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Abstract

Rubrene is a promising hydrocarbon for organic thin film transistors due to its remarkable carrier transport capabilities in the active
semiconducting layer. Room temperature hole mobilities for single crystals have been high and are the reason for increased attention towards
this material. In our work here we report on the thin films of rubrene deposited on two dielectric materials, SiO, and mica which resulted in
nominal film thicknesses starting from sub monolayer. A study of island growth dependence on substrate temperatures has also been conducted.
In order to understand the molecular growth dynamics of rubrene thin films on these two substrates, we made use of Atomic Force Microscopy
for the characterization of these films and studied the pattern of island growth dependence on different substrate temperatures and substrates.
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1. Introduction

The field of optoelectronic devices using organic materials
is gaining an increase in attention of researchers due to applica-
tions like organic field effect transistors (OFETs) [1, 2], pho-
tovoltaic cells [3] and light-emitting diodes (OLEDs) [4, 5].
One reason for this interest is the high performance of sin-
gle crystal based OFETs using organic materials like rubrene
(5,6,11,12-tetraphenyltetracene - C4,H,g) which have shown an
interestingly high carrier mobility [6, 7]. The challenge, how-
ever, remains to achieve sufficiently high carrier mobilities us-
ing rubrene thin films as are seen for the single crystal-based
devices [7-14].

Continuous attempts are being made to grow rubrene thin
films of a crystalline nature, but results have showed spherulites
which are small polycrystalline areas in the mostly amorphous
films [15-17]. In order to fully understand the reason behind
such a morphology, a detailed study of the different stages of
thin film growth for rubrene is necessary. Research has been
conducted into the initial stages of island formation [8—10, 16—
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28] and the consequent stage of coalescence and thin film devel-
opment followed by the nucleation of crystalline areas namely
spherulites [29]. Island formation of an amorphous nature on an
amorphous wetting layer might be the most interesting stage of
growth to be studied for the best understanding of morphology
of rubrene thin films as it is followed by crystalline nucleation
in between islands [30]. Here we put forward a similar study
using substrates of mica and SiO, to see rubrene growth depen-
dence on varying substrate temperatures.

2. Materials and Methods

Rubrene, an organic substance, was purchased from Aldrich
and purified even further using thermal sublimation. The ma-
terial was 98% pure. Rubrene was moved into the Hot Wall
Epitaxy apparatus and placed in a quartz tube. Muscovite Mica
substrates measuring 15x15mm? that were acquired from Segliwa
GMBH were manually split fresh in the air before being placed
in the HWE vacuum chamber. Subsequent to attaining a vac-
uum of 10-6 mbar, a 15-minute preheating process was con-
ducted at the substrate deposition temperature. All materials
that have been adsorbed onto the substrate surface are totally re-
moved by this in situ heat treatment. Subsequently, at a vacuum
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Figure 1. AFM images of rubrene grown on (a) mica surface at 75y, =180°C and Ty, = 90°C, (b) mica surface at T, =180°C and T, = 120°C and (c) SiO,
surface at To, = 180°C and Ty, = 120°C, for growth times 1, 2, 4 and 8 minutes. The magnifications of images are (a) 10 X 10}11’}12, (b) 10 x 10;4m2 and (¢)

50 x 50um?.

of 10-6 mbar, rubrene was placed on mica (001) and recently
cleaned SiO, wafer (SiO, coated Si wafer) substrates. The sub-
strate temperatures that were utilised were 90°C and 120°C for
mica and 120°C for SiO,. In all situations, the wall temperature
was maintained at 180°C in addition to the source temperature.
The samples’ growth times were 1, 2, 4, and 8 minutes. Using a
SiC tip on regions measuring 10 x 10um? and 50 X 50um?, mor-
phology studies were conducted by acquiring atomic force mi-
croscopy (AFM) pictures of the deposited organic thin films us-
ing the tapping mode of a Digital Instruments Dimension 3100
microscope. These AFM images of rubrene placed on mus-
covite mica and SiO, substrates are displayed in Fig. 1. The
following analysis was done on this set of AFM scans. To cal-
culate the island density, one might count the number of grains
per 10 x 10um?. The average height of these islands was deter-
mined by analyzing a significant number of cross sections, and
this information was then utilized to calculate the distribution
of island heights.

3. Results and Discussion

We obtained 98% pure rubrene from Aldrich which was
further purified using thermal sublimation. Rubrene was de-
posited on freshly cleaved mica (001) and on freshly cleaned
Si0, wafer substrates using hot wall epitaxy keeping substrate
temperatures at 90°C and 120°C for mica and 120°C for SiO,
at a vacuum of 10-6 mbar whereas the source temperature was
maintained at 180°C for both cases. Digital Instruments Di-

mension 3100 in tapping mode was used to obtain AFM scans
for morphology assessment as shown in Fig.1.

The nominal film thickness (NFT) was plotted versus growth
time to find growth rate in each series of samples. Figures 2
and 3 show these plots of samples whose AFM scans are shown
in Fig. 1. The results in Fig. 2 show a clear dependence of
the amount of material deposited on the substrate temperature.
Keeping the source temperature constant at 180°C the same
number of molecules evaporated. The increased substrate tem-
peratures in the first two series for mica increase the growth rate
which can be attributed to greater diffusion lengths of rubrene
molecules. Consequently, the nominal layer thickness was less
at lower substrate temperatures. However, the grain count in-
crease with time is prominent only at lower substrate temper-
ature. The grain density is almost independent of growth time
for the high substrate temperature while it increases in the be-
ginning of growth at lower substrate temperatures and reaches a
saturation. A similar comparison was made for samples grown
at the same source and substrate temperatures but on different
substrates of SiO, and mica. By performing the same evalu-
ation procedure as described above, the results shown in Fig.
1 were obtained. The smaller growth rate for SiO, can be in-
terpreted in terms of a smaller sticking coefficient of rubrene
molecules on SiO, as compared to mica substrates. This as-
sumption can also explain the increasing grain density on SiO,.
If the rubrene molecules cannot reach the next island within
the time before they evaporate again only a small number of is-
lands will be formed in the beginning. With increasing growth
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Figure 2. Comparison of (a) nominal film thickness (NFT) (b) grain count per
10 x 10um?® for samples prepared on mica at substrate temperature of 90°C
and 120°C.

time more and more islands will provide stable positions for the
rubrene molecules reducing the re-evaporation and resulting in
an increased growth rate.

4. Conclusion

We have studied the early phases of growth of rubrene lay-
ers that are deposited on various substrates at varying substrate
temperatures using Hot Wall Epitaxy. The findings indicate that
whereas grain density is dependent on both substrate material
and substrate temperature, thin film thickness at constant source
temperature directly correlates with substrate temperature.

References

[1] A. Afzali, C. D. Dimitrakopoulos, T. O. Graham, Photosensitive pen-
tacene precursor: synthesis, photothermal patterning, and application in
thin-film transistors, Advanced Materials 15 (24) (2003) 2066—-2069.

[2] M. Muccini, A bright future for organic field-effect transistors, Nature
materials 5 (8) (2006) 605-613.

[3] P. Peumans, A. Yakimov, S. R. Forrest, Small molecular weight organic
thin-film photodetectors and solar cells, Journal of Applied Physics 93 (7)
(2003) 3693-3723.

[4] M. A. Baldo, D. F. O’Brien, Y. You, A. Shoustikov, S. Sibley, M. E.
Thompson, S. R. Forrest, Highly efficient phosphorescent emission from
organic electroluminescent devices, in: Electrophosphorescent Materials
and Devices, Jenny Stanford Publishing, 2023, pp. 1-11.

[5] L. Hung, C. Chen, Recent progress of molecular organic electrolumines-
cent materials and devices, Materials Science and Engineering: R: Re-
ports 39 (5-6) (2002) 143-222.

- Mca

g

. Sy

WET 0™ [m]
-

-
=d
-
-
-

Mica
Sily

Mo of Gra n:"lﬂx'lﬂ..r'l?

()

Figure 3. Comparison of (a) nominal film thickness (NFT) (b) grain count per
10 x 10um? for samples prepared on mica and SiO, at source temperature of
180°C and substrate temperature of 120°C.

[6] O. Mitrofanov, D. V. Lang, C. Kloc, J. M. Wikberg, T. Siegrist, W.-Y.
So, M. Sergent, A. P. Ramirez, Oxygen-related band gap state in single
crystal rubrene, Physical review letters 97 (16) (2006) 166601.

[7] V. C. Sundar, J. Zaumseil, V. Podzorov, E. Menard, R. L. Willett,

T. Someya, M. E. Gershenson, J. A. Rogers, Elastomeric transistor

stamps: reversible probing of charge transport in organic crystals, Sci-

ence 303 (5664) (2004) 1644—-1646.

C. Hsu, J. Deng, C. Staddon, P. Beton, Growth front nucleation of rubrene

thin films for high mobility organic transistors, applied physics letters

91 (19).

[9] S.-W.Park, J. M. Hwang, J.-M. Choi, D. Hwang, M. Oh, J. H. Kim, S. Im,
Rubrene thin-film transistors with crystalline and amorphous channels,
Applied physics letters 90 (15).

[10] S.-W. Park, S. Jeong, J.-M. Choi, J. M. Hwang, J. H. Kim, S. Im, Rubrene
polycrystalline transistor channel achieved through in situ vacuum an-
nealing, Applied Physics Letters 91 (3).

[11] V. Podzorov, V. Pudalov, M. Gershenson, Field-effect transistors on
rubrene single crystals with parylene gate insulator, Applied physics let-
ters 82 (11) (2003) 1739-1741.

[12] C. Goldmann, S. Haas, C. Krellner, K. Pernstich, D. Gundlach, B. Bat-
logg, Hole mobility in organic single crystals measured by a "flip-crystal”
field-effect technique, Journal of Applied Physics 96 (4) (2004) 2080-
2086.

[13] E. Menard, V. Podzorov, S.-H. Hur, A. Gaur, M. E. Gershenson, J. A.
Rogers, High-performance n-and p-type single-crystal organic transistors
with free-space gate dielectrics, Advanced materials 16 (23-24) (2004)
2097-2101.

[14] J. Takeya, M. Yamagishi, Y. Tominari, R. Hirahara, Y. Nakazawa,

[8

—_



18

(15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

KaMIiLA REHMAN ET. AL.,| Research Prospects in Natural Sciences Vol. 1, Issue 1, (2023) 15-18

T. Nishikawa, T. Kawase, T. Shimoda, S. Ogawa, Very high-mobility or-
ganic single-crystal transistors with in-crystal conduction channels, Ap-
plied Physics Letters 90 (10).

H. Klauk, M. Halik, U. Zschieschang, G. Schmid, W. Radlik, W. We-
ber, High-mobility polymer gate dielectric pentacene thin film transistors,
Journal of Applied Physics 92 (9) (2002) 5259-5263.

C. Sheraw, L. Zhou, J. Huang, D. Gundlach, T. Jackson, M. Kane, I. Hill,
M. Hammond, J. Campi, B. Greening, et al., Organic thin-film transistor-
driven polymer-dispersed liquid crystal displays on flexible polymeric
substrates, Applied physics letters 80 (6) (2002) 1088—1090.

D. Kifer, L. Ruppel, G. Witte, C. W&ll, Role of molecular conforma-
tions in rubrene thin film growth, Physical review letters 95 (16) (2005)
166602.

M. Campione, Rubrene heteroepitaxial nanostructures with unique ori-
entation, The Journal of Physical Chemistry C 112 (42) (2008) 16178-
16181.

M. Haemori, J. Yamaguchi, S. Yaginuma, K. Itaka, H. Koinuma, Fabrica-
tion of highly oriented rubrene thin films by the use of atomically finished
substrate and pentacene buffer layer, Japanese journal of applied physics
44 (6R) (2005) 3740.

D. Kifer, G. Witte, Growth of crystalline rubrene films with enhanced
stability, Physical Chemistry Chemical Physics 7 (15) (2005) 2850-2853.
Y. Chen, I. Shih, High mobility organic thin film transistors based on
monocrystalline rubrene films grown by low pressure hot wall deposition,
Applied Physics Letters 94 (8).

Y. Luo, M. Brun, P. Rannou, B. Grevin, Growth of rubrene thin film,
spherulites and nanowires on sio2, physica status solidi (a) 204 (6) (2007)
1851-1855.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

P. R. Ribi¢, G. Bratina, Ripening of rubrene islands, The Journal of Phys-
ical Chemistry C 111 (50) (2007) 18558-18562.

S. Kowarik, A. Gerlach, S. Sellner, F. Schreiber, J. Pflaum, L. Cavalcanti,
0. Konovalov, Anomalous roughness evolution of rubrene thin films ob-
served in real time during growth, Physical Chemistry Chemical Physics
8 (15) (2006) 1834-1836.

G. Hlawacek, S. Abd-al Baqi, X. Ming He, H. Sitter, C. Teichert, Rubrene
on mica: from the early growth stage to late crystallization, Interface Con-
trolled Organic Thin Films (2009) 55-60.

L. Gréanasy, T. Pusztai, T. Borzsonyi, J. A. Warren, J. F. Douglas, A gen-
eral mechanism of polycrystalline growth, Nature Materials 3 (9) (2004)
645-650.

M. Brinkmann, S. Graff, F. Biscarini, Mechanism of nonrandom pat-
tern formation of polar-conjugated molecules in a partial wetting regime,
Physical review B 66 (16) (2002) 165430.

Y. Kato, S. Iba, R. Teramoto, T. Sekitani, T. Someya, H. Kawaguchi,
T. Sakurai, High mobility of pentacene field-effect transistors with poly-
imide gate dielectric layers, Applied physics letters 84 (19) (2004) 3789—
3791.

U. Stadlober, B Haas, A. Maresch, H Haase, Semiconductors ii: Sur-
faces, interfaces, microstructures, and related topics-growth model of
pentacene on inorganic and organic dielectrics based on scaling and rate-
equation theory, Physical Review-Section B-Condensed Matter 74 (16)
(2006) 165302-165302.

H. Zaglmayr, L. Sun, G. Weidlinger, S. M. Abd Al-Bagqi, H. Sitter, P. Zep-
penfeld, Initial stage of crystalline rubrene thin film growth on mica (0 0
1), Synthetic metals 161 (3-4) (2011) 271-274.



	Introduction
	Materials and Methods
	Results and Discussion
	Conclusion

