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This study deals with the growth mode of N,N’-diges3,4,9,10-perylenetetracarboxylic diimide
(PTCDI-5C) thin films from less than one monolaj@23 monolayers thick. The effects of growth
temperature and the thickness and nature of thestrsbbs —Si@ on Si(001) or
octadecyltrichlorosilane (OTS) self-assembled mayed terminated Si(001) surfaces— are
discussed. Thin films were deposited from a homden&nudsen cell by using a hot-wall
deposition technique. Films were analyzed by atdorce microscopy, X-ray diffraction, and X-ray
reflectivity. Films exhibited a (001) orientationtiva 1.63 nnmd spacing, and a metastable thin film
phase was observed without any distinction of tteine of the substrate. However, differences were
noticed in the early stages of growth: PTCDI-5C/Sidst monolayers presented a Stranski-

Krastanov growth mode, whereas PTCDI-5C/OTS firehalayers showed a more complex mode
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with incomplete wetting of the substrate surfaceffeences between the two morphologies

softened as the film thickness increased.
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INTRODUCTION:

Over the last decade organic semiconductors hase Wwelely studied because of their potential
for use in many applications: flat display panedectronic papers, chemical sensors, ‘efc.
Although the performances of these devices arenstthker than those of inorganic semiconductors,
the fabrication processes are less complex than $hecounterparts, and this is advantageous in
terms of fabrication costs. In recent years, a watee of conjugated molecules have been studied,
such as pentacene, perylene, anthracene, 3,4,8r§@metetracarboxylic dianhydride (PTCDA),
etc? The semiconducting properties of these molecudesecfrom delocalizedtelectron bondings.
The tand 1 orbitals form delocalized valence and conductiwave functions supporting charge
carriers® Thus strong dependence of the charge transponighrthe deposited samples is expected
according to the crystalline order and crystal paglof the film. From this point of view, perylene
diimides are well suitable for n-channel conductsamce they grow immestacks in the bulk state.
This arrangement enhances intermolecutaorbital overlap, which is a good point for charge
transport. Another requirement for optimizing cletgansport is the grain size of the thin film:
electron scattering at grain boundaries alters#ngers’ mobility?

Because of the electron affinity of its carboxyliparts, N,N’-dipenthyl-3,4,9,10-

perylenetetracarboxylic diimide (PTCDI-5C3830N204) is an n-channel organic semiconductor.



PTCDI-5C thin films and transistors have been &ddin recent years on different substrates.
Chesterfield et al. reported the growth of PTCDI-&CALO; and SiQ.%” In both case, the authors
observed a (001) growth orientation of the PTCD|-&&h the presence of a “thin film phase”. This
thin film phase, however, tends to disappear addhmperature increases and may be a metastable
growth-limited phase or a thermodynamically stgtéymorph. This thin film phase has also been
reported in the case of pentacene thin fifms.

As the orientation and morphology of moleculeshia first few monolayers of the organic film
work as a channel and are therefore very impomtatgrms of OFET properties, it is crucial to have
a good understanding of the growth mechanism offits¢ monolayers. Our study, therefore,
focused on the early stages of growth of PTCDI-B@ films on Si(001) substrates from less than
one monolayer to 23 monolayers thick. The effetthe type of the substrates, temperature, and

thickness were investigated.

EXPERIMENTS:

PTCDI-5C molecules were deposited on n-type Si(0®&)ers by using a Knudsen cell in a
vacuum organic molecular deposition system, with ltlase pressure below 5 xATorr. As the
molecules evaporated quite rapidly, even at lowptenatures, we used the hot wall deposition
technique’® Stable deposition rate and effective deliveryhef molecules were thus possible, since
the molecules were focused on the substrates thraugeated glass tube that was set between the
crucible and substrate. A deposition rate of alfoLitML.min*, monitored by a quartz balance, was
used and kept constant throughout all the expetsnen

Two types of Si(001) substrate surfaces were umatiaces terminated by SiGayers prepared by

using Shiraki’'s method and surfaces terminateddbyassembly of octadecyltrichlorosilane (OTS)



monolayers. This OTS layer was grown on silicorxitie layers prepared by Shiraki’'s metH8d.
Substrates temperatures for growth were varied fiasm temperature (RT) (23 °C) to 120 °C.

The structure and morphology of the thin films wexamined by atomic force microscopy (AFM
Sll, SP14000). X-ray diffraction (XRD) with a Bruk®8 Discover (Cu & source\ = 0.15418 nm)
was used to check for thin film crystallinity. Xyraeflectivity measurements were used in addition

to AFM for the study of the very thin films (fromt6 1 monolayer).

RESULTSAND DISCUSSION:
PTCDI-5C molecules crystallized into a triclinicrigtture, as shown in Figure 1, with the
following lattice parametet§ a = 0.4754 nm, b = 0.8479, ¢ = 1.6296 nn¥, 86.88, B = 83.50, y

= 83.68. The density was 1.36 g.¢n

AFM and XRD measurementson filmsfrom 3to 23 ML:

The dependence on thin film structure and morpholegrsus type of substrate (SISi or
OTS/SiQ/Si), substrate temperature (RT to 12} and film thickness (3 to 23 monolayers; ML)
were studied. AFM images are presented in Figulthough no clear structure was observed in
the early stages of deposition (Fig. 2a, 2e), batiblike structure was clearly visible with increes
film thickness (Fig. 2b, 2f) on both the Si@nd OTS substrates at room temperature. Here, OTS
treatment resulted in an increase in ribbon siz80~1400 nm for Si@to ~150 x 600 nm for OTS.
Another effective way to increase ribbon size is itbgrease the substrate temperature. As
temperature increased, grain growth in a lateralction was enhanced and ribbon size increased in

both types of substrate (Fig. 2b, 2f). The ribbide-Igrains evolved into mesa-like grains in a



vertical direction. In response to the combinatdrOTS treatment and temperature optimization,
growth of grains (or ribbons) with a size of seVen&crometers was achieved (Fig. 2h). This size is
a key point in the carriers’ mobility: by increagigrain size the probability of the grain boundary
altering the mobility in the channel of the tratsisiecreases.

Although for thicker films the morphology was these on the two kinds of substrates at 120
there was a difference for the 3-ML films. Thinmiilgrown on Si@ at room temperature already
exhibited mesa-like grains, but that on OTS presgiat morphology that seemed to be more “layer
by layer” oriented, with uncompleted wetting of thabstrate surface. Indeed there were holes (the
black parts on the pictures) where the substrai@ace appeared, as shown by the arrow in Figure
29. The terrace heights were found to be betwegh dnd 1.75 nm. These values almost coincided
with the lattice constant of the c-axis. More dstan the early stages of growth will be givenhe t
following part.

Roughness of the surfaces was quite low and showesignificant variation with thickness or
kind of substrate. Only a slight increase was motiavith increasing temperature: measured
roughness varied from 1.5 to 2 nm. The differemcenorphology observed in the early stage was
hidden in the thicker films.

To gain insight into the molecular orientation, warried out XRD measurements. Figure 3
illustrates the XRD patterns of thin films grownl1&0°C with the thickness of 23 ML on Sj@t a
logarithm scale. The XRD pattern on OTS was esaignthe same. The pattern shows a primary
peak with ad spacing of 1.63 nm. This peak is close to the Y@&bk of the powder patterd (
spacing 1.62 nm). The FWHM of the rocking curvetloé (001) peak is 0.020.01° (substrate
Si(004) : 0.04). Smaller peaks are also clearly visible, consistéith higher orders of reflection:

(002), (004), and (005). We should emphasize thatlt63-nmd spacing was close to the previous



terrace heights found with the AFM measurementsarB} visible and well defined fringes can be
observed around the (001) peak, confirming the shm@ss of the surfaces already observed from
the roughness of the AFM images. Thus molecules were orientedh lie c-axis normal to the
surface of the substrate. This means thatrtstacking direction of the PTCDI-5C was parallel to
the surface. This corresponded to the best packoiggme of the molecules from the charge
transport point of view in an OFET heterostructure.

The XRD pattern in the inset corresponded to thiahim films grown at room temperature. It
revealed a second set of [DPpeaks named (0). The (001’) peak corresponded to a 1.83 dm
spacing. These observations are in agreement wéthiqus reportd®® These (0D) peaks were
attributed to a metastable thin film phase. Thenasities of the (dQ peaks for SiQ and OTS
substrates decreased as growth temperature indredise thin film phase disappeared at higher
temperatures. At 12C, the (00) peak disappeared for both substrates.

From this AFM and XRD information, on the basistloé d spacing of the film it was possible to
draw a scheme of the packing of the PTCDI-5C mdéscwn the surface of the sample. The
schemes are shown in Figure 4. According to thk bnlicture (Fig. 1), molecules were tilted to the
(001) plan. The plan normal to the one of the atanwores (drawn in gray dashed lines in Fig. 4)
and containing the alkyl chains was tilted from921o the (001) plan. The resultinigspacing was
1.63 nm. Regarding the thin film phase, thepacing was 1.83 nm, which means that the orientat
of the molecules was different from that of thelkb8o as to satisfy thid spacing value, the tilted
angle had to increase from 41.9° to 49.6°.

PTCDI-5C thin films seem to provide better charasties at high growth temperature (wide grain
size and single phase) for the purpose of fabrigean OFET. Another important factor for OFET is

the orientation and morphology of the moleculethafirst few monolayers. This is because the first



few monolayers work as a channel for the OFEThinfollowing part, we discuss the growth mode

of the early stage of thin film growth.

Early stages of PTCDI-5C growth: AFM and XRR measurements

We examined the formation of the first monolayePdiCDI-5C on both Si@and OTS substrates
at a growth temperature of 120. AFM images are presented in Figure 5.

Images 5a and 5b show the creation of the first %S monolayer on Si@with surface
coverages of 0.40 ML and 0.90 ML, respectively. Tmganic layer formed wide islands—Iarger
than one micrometer—on the surface that grew uh&l whole surface was covered by one
monolayer.

In addition to the AFM observations, X-ray refletly experiments (Fig. 5¢) were done on the
samples. The reflectivity curves of the $i8) and OTS/SiQSi substrates are given for comparison.
Parameters used to fit the curves are present&dbte 1. Parameters determined for the substrates
were then kept constant for the fitting of the skapvith deposited organic thin film. Fit resuls o
the X-ray reflectivity curves of the Sbi substrates provided a thickness of the PTCDIey€r in
the range of 1.65-1.80 nm, in agreement with pres/iSRD and AFM measurements. We noticed
that the densities of the organic layer were loth@an the PTCDI-5C nominal oh¢l1.36 g.crit).
The fitted densities increased from 0.80 gctn 1.33 g.crit as the coverage rate of the organic
layer increased from 0.40 to 0.90 ML. These dessitower than the nominal value take into
account the fact that the monolayer was not corapMbreover, from these fittings, it seems that
the density of the monolayers was close to the talke.

The growth mode of this first PTCDI-5C monolayer thie SiQ surface was two-dimensional.

Looking at Figures 5a, 5b, and 2c together, we amarclude that PTCDI-5C molecules grow in a



Stransky-Krastanov mode. That is, a wetting layee enonolayer thick is formed first and then
subsequent monolayers are stacked up, forming a stegture a few layers thick.

Images of the first monolayer of PTCDI-5C on OT&/$8i substrate are illustrated in Figure 5d—
5e. The growth mode on this substrate was obviadiffigrent from that on SigSi substrate. First,
smaller islands were grown on OTS than on the/SiGubstrates: the average size was about 250
nm? (Fig. 5d). This result suggests that the probghilf nucleation on OTS was higher than that on
SiO,. As the deposition time increased, the islanddescad and a second monolayer started to
grow: parts of the surface were covered by islafds/o monolayers high (coverage rate 45%) and
other parts by only one monolayer (Fig. 5e, arrqegverage rate 6%), the substrate surface
remaining incompletely wet.

X-ray reflectivity curves of PTCDI-5C on OTS/SiSi substrates are also shown in Figure 5f. The
reflectivity curve for the OTS/SigSi substrates was fitted according to the litematti'®the Si
(001) substrate was first covered by a silicon iiexayer (thickness ~2.30 nm). We noted that
since the indices of refraction of silicon andcsih dioxide are very close, the fits were not very
sensitive to a change in this silicon dioxide layler fit the OTS monolayer, the OTS molecule was
divided into two “virtual layers” to take into aaaat the difference in density between the silane
head and the alkyl chain. The first “virtual layedrresponded to the silane head. The thickness was
close to the Si-O-Si bond length and the density between that of the silicon dioxide layer and
that of the OTS. Actually, this first “virtual lagecan be seen as the interface between the silicon
dioxide layer and the alkyl chains of the OTS muoles. Eventually the second “virtual layer”
corresponds to the alkyl chain of the OTS layeke Tftickness was fixed to 2+30.1 nm.

The fitting parameters for the thickness eabrresponding to the lowest coverage rate of, @y36e
a thickness of 1.66 nm and a density of 0.73 @.cFor longer deposition times, the fitted

thicknesses were between the height of one andrtermlayers: 2.70 nm for,éind 2.80 nm for 4
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which renders the fact that the surface cover wagxéure of one and two monolayers, as observed
with AFM. For the same purpose, we chose to alloknear gradient to fit the density. The first
number is the bottom density of the layer and theosd is the top density. The values of fitted
thicknesses and densities confirmed our obsenatimade by AFM. As the deposition time
increased, the surface was first covered by islamis monolayer high. The islands then grew in
both lateral and vertical directions up to two miagyers.

Figure 6 summarized the two different growth prgesson Si@and OTS substrates. In the case
of PTCDI-5C on Si@, the first monolayer exhibited a two dimensionabvgh. Subsequent
monolayers formed mesa structures. Regarding tbeitrof PTCDI-5C on OTS, islands that
coalesced formed.

From these results and the previous ones in Figu@TS surface treatment was found to affect
the lateral diffusion and adsorption of PTCDI-5QiweTsurface covered by the OTS monolayer had
the same nature as a Si€urface covered by the first monolayer of PTCDI-#Cthe case of the
Stransky-Krastanov growth of PTCDI-5C/Si@In terms of surface energy, a surface such aS OT

SAM that is terminated by alkyl chains exhibitsoavér surface energy than a Si€urface:s ¢ =
20 mJ.nf, ogo, = 78 mJ.nif ***9. That is to say, OTS/Si@and 1 L of PTCDI-5C/Si@surfaces are

terminated by alkyl chains. Thus the growth mod®®CDI-5C on OTS was similar to the growth

mode of PTCDI-5C on the first PTCDI-5C monolayepasted on SiQ

CONCLUSION:

We studied the effects of the substrate temperandethickness and the nature of the surface
substrate on the growth of PTCDI-5C thin films. A films with thicknesses ranging from less than

one monolayer to 23 monolayers were grown. Both flims grown on Si@ or OTS substrates



exhibited a (001) orientation. Thus the stacking occurred parallel to the substrate sarfac
However, a thin film phase withdaspacing of 1.83 nm was observed. This phase désapg as the
growth temperature increased.

There were some differences at the early stageraiith. In PTCDI-5C/SiQ the first three
monolayers presented a Stransky-Krastanov growtbem®uring the growth of the first three
monolayers in PTCDI-5C/OTS there was incompletetingtof the surface and the beginning of a
3D growth mode. These differences can be explaimeéerms of molecule—substrate interactions at
the PTCDI-5C/OTS and PTCDI-5C/Sitnterfaces. However, this difference in the irded nature
was effective only for first monolayers; thin filnggown on SiQ and OTS substrates had the same

morphology at higher thickness.

! C.D. Dimitrakopoulos, P.R.L. Malenfant, Adv. Materol. 14, Issue 2, 2002, 99-117
2 G. Horowitz, J. Mater. Res., vol. 19, No. 7, 200946-1962
3 F. Schreiber, Phys. Stat. Sol. (a) 201, No. 6710354 (2004)

*R. H. Friend, R. W. Gymer, A. B. Holmes, J. H. Burghes, R. N. Marks, C. Taliani, D. D. C.

Bradley, D. A. Dos Santos, J. L. Bredas, M. Logdiuw. R. Salaneck, Nature 397, 121-128 (1999)

® H. Sasaki, Y. Wakayama, T. Chikyow, E. BarrenaDHsch, K. Kobayashi, Appl. Phys. Lett. 88,

081907 (2006)

R. J. Chesterfield, J. C. McKeen, C. R. NewmanCPEwbank, D. A. da Silva Filho, J.-L.

Bredas, L. L. Miller, K. R. Mann, C. D. Frisbie,Bhys. Chem. B.; 2004; 108(50); 19281-19292

10



"R. J. Chesterfield, J. C. McKeen, C. R. NewmaDCErishie, P. C. Ewbank, K. R. Mann, L. L.

Miller, J. Appl. Phys., 2004, vol. 95, Issue 11, fp96-6405

8D. J. Gundlach, T. N. Jackson, D. G. Schlom, S\élson, Appl. Phys. Lett., 74, Issue 22, pp.

3302-3304 (1999)

®H. Sasaki, Y. Wakayama, T. Chikyow, M. Imamura, Panaka, K. Kobayashi, Solid State

Commun., Volume 139, Issue 4, 2006, pp 153-156
19y, Wang. M. Lieberman, Langmuir 19 (200R)59-1167
1 E. Hadicke, F. Graser, Acta Cry&t986). C42, 189-195
12 A.G. Richter, C.-J. Yu, A. Datta, J. Kmetko, P.t@yPhys. Rev. E 61, 607-615 (2000)

13 A. Baptiste, A. Gibaud, J. F. Bardeau, K. Wen,MRoz, J. Sagiv, B. M. Ocko, Langmuir

18(10) (2002) 3916-3922
14D. Vuillaume, C. Boulas, J. Collet, G. Allan, CelBrue, Phys. Rev. B 58, 16491 (1998)

157, Collet, O. Tharaud, A. Chapoton, D. VuillaurAepl. Phys. Lett. 76, 1941 (2000)

11



Figure 1: Crystal structure of the bulk moleculBise base plan is parallel to the (001) plan
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Figure 2: a)—d) 5 x fim?> AFM images of PTCDI-5C thin films deposited on 81 substrates at

two different thickness and temperatures. a) RIML3 b) RT, 23 ML; ¢)120 °C, 3 ML with
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corresponding profile; d) 120 °C, 23 ML with compesding profile.e)-h) 5 x 5um? AFM images
of PTCDI-5C thin films deposited on OTS/Si subssatat two different thicknesses and
temperatures. €) RT, 3 ML; f) RT, 23 ML; g)120 ‘€ML with corresponding profile; h) 120 °C,

23ML with corresponding profile.
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Figure 3:6-20 x-ray diffraction scan of PTCDI-5C thin film deptesl at 120 °C for both Siand

OTS substrates. Inse@-20 x-ray diffraction scan of PTCDI-5C thin film deptesd at room
temperature. Peaks labeled Ij08orrespond to the spacing observed in bulk PT&D]I-those

labeled (00) correspond to elongated (001) interplanar spacattgibuted to the thin film phase.
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Bulk phase Thin film phase

Figure 4: lllustration of molecule packing for thalk (d spacing 1.63 nm) and thin filna Epacing

1.83 nm) phases.
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Figure 5: a)—c) 2 x pm? AFM images of formation of the first PTCDI-5C mdager at 120 °C on
Si0,. a) 0.40 ML; b) 0.90 ML with corresponding profile) X-ray reflectivity measurements.
Experimental curves (symbols) and calculated cutfigkline). d)—f) 2 x 2um? AFM images of

formation of the first PTCDI-5C monolayer at 120 8@ OTS. d) 0.36 ML; e) 0.96 ML with

corresponding profile; f) X-ray reflectivity meagunents.
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Figure 6: Scheme of the two different growth preessaccording to the nature of the substrate

layer-by-layer growth

(SiG; or OTS).
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thickness film ¢ thickness film d thickness film ¢
thickness (nm) 1.65 1.69 1.80
On SiIGQ roughness (nm) | 0.40 0.68 0.93
density (g.crif) | 0.80 0.88 1.33
thickness (nm) 1.66 2.70 2.80
On OTS roughness (nm) | 0.65 1.02 1.99
density (g.crif) | 0.73 0.72-0.90 1.00-1.39

Table 1. Parameters used to fit the X-ray reflagstigpurves. d= 0.40 ML, ¢ = 0.55 ML, ¢= 0.90

ML for SiOy; dh = 0.36 ML, ¢=0.47 ML, &= 0.96 ML for OTS.
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