Nanomechanical properties of molecular organic thin films
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Using atomic force microscopy we have studied the nanomechanical response to nanoindentations
of surfaces of highly oriented molecular organic thin films (thicke€800 nm). The Young's
modulus E can be estimated from the elastic deformation using Hertzian mechanics. For the
quasi-one-dimensional metal tetrathiafulvalene tetracyanoquinodimeiha® GPa and for the

phase of thep-nitrophenyl nitronyl nitroxide radicaE~2 GPa. Above a few GPa, the surfaces
deform plastically as evidenced by discrete discontinuities in the indentation curves associated to
molecular layers being expelled by the penetrating tip. 2@1 American Vacuum Society.
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[. INTRODUCTION =12.347 A* is the thermodynamically most stable one and

The difficulty of thesizi ficiently | inal undergoes a bulk ferromagnetic transition Bt=0.6 K,
tel 'f 'cu Iy OI syn esmngtsu l'c'ﬁndy artgr;]e jlr:ge while the metastable monocliniec phase (a-p-NPNN:
crystals of molecular organic materials hinders the eerm| P2,/c, a=7.307A, b=7.596A, c=24794A, R

nation of several physical properties. Their mechanical prop-_
erties, which are of interest when producing organic-
inorganic heterostructures, can be hardly characterized by
conventional methods. However, estimations of parameterﬁ EXPERIMENT
associated to the mechanical properties can be achieved b
means of nanoindentation performed on thin films, which Th|n films of TTF—=TCNQ grown onex situ cleaved
can provide larger areas of highly oriented and crystallineKCI(001) substrates have been obtained by thermal sublima-
domains of the precursor materials. The study of the metion in high vacuum €10 ®mbar). The films consist of
chanical response of surfaces at the nanonewton force arghly oriented and strongly textured rectangular-shaped mi-
nanometer penetration depth levels has been possible wittrocrystals. The moleculd002) planes(ab plane$ are par-
atomic force microscopyAFM)! and the interfacial force allel to the substrate surface and the microcrystals are ori-
microscopé due to the higher force, lateral, and penetrationented with theira andb axis parallel to both th§110] and
depth resolution as compared to classical nanoindenterf-110] substrate directions, respectively, due to the cubic
However, the values of the parameters associated to the meymmetry of the substratésThe substrates were held at
chanical properties derived from the films may differ from room temperature during the evaporation.
those of the single crystals because of the presence of re- Thin films of p-NPNN obtained by thermal evaporation
sidual stress after growth, which calls for the characterizationn high vacuum on glass slides and @x situ cleaved
of their defect nature and density. This characterization caiNaCl(001) substrates held at room temperature crystallize in
be achieved by imaging the perturbed surfaces after indentédhe monoclinica phase. The moleculaf002 planes(ab
tion. planes are parallel to the substrate surface and exhibit a high
In the present work we study the nanomechanical redegree of orientation but no in-plane textdre.
sponse of thin films of tetrathiafulvalene tetracyanoquin- The nanoindentation and imaging were performed in am-
odimethand TTF—TCNQ andp-nitrophenyl nitronyl nitrox-  bient conditions with a Nanoscope Il AFNDigital Instru-
ide (p-NPNN) to nanoindentations performed with AFM. ments, Santa Barbara, GAising silicon cantilevers with
TTF-TCNQ is a charge transfer salt exhibiting a monoclinicspring constants~3 Nm™! (nominal values 1-5 N,
crystal structure (P2,/c, a=12.298A, b=3.819A, ¢ supplied by Digital Instrumentsand k~50 Nm* (nominal
=18.468 A, 3= 104.469° built up from parallel, segregated values 38—74 Nm!, Nanosensors, Germanyfter indenta-
chains of donorgTTF) and acceptor$sTCNQ). The electri-  tion the cantilever deflectio@\) was calibrated using a clean
cal conductivity is highly anisotropic: the ratio of theaxis  glass slide and a diamond thin film for the3 and the~50
conductivity to that along the axis is about 1® at room Nm™?! cantilevers, respectively. Forces are evaluatedrby
temperaturep-NPNN was the first purely organic molecular =kA. The deformation or penetratidn) is obtained by sub-
material exhibiting bulk ferromagnetism. Four polymorphstractingA from the z displacement of the piezoscanner. The
are known forp-NPNN: «, B, v, and 6. The orthorhombic tip oscillation amplitude was reduced to zero while indenting
B-phase(B-p-NPNN:Fdd2, a=10.960A,b=19.350A,c  with thek~3 Nm™! cantilever and for th&~50 Nm* can-
tilever the approach was performed in contact mode in order
dElectronic mail: fraxedas@icmab.es to reduce noise. The sample to surface approach velodgy

93.543%) is paramagnetié.

1825 J. Vac. Sci. Technol. A 19 (4), Jul/Aug 2001  0734-2101/2001/19(4)/1825/4/$18.00 = ©2001 American Vacuum Society 1825



1826 Caro et al.: Nanomechanical properties of molecular thin films 1826

200
A=Cd” TTF-TCNQ
C=4/3k!'R12E*
150 F Cy =26.4 nm''72
= 0.9 nm ==
g £
5 L 5
- i -
_g | M 0.92 nm| 3
sor L—» ,
[ 2.8 nm m : T N
0 .‘..|.‘..|..‘.\..I:!.‘ P N SN N N B B S

penetration (nm)

Fic. 1. Nanoindentation curvédeflection vs penetratigrperformed on a
thin TTF—=TCNQ film. The solid line represents the fit of the elastic region
to the Hertzian model, which is indicated in the onset together with the
value of the constantCy obtained from the fit (k~3 Nm%, v
~7.6umsY). Also illustrated is the applied forcE perpendicular to the

molecularab planes.

4 nm

indicated in the figure captions. Imaging was performed with
the AFM in tapping modéTMAFM).

[ll. RESULTS AND DISCUSSION
A. TTF-TCNQ

Figure 1 shows a nanoindentation curie vs 6) per-
formed with a~3 Nm™! cantilever on a flat, defect-free
region of a thin TTF=TCNQ film. These films are stable in Y. P el -4
air as evidenced by earlier TMAFM measuremérithie ap- 1g/ \\W
plied force is perpendicular to the molecuks planes(see A
Fig. 1. The film behaves elastically below,~240nN 0.9 nm L
(=80nmx3 Nm™), whereF, stands for the load at yield ~ ®
pomt. In this case the maximum elastic surface defOI’matIOI"]_.IG. 2. (a) Nanoindentation curvédeflection vs penetratiomperformed on a
dy is ~3.5 nm. thin TTE=TCNQ film (k~3 Nm %, v~2.0um s 1). (b) TMAFM image of
The shape of the loading curve in the elastic region mayhe indented region and corresponding line profile. The resultant plastic
be modeled using Hertzian theory for a paraboloid indentingleformation can be compared to a monomolecular step.
a plane'®!! The Hertzian response is approximated by the
expressionF = 4/3E* RY25%2, where E* stands for the re-
duced Young's modulus defined asEi/~=(1- vﬁp)/Etip eral indentation curves obtained with different tips. This
+(1-v?)/E. The Poisson’s ratios of the tip and surface arevalue is comparable to, i.eq,~7 GPa for A111)*® and
represented by, and », respectively, and the Young's o,~10GPa for Mg@100).*° The estimated critical shear
moduli of the tip and surface W, andE, respectivelyRis  stressr. is ~2 GPa usingr.~0.50, (7. is evaluated using
the tip radius(R~7.5nm, nominal values 5-10 nmFrom  Egs. 209k) and 218 from Ref. 10 for=0.4). In the estima-
the fit to the data we obtai&* ~22 GPa and takindsp, tions we neglect anisotropy effe¢fSMolecular organic ma-
=130 GPa,vj,= 0.282 and v~0.4, we obtainE~22 GPa. terials are anisotropic and the films are layefsek, i.e., Fig.
This estimation is of the order of previously reported valuesl), with their most energetic planésontaining the shortest
obtained on TTF—TCNQ single crystals, i.e., from tempera-contact$ parallel to the substrate surface, thus implying that
ture dependent measuremerfts<(10 GPa)*® from the slope  the interlayer interactions are rather wed@asically of van
of the acoustic branches measured by neutron scattering ater Waals type?®°
single crystals E~ 20 GPa)* from determinations based on  Above o, the material deforms plastically as evidenced
the sound velocity by ultrasonic techniques~34 GPaf® by discrete discontinuitiegnultiples of~0.9 nm associated
and on the inverse of the compressibility coefficienEs ( to molecular layers being expelled by the penetratingttip
~55GPa)!® For comparisonE is typically less than~5  distance between two consecutie®-molecular planes is
GPa in the case of polymet5. 0.92 nm. This is illustrated in Fig. 1, where discontinuities
The mean applied stress normal to the surface at plastiof ~0.9 and 2.8 nm are observed just above the yield point.
yield o,(=F,/mRé,) is ~4 GPa after averaging over sev- Figures 2a) and 2b) show a nanoindentation curve (
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280 1 with 8,~10nm. A fit to the Hertzian model of the elastic
Ha=con 0-p-NPNN y oo - :
lc=ankR2E*| /5 0m response givek,~ 1.7 GPa(see discussion earljerAfter
200 [f Cg =2.4 nm2 averaging over several indentation curves obtained with dif-
_ [ —>‘ F—@/M/I:J%v ferent tips we obtainr,,~1.3 GPa and.~0.6 GPa. As for
E 10 [ W_M VLY the TTF—TCNQ case, above the yield point discrete discon-
é i -}‘1.}%’211'2“ tinuities corresponding to multiples of the distance between
% 100 [ ‘_" 3 4nm ’i%‘"&i‘ two consecutllveab.planes(zl.Z nm are observefisee Fig. .
Wihi 3(a)]. A Hertzian fit has been also performed on the nanoin-
50 [ 3.6nm "}é.’q}; dentation curve obtained with the~50Nm ! cantilevers
[ ‘,}g.*;,:’z [see Fig. 8)]. In this case E,~3.0GPa and oy,
TR —1 ~ 1.4 GPa. Above the yield point the discontinuity is close to
0 5 10 15 2c 25 30 35 1.2 nm, although its determination is not as clear as for the
@ penetration (nm) k~3 Nm™! case shown in Fig.(3).
The nanometer-scale surface morphology of the
7 a-p-NPNN thin films is rather complex. It is composed by a
. _ A-Con a-p-NPNN .random. dist-ributi(.)n of dislocationspiralg of opposite sign
E | = 4/3 k! RIZE* oy interacting in pairs(Frank—Read mechanism of growth
5 F [Cu=24nm'? each spiral emerging from a hollow cdeThe relative
E ; small distancd. between emerging points of the interacting
< a3 spirals L>50nm) indicates a rather high dislocation den-
E s b — sity, caused by a rapid in-plane crystallization from an ini-
3 ‘ tially amorphous stat® The « phase transforms spontane-
2r 1.2 nm ously to the more stable phase. However, this
1 b transformation is inhibited if the thickness of the as-grown
: a-phase films lies below a critical thickneés1 um). The
T T T T T e T T e T stabilization is induced by residual stress after grotfthihe
(b) penetration (nm) accumulated stress field after growth induces an increase of

the activation energy of formation of critical nuclei of tjge
Fic. 3. Nanoindentation curvesleflection vs penetratiorperformed on an phase in thex-phase matrix and thus enables the inhibition
as-grown thina-p-NPNN film. The solid line represents the fit of the elastic . . . L .
region to the Hertzian model, which is indicated in the onset together Witho_f this solid-solid pha_se Fransmon. An estimate _Of the re-
the value of the constary obtained from the fit(@ k~3 Nm™, v sidual stressr, for thin films of a-p-NPNN (thickness
~14.0ums™, (b) k~50Nm%, v~1.4umst. Also illustrated in(a) is ~1 um) give§2'25 Tr~2GbL71< 0.02 GPa, wherd repre-
that the applied forc& is perpendicular to the moleculab planes. sents the Burgers vector of the dislocatidn=(1.2 nm) and
G(~0.6 GPa) the bulk modulus, approximated by the ex-
pressionG=E/2(1+ v), valid for isotropic materialsz,,

3Nm ) and a TMAFM image taken after the indentation, which is correlated tor,,® is only roughly approximated

respectlyely. The plastic effgct .Of the nanomde_ntatlon on th ecause of the uncertainties associated to most of the param-
surface is clearly observed in Figi®2. The total tip penetra- .
. ; eters involved.
tion (~5X0.9nm) is larger than the measured depth of the . I
. o . : The estimated values &, , op,, and 7 for thin films
induced defect~1.8 nm), which is twice the height of the . Lo X
close-lying step in Fig. @) (step height0.92 nm. When may differ from their intrinsic valuegsingle crystalg un-
ying step 9. b heig ' ' available to our knowledge, because of the influence of re-

i i.e3X0. - . . .

the tip penet_rates, .e-3>0.9nm (not shown the mea sidual stress after growth, since defects hinder the propaga-
sured depth is~0.9 nm. The fact that the measured depths,. . . . . .

: . tion of dislocations. This might be modeled, i.e., by the
systematically correspond nearly to either one or two mo_HaII—Petch cquation.o.~ oM+ AL-2 valid for arain
lecular layers would suggest an ordered relaxation of th% ndari W% ] "“,U?ld Zpr ) nt, the intrin ig ir
material upon unloading. The material expelled by the pen- OI:: | a res’tal nerzp | ‘:‘ " eprfese . Ie i iS(I:dS rfjs
etrating tip most probably evaporates during the subsequer(w? gle crys ormal to the surtace at piasiic yield and a

scan process of image acquisition even if lateral forces argonstant, respe_ct|vely, and where_ the grain size has been re-
minimized, as is the case of the tapping scanning niot placed by the distance between dislocatitfiEhermal stress

indentation-induced dislocations are observed in the vicinity® negllg!ble because the substrate; are .held at room 'Fempera-
of the indented region. ture during growth. Above~1 um in thickness the films

transform to the3 phase. In this case the films are polycrys-
talline exhibiting two main crystallographic directions, with
their (040) and(220) planes parallel to the surface. Unfortu-
Figure 3a) shows a nanoindentation curve~3 Nm™%) nately, it is not possible to differentiate with the AFM both
performed on an as-growsp-NPNN thin film. The applied orientations. An indentation curvek3 Nm™%) performed
force is perpendicular to the moleculab planes. The film on flat regions of a transformed sample to tBghase is
behaves elastically below,~420 nN(= 140 nmx 3 Nm™ %) shown in Fig. 4the force is applied perpendicularly either to

B. p-NPNN

JVST A - Vacuum, Surfaces, and Films



1828 Caro et al.: Nanomechanical properties of molecular thin films

300 [
[lA=C & B-p-NPNN
250 — C=4/3k!'RI2ZE* e
[ | Cg = 4.7 nmrl2
—g 200 ‘ F
s credradests
g %0 ois iv*‘iﬁ“w’k*
- _J ‘ B e fefede
© 100 [ - 't S e el
: Lnm oftafradeoe
50 — ﬁ“’i“”&“”ﬁ“'ﬂ
- ——
0 PR | PR P P T T R T
0 5 10 15 20 25 30

penetration (nm)

Fic. 4. Nanoindentation curvédeflection vs penetratigrperformed on a
transformed thin3-p-NPNN film (k~3 Nm ™%, v~15.3um s ). The solid

line represents the fit of the elastic region to the Hertzian model, which is
indicated in the onset together with the value of the constgpbbtained
from the fit. Also illustrated is the direction of the applied force with regard
to the molecular distribution in the filnti.e., F is perpendicular to the
molecularac planes.

the (040 or (220 planeg. In this case the microcrystals
exhibit terraces with a mean step separation-d400 nm?*
From the Hertzian fit we obtairE;~3.3GPa andopg

1828

Surface imaging before and after indentation gives valu-

able information concerning the nature and density of dislo-
cations existing prior to indentation and those induced by
indentation, which is relevant for thin films.
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