecules detaching from the surface under

the influence of illumination during growth. Moreover, larger

crystals with their extensive molecular networks exhibit more

pronounced thermalization processes, which can mitigate the

loss of molecules, in contrast to smaller nuclei, which lack such

extensive interactions and are more susceptible to dissolution.

The presence of this effect under both linear and circular laser

polarizations leads us to conclude that photoalignment and the

increase in crystallite size are independent phenomena.

Notably, during the growth influenced by linearly polarized

(LP) light, we observe that the efficiency of tetracene crystal

dissolution is contingent upon the angle between the crystal’s

transition dipole moment and the laser polarization. For LP

laser-assisted growth, the alignment of tetracene aggregates is

enhanced, again suggesting an Ostwald ripening-like mecha-

nism. The directional dependency supports the idea that

orientationally selective energy transfer and a resulting orien-

tation dependent temperature contributes to the growth of

aligned crystals.

To further support our findings, the microscopy results from

both SEM and AFM point towards an enhancement of tetracene

molecule diffusion, both laterally across the substrate surface,

and vertically along pre-existing tetracene grains, indicating an

upward transport mechanism. This kind of transport during

film growth aligns with the observations reported by Nahm

et al.,19 where it was found that increasing the temperature

facilitates overcoming the step-edge barrier for upward diffu-

sion of molecules. Our results corroborate this phenomenon, as

we observe that under laser illumination and optical heating

the vertical crystallite size increases beyond the effect possible

through increased substrate temperature. Laser illumination

greatly promotes the vertical transport and assembly of tetra-

cene molecules into taller crystalline structures.

Conclusion & outlook

Our investigation establishes that laser illumination significantly

influences the growth of tetracene thin films, enhancing grain

size and promoting photoalignment due to the diffusion

enhancement of tetracene molecules. This is attributed to opti-

cal energy transfer mechanisms after the hot adsorbed mole-

cules have thermalised on the cold substrate, and laser control of

Fig. 4 (a) Photoluminescence (PL) of a tetracene film grown at a substrate
temperature �50 1C under circular-polarized laser light. The excitation
power is 2.5 mW. A twofold enhancement of the PL intensity of tetracene
is found at the position illuminated during growth with respect to the
position not illuminated during growth at the side of the sample.
(b) Azimuthal, polarization dependent PL intensity distribution for different
illumination conditions during growth. An enhancement of the PL is
observed under any laser illumination but photoalignment of crystallites
only for linearly polarised laser illumination.
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growth is distinct from the standard growth control parameters

of substrate temperature and growth rate. The ability to mod-

ulate thin film properties through laser parameters including

polarisation, wavelength, and power density along with the

capability to create lateral structures with patterned light, sug-

gests a pathway to tailored material functionalities. This techni-

que is especially valuable in the field of organic electronics,

where exact control over film morphology is crucial.

Future research will benefit from a deeper exploration into

the theoretical aspects of energy transfer during film growth

and broadening the scope to include diverse materials and

laser conditions. This advancement in laser-assisted deposition

techniques promises to refine our approach to thin film

growth, paving the way for enhanced and versatile structure–

function relationships in molecular materials.
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Baldo, Energy harvesting of non-emissive triplet excitons in

tetracene by emissive PbS nanocrystals, Nat. Mater., 2014, 13,

1039–1043.

8 P. J. Jadhav, A. Mohanty, J. Sussman, J. Lee and M. A. Baldo,

Singlet Exciton Fission in Nanostructured Organic Solar

Cells, Nano Lett., 2011, 11, 1495–1498.

9 R. W. MacQueen, M. Liebhaber, J. Niederhausen, M. Mews,
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