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Noncontact atomic force microscopy study of copper-phthalocyanines:
Submolecular-scale contrasts in topography and energy dissipation
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Copper-phthalocyaninguPg thin films on MoS surfaces were investigated by noncontact atomic
force microscopy (NC-AFM). Submolecular resolution was successfully obtained in both
topographic and dissipation images of CuPc monolayers. For topographic contrasts, the influence of
short-range chemical interactions is particularly considered while the dissipation contrasts are
discussed in relation to the tip-induced molecular fluctuations. Molecularly-resolved NC-AFM
image was also obtained on CuPc multilayer, which revealed the structural difference between the
monolayer and multilayer surfaces. The energy dissipation measured on these surfaces showed
distinctive difference reflecting the different structural stabilities in the films. Furthermore, local
surface modification of CuPc monolayer was demonstrated by NC-AFM. This is a direct evidence
for the existence of energy transfer from the vibrating cantilever to the molecules through
dissipative tip—sample interactions. 8004 American Institute of Physics.
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I. INTRODUCTION one of the important origins of the dissipation. For organic
Noncontact atomic force microscofllC-AFM) using thin films, sulch sltructural fIrL]Jctua;uon slhould Ik(Je more.ewdent
the frequency modulation detection methbds been shown Pecause molecules often have loosely-packed or disordered

to be capable of imaging insulating surfaces with true-atomictructures and the films are mostly less rigid than inorganic
resolutiorf as well as conductive surfacd$This capability =~ ©Nes.

is particularly important for its applications to organic  In this study, we investigated the NC-AFM imaging
materialS~® because most of them have poor electrical con-mechanisms of topography and energy dissipation using
ductivity. Since the demonstration of the true-atomic resolu-copper-phthalocyanin€CuPg thin films deposited on MoS
tion in NC-AFM2* the imaging mechanism has been inten-surfaces. CuPc is a symmetrical macrocyclic compound
sively studied in both theoreticaf* and experiment&d*®  which consists of four iminoisoindoline units with a copper
aspects. Although its complete understanding has not beggn accommodated in the central cavity of the Pc ring. When
achieved yet, it is clear that short-range chemical interactiongypcs are deposited on a MoSurface, they form a closely-
between a tip front atom and a surface atom play essentigjacked structure with their molecular planes almost parallel

H i~12,13 P K . .
roleis ml the contrafstl 1;ormat|gﬁ_. Inhthat sense, orgham(_: to the substrat®® 2! Since CuPc has widely-delocalized
molecules are useful for studying the imaging mechanism -electron orbitals sticking out of the molecular plane, rela-

because various molecules with a wide variety of chemical. . o :
. . ively strong tip—sample chemical interactions are expected
properties are available.

The dissipation process of the cantilever vibration en" NC-AFM 'mag'”9 of flat.-lylng CuPcs. In addition, the
ergy during NC-AFM imaging has recently attracted muchmolecule/substrate interaction forces that anchor the CuPcs

attention due to the importance for understanding the atomid® M0S; surface are relatively wedakso that the molecules
scale dynamic behavior taking place at the closest tip apdre expected to be easily fluctuated by the tip—sample inter-
proach to the surface and also for future potential applica@ction forces. Thus, the organic system is suitable for studies
tions to atomic- or molecular-manipulations. Dissipationon contrast formation mechanisms in NC-AFM topography
images with true-atomic resolution were first demonstrate@nd energy dissipation. In this paper, CuPc thin films on
in 1997 by Lithi et al,** which evoked a large number of MoS, surfaces are imaged by NC-AFM with molecular- or
subsequent studies on contrast formation mechanisms in dieven submolecular-scale resolution. Origins of the observed
sipation images>™*" Among them, Gauthier and Tsukada contrasts are discussed in detail. The influence of short-range
have suggested that the stochastic motion of surface atomsdfemical interactions is particularly considered for the topo-
graphic contrasts while the dissipation contrasts are dis-
¥Electronic mail: h-yamada@piezo.kuee.kyoto-u.ac.jp cussed in relation to the structural instabilities in the films.
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Il. EXPERIMENTAL (a) Topography (b) Dissipation Acxe [au]

The CuPcgTokyo Kasei Kogyo Co., Ltd.were purified 45

by sublimation under vacuum environmert {0 3 Pa) be-
fore use. The Mos substrates were cleaved in air and an-
nealed at 200 °C fol h in anultrahigh vacuum deposition
chamber. The CuPc thin films were prepared by vacuum
deposition at a substrate temperature of 100 °C. The vacuum,
pressure during the deposition was maintained below =
10" ® Pa. The deposition rate was about 1.5 nm/h, which was
monitored by a quartz oscillator. The sample was transferred,
from the deposition chamber to the AFM chamber without [§
being exposed to the air.

A commercially available NC-AFM apparatUSEOL.:
JSPM-4500 with some modifications was used in this ex-

2.35

periment. The original frequency shift detector was replaced © A B
with a newly developed frequency modulation dete@tax. ‘g 015 y y T "
highly-dopedn-Si cantilever (Nanosensors: NCHwith a % 0.10F 1
resonance frequency of about 300 kHz and a hominal spring io 0.05 |

constant of 40 N/m was used for NC-AFM imaging. The £ g0

Q-factor measured under vacuum conditions was about a4 2 4 6 8 10
30,000. Distance [nm]

. All images shoy\_/n in this paper Wgre taken “Tger UItra_FIG. 1. NC-AFM images of a CuPc monolayer on the MaSirface.(a)
high vacuum conditiongbase pressure: about<1L0™* Pa) Topographic andb) dissipation images (8 nm12 nm, Af=—40 Hz, A
at room temperature. Measurements were performed in the11 nm,_,). (¢) Cross-sectional plot measured along the bright line A-B
constant frequency shift mode, where the negative shift ofhown in(a.
the cantilever resonance frequenayf() induced by the tip—

sample interaction was kept constant during NC-AFM imag-sypmolecular-scale contrast. The asymmetric feature inside
ing. The cantilever was vibrated at constant amplitude, wherghe molecule is more evident in the dissipation image than
the vibration amplitude of the cantileveA) was kept con-  that in the topographic image. The maxima in energy dissi-
stant by adjusting the amplitude of a cantilever excitationpation are located at the inter-molecular spaces as indicated
signal (Ae. In this excitation mode, energy dissipation by the white arrows in Fig. @ and 2b). These
caused by the tip—sample interaction can be estimated fromypmolecular-scale dissipation contrasts are observed even
the additional increase @f,,..”* Thus, the dissipation image \yith a relatively fast scanning speed and a relatively large

was obtained as a two-dimensional mapAQfc. time constant of tip—sample distance regulation. Thus, the

contrasts are not likely to be caused by the topographic arti-
lll. RESULTS AND DISCUSSION facts. The magnitude of energy dissipation was drastically
A. NC-AFM contrasts changed at the lower part of the image, suggesting an

. , .. atomic-scale tip chang@.
Figures 1a) and Xb) are topographic and dissipation  gq 5y, Okudaireet al. have studied the molecular tilt

images of a CuPc monolayer on the Mosurface, respec- gngle of CuPcs on the MgSsurface using angle-resolved
tively. These images are processed with a tilt compensatiof)iraviolet photoelectron  spectroscopfARUPS.2L The
filter and a smoothing filter. The topographic image Showsapyps result showed the best agreement with a molecular
individual molecules in the closely-packed structure. On the;;; angle of 6°, showing that the molecules are not always

other hand, the dissipation image shows inverted contraglympletely flat-lying on the surface. The asymmetric feature
with respect to the topographic image. Figure)lshows a jnsjde the molecules observed in our experiment can be ex-
cross-sectional plot measured along a bright line A—B indi-

cated in Fig. 1a), revealing the existence of a molecular

height variation. The plot shows that the magnitude of height ~ Topography Dissipation Aexe [;‘g;
T . . - & - — .
variation is about 0.05 nm. No long-range regularity is con- (a)‘r ()
firmed in the molecular height variation. ' F f
Figures Za) and 2Zb) are topographic and dissipation . 1 2.83
images taken on the same sample, respectively. These images (8 r’ s . -.
are also processed with a tilt compensation filter and a (¥, ? ’) 55
smoothing filter. The topographic image shows sub- ; i | '
molecular-scale contrast, revealing the four-leaf structure of y J 3
the CuPcs. The image also shows an asymmetric feature in- = - 275

side the molecule. Thel cerltral part of the CuPcs is imaged 855 , nc.arm images of a CuPc monolayer on the MaSirface. (a
an “apparent hole,” which is about 50—-60 pm lower than thetopographic andb) dissipation images (4 nma nm, Af=—45 Hz, A
average molecular plane. The dissipation image also shows=ai1 nm,_,).
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plained by the inclination of the molecular planes. Since the (a) Topography (b) Dissipation Acxc [au]
asymmetry was reproducibly observed even with a different pygemmsr s 3.0
tip, the influence of the tip structure is negligible. There is : ;
little possibility of the conformation change of CuPcs be- =

cause their molecular structure is very stable. The molecular. ™"

height variations found in the CuPc monolayEig. 1(a)] is 2.5
probably ascribed to the slight difference in the tilt angles of
molecular planes.
Since a copper ion is small enough to be fully accom-
modated in the central cavity of a Pc ring, CuPc has a com- 2.0

pletely planar structure. In addition, van der Waals radii for
carbon, nitrogen and copper atoms are 170, 155 and 140 pm
respectively. Accordingly, the apparent hol&)—60 pm in ;
depth found in the NC-AFM image cannot be explained
simply by the molecular structure. Such apparent holes hav
been also found in previously reported STM images of
CuPcs on various surfaces such as M8 graphite?®
Au(111)?*? and C|100).?® The formation mechanism of
these STM contrasts has been explained by taking account o
spatial distribution of molecular orbitafé=?® CuPc has Wit

o
lower charge densities of highest occupied molecular orbital

. - FIG. 3. (a) Topographic andb) dissipation images of a CuPc thin film on
(HOMO) and least unoccupied molecular orbithUMO) at MoS, surface (2umx 2 um, Af=—25 Hz, A=12.5nm,_p). The Mo$
the center of the molecuf8.Thus, the strong dependence of surface was completely covered with a CuPc monolayer. Then the
tunneling probability on HOMO and LUMO densities leads micrometer-scale grains are formed on top of the monolayer. Molecularly-
STM images to represent not only the geometrical structurées‘_"vefsNC'Al';M 'maAgfef ngelgaki”_ol”‘lb(’mme monolayer andd) the
but also the electronic structure of CuPcs. grain (15 nm<15 nm, Af= z A=140M,p).

As for NC-AFM, recent studies on inorganic surfaces

such as S111) suggested that the short-range chemical i”'topographic and dissipation images taken on the sample,

teraction between a tip front atom and a surface atom playgyoying some micrometer-scale grains. The height of these
an important role in the formation of atomic-scale NC-AFM grains estimated from a cross-sectional plot of the topo-

contrast$’ Similarly, even in the case of organic surfaces, raphic image is about 10 nm, which corresponds to the
we expect that the short-range chemical interactions shouli-kness of about 30 molecular layers. The scanned area of
be important. In general, frontier orbitals such as HOMO and,, images is so large (2mx 2 um) that the effect of sub-
LUMO are chemically more reactive than other moleculargyate inclination cannot be neglected. In this experiment, the
orbitals. Hence, the apparent holes found in the NC-AFMg,_sample distance regulation was made by a simple pro-
image may reflect the spatial distribution of the frontier or- 4 tignal feedback control so that the steady-state error was
bitals. _ _ _ .. not completely excluded. The corresponding dissipation im-
One of the possible explanations for the large dISSIpatIO%ge[Fig_ 3(b)] also shows the effect of the substrate inclina-
at the inter-molecular spaces is described as follows. When g, 214 hence the contrast is not clear enough to show im-
tip is located just on top of a molecule, the molecule will be o tant features. Thus, the regions surrounded by white
fluctuated by the tip—sample interaction. Then the kinetiGujcies A and B are shown with enhanced contrasts. The dis-

energy of the molecular fluctuation will be dissipated gjnation contrast in circle A reveals that the energy dissipa-
through the surrounding molecules and the substrate due to;g 4 on the grain is lower than that on the monolayer. In

stochastic dissipation process. Moreover, when a tip is posisqgition. some dark lines are found in circle B.
tioned just over the inter-molecular space indicated by white Figu'res 3c) and 3d) are molecularly-resolved NC-AFM

arrows in Figs. ) and 2b), four adjacent molecules will be  j4 65 taken on the monolayer and the grain, respectively, as
involved with the dissipation process, leading to the largesf,gicated by the black arrows in Fig. 3. Since STM imaging
energy dissipation. Thus, the molecular-scale dissipations cypc mulilayers is difficult due to their poor electrical

contrasts are probably related to the number of the moleculgg,nqyctivities, molecular-scale investigations of the surface

interacting with the tip. This interpretation also applies to thegi,cture has not been performed. Thus, the NC-AFM image
molecular-scale dissipation contrast in Figb)l where the ’

SUELAlTS < i - shown in Fig. 3 has first revealed the molecular-scale surface
dissipation |mage.exh|b|ts an myerted contrast with respec;y cture of a CuPc multilayer. The NC-AFM images reveal
to the corresponding topographic contrast. that the grain surface has basically the same structure as that
of the monolayer. However, a remarkable difference is found
in the structural uniformity. The grain surface showed much
better uniformity of the molecular height than the monolayer
Multilayer domains of CuPc were formed with a longer surface. As pointed out in the discussion on Fig. 1, the mo-
deposition time(1 h) compared to the case of monolayer lecular height variation is probably due to the difference in
formation (10-minute deposition Figures 8a) and 3b) are  the molecular tilt angles. The result suggests that the increas-

B. Monolayer and multilayer

Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 95, No. 9, 1 May 2004 Fukuma et al. 4745

A, [au] (c) After several scans

5.4 TREPLTE R T =5
LTS
17N B T e
| A EStaetaee

50 |

4.8

FIG. 4. (a) Topographic andb) dissipation images of a CuPc monolayer on Me8rface (50 nmx 50 nm, Af=—50 Hz, A=14 nn),_,). (c) The NC-AFM
image taken on the same area after several scans (3G0mm, Af=—55 Hz, A=12.5nm_.). (d) The NC-AFM image taken on the same area with a
much smaller frequency shift (50 meb0 nm, Af=—5Hz, A=11nm,_,).

ing thickness reduces the influence from the film/substrat¢he same area after several scans. The image reveals that the
interaction, which allow CuPcs to take an well-ordered strucimolecular arrangement at the domain boundaries were im-
ture. proved and some defects indicated by white circles disap-
This structural difference between the monolayer and thepeared during the NC-AFM imaging. Note that a black arrow
multilayer can explain the dissipation contrast at thein each of Figs. éa)—4(c) indicates the same defect that can
monolayer/grain boundarfcircle A in Fig. 3b)]. The ob-  identify the relative position of the image. Figuréi4 which
served molecular height variation suggests that CuPcs in thg shown as an inset in Fig(@, is an NC-AFM image taken
monolayer were loosely bound by the neighboring molecule$n the same area with a much smaller frequency shift
and the Mo$ surface. Such a loosely bound molecule can bq —5 Hz). The image shows an inverted contrast at the do-
easily fluctuated by the tip—sample interaction, yielding amain boundaries with respect to the image shown in Fig.
larger energy dissipation. On the other hand, the excellenjc).
structural uniformity of the grain surface implies that the  The energy dissipation measured on the domain bound-
molecules on the grain are more tightly bound by the neighyies and film defects are smaller than that on the monolayer.
boring molecules. In addition, they may be stabilized by thery, ;s the energy dissipation changes when a tip is scanned
crystalline field of the large grain. Such a_tlghtly bo_und mol- Jver these areas. When a tip is scanned with a relatively
_ecule s_hould be _stru_cturally stable agams_t t_he Flp—samplgma" frequency shiffe.g., Fig. 4d)], the dissipation change
interaction, resulting in a smaller energy dissipation. Thesc—;S relatively small so that the amplitude regulation can re-
results ;uggest that the str_ong cqrrelat|0n between molecul%Ond quickly enough to suppress the transient response of
fluctuations ar]q energy dissipation qlloyvs us to study th he tip—sample distance regulation feedback that can induce
structural stability of a surface from dissipation contrasts. topographic artifacts. With an increase in the frequency shift,
however, the dissipation change becomes so large that the
C. Domain boundaries time response of the amplitude feedback regulation becomes
Figures 4a) and 4b) show topographic and dissipation insufficient tp prevent the topo_grgphic artifac{le;g., _Fig.
images, respectively, taken on the area indicated by whité(C)]. Accordingly, the topographic image shown in Figdy
circle B in Fig. 3b). These images reveal that the dark linesmore accurately represents the real surface structures than
found in the dissipation image shown in FigbBcorrespond ~the image shown in Fig.(4). The topographic image shown
to the boundaries of monolayer domains A, B and C. Thdn Fig. 4(d) reveals that the domain boundaries and defects
topographic imaggFig. 4(a)] reveals that domain A is dif- correspond to the absence of molecules. This result can ex-
ferent in orientation from domains B and C. The dissipationPlain the smaller energy dissipation at these areas because
image[Fig. 4b)] shows that energy dissipation measured orfhe number of molecules interacting with a tip is smaller than
some defects and the domain boundaries is smaller than th#tat on the monolayer.
on the monolayer. The energy dissipation values measured The mechanism for the observed tip-induced surface
on domains B and C are slightly smaller than that on domairinodification can be understood from the analogy to the an-
A, suggesting that the energy dissipation is dependent on theealing effect. In general, molecular ordering is often im-
orientation of molecular packing arrangements with respecproved by annealing treatment. This is because such a heat-
to the tip. Such a strong dependence of energy dissipation dng treatment gives molecules some extra energy to break up
tip geometry is also confirmed by a drastic contrast change ian original packing arrangement to form a well-ordered
the dissipation image shown in Fig(b} as indicated by a structure with a lower free energy. In this experiment, mol-
dotted line. This is probably due to an atomic-scale tipecules were given extra energy through the dissipative tip—
changet® Figure 4c) shows the NC-AFM image taken on sample interaction. In that sense, the surface modification

Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



4746 J. Appl. Phys., Vol. 95, No. 9, 1 May 2004 Fukuma et al.

can be regarded as “local annealing” induced by the tip— °F. J. Giessibl, Scienc267, 68 (1995.
sample interaction. Furthermore, this result is direct evidence;‘S- Kitamura and M. Iwatsuki, Jpn. J. Appl. Phys., PaBu2L1086(1995.
which confirms that some of the vibration energy of the can- K- Kobayashi, H. Yamada, T. Horiuchi, and K. Matsushige, Appl. Surf.

il f di he kineti f | | Sci. 140, 281(1999.
tilever was transtormed Into the kinetic energy of molecular K. Kobayashi, H. Yamada, T. Horiuchi, and K. Matsushige, Jpn. J. Appl.

fluctuations through dissipative tip—sample interactions. Phys., Part 8, L1550 (1999.
"T. Fukuma, K. Kobayashi, T. Horiuchi, H. Yamada, and K. Matsushige,
IV. CONCLUSIONS Appl. Phys. A: Mater. Sci. Proces$2, S109(2001.

8T. Fukuma, K. Kobayashi, K. Noda, K. Ishida, T. Horiuchi, H. Yamada,
In this study, we have investigated CuPc thin films de- and K. Matsushige, Surf. Sc516, 103 (2002.

posited on Mo$ surfaces by NC-AFM. Submolecular reso- 9A. 1. Livshits, A. L. Shluger, A. L. Rohl, and A. S. Foster, Phys. Re®

; : . : . 2436(1999. 5
Iguon_ was successfully obtained in both topographic and d|§10s_ H. Ke. T. Uda, R. Prez, I. Sich, and K. Terakura, Phys. Rev. &,
sipation images of CuPc monolayers. The tppograpmc 11631(1999.
contrasts suggest the effect of tip—sample chemical interaé!N. Sasaki and M. Tsukada, Jpn. J. Appl. PI88. L1334 (2000.
tions while the dissipation contrasts show close correlatiorf’T. Uchihashi, T. Okada, Y. Sugawara, K. Yokoyama, and S. Morita, Phys.
with the number of molecules interacting with a tip. A €% B0 8309(1999.

tl t Ie | u bel od NCO Z(I::llj\/les teract gl t ba.tpd 13T, Uchihashi, Y. Sugawara, T. Tsukamoto, T. Minobe, S. Orisaka, T.
molecular y're_so ve - Image was _aso obtained on Okada, and S. Morita, Appl. Surf. Sd40 304 (1999.
the CuPc multilayer, revealing that the multilayer surface has‘r. Lithi, E. Meyer, M. Bammerlin, A. Baratoff, L. Howald, C. Gerber,
much better uniformity in molecular tilt angle than mono- and H.-J. Gatherodt, Surf. Rev. Letd, 1025(1997.
layer surface. The energy dissipation measured on theR: ‘f}enngwgz_thMS-GF"S‘?E L. N. Iéagtrt;/\l/ich, MF;hBam';“erg”' 2%7"-10“
multilayer was smaller than that on the monolayer, reflecting ?;c;:ogr’ - SchiaM. Guggisberg, and E. Meyer, Phys. Rev.68
the diﬁerence in structural Stapi.“tie_s against tip—sample insc_ | gppacher, R. Bennewitz, O. Pfeiffer, M. Guggisberg, M. Bammerlin,
teractions. A local surface modification of a CuPc monolayer S. Scha V. Barwich, A. Baratoff, and E. Meyer, Phys. Rev.62, 13674
was demonstrated by NC-AFM. This is a direct evidence for,_(2000. A . cada. P (1999

; ; : ; M. Gauthier and M. Tsukada, Phys. Rev6B, 11716(1999.

theheX|ste|nce IOf eﬂergyrtlrgpsfer from .the vubraltm_g CantllgveEBM. Hara, H. Sasabe, A. Yamada, and A. F. Garito, Jpn. J. Appl. Phys., Part
to the molecules throug .|§S|p'at|ve tip—sample mteragtlons. 2 28, 1306 (1989
Although the surface modification was not performed in an®c. p. England, C. E. Collins, T. J. Schuerlein, and N. R. Armstrong,
well-controlled manner, the result presents the promising as- Langmuir10, 2748(1994).

. . 20 0 H H
pects of NC-AFM for the future applications to controlled \C/ '-Ug"‘,"gTv R-h Strlogza"leg eJé(Fl’Stgefen' B. Gompf, and W. Eisenmenger, J.
. . aC. SCI. lechnol. " .
molecular manipulation. 21K, K. Okudaira, S. Hasegawa, H. Ishii, K. Seki, Y. Harada, and N. Ueno,

J. Appl. Phys85, 6453(1999.
ACKNOWLEDGMENTS 22K, Kobayashi, H. Yamada, H. Itoh, T. Horiuchi, and K. Matsushige, Rev.
. . . Sci. Instrum.72, 4383(2002).
The support of Kyoto University Venture Business Labo-23g_gotsmann, C. Seidel, B. Anczykowski, and H. Fuchs, Phys. R&@,B
ratory (KU-VBL ), a Grant-in-Aid from the Ministry of Edu- 11051(1999.
cation, Science, Sports and Culture of Japan, and Resear&t. Lu, K. W. Hipps, X. D. Wang, and U. Mazur, J. Am. Chem. Sat8,

; ; ; i 7197(1996.
Fellowships of the Japan Society for the Promotion of Sci 5K, W, Hipps, X. Lu, X. D. Wang, and U. Mazur, J. Phys. Cheba,

ence for Young Scientists are gratefully acknowledged. 11207(1996.
2p, H, Lippel, R. J. Wilson, M. D. Miller, C. Wiy and S. Chiang, Phys.
T. R. Albrecht, P. Gitter, D. Horne, and D. Rugar, J. Appl. Ph{, 668 Rev. Lett.62, 171(1989.
(1991). 273, Morita, R. Wiesendanger, and E. Meyer,Noncontact Atomic Force
2M. Bammerlin, R. Lhi, E. Meyer, A. Baratoff, J. LuM. Guggisberg, C. Microscopy (Nanoscience and Technolog§§pringer-Verlag, Berlin,
Gerber, L. Howald, and H.-J. Gtherodt, Probe Microsd, 3 (1997). 2002.

Downloaded 31 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



