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ABSTRACT

Nanopatterning electrically insulating oxide lines on organic electronic surfaces can play a role in fabricating future nanoscale
devices. Here we write oxide features on rubrene single crystal surfaces by performing local anodic oxidation using the tip of
an atomic force microscope. Oxide feature height increases with voltage bias and decreases with tip writing speed, and gaps
as small as 22 nm at the surface between two parallel oxide lines were realised. Conductance tomography is employed in a
unique way to determine the depths of oxide features, by exposing subsurface layers of the patterned material without using
chemical etching while simultaneously mapping material conductance. The oxide line depth exceeds its height, with the depth-
to-height ratio frequently being more than 1.6. A critical electric field of ~3x10° V/cm is identified, below which the oxide growth
ceases, resulting in a maximum oxide vertical extent of about ~60 nm at a voltage bias of ~20 V.

Keywords: organic electronic devices; single crysthrene; nanoscale device fabrication; local amogidation; scanning
probe lithography; conductance tomography

1. Introduction

Organic electronic materials have a number of umignoperties, enabling the formation of flexibleattonics [1], chemical
tuning to produce desired device properties [24, e potential for cost-effective device mass pobidn [3]. Developing
capabilities to pattern and modify the surfacehefe materials to improve device architecturesnaakk future devices is an
important technological requirement [4]. Local aiwoaikidation (LAO) lithography [5] is a possibleute for organic
nanoscale (e.g. one-dimensional) device fabricatisrihis direct-write and resistless techniqueb@ansed to draw narrow
insulating oxide lines on surfaces to preciselyrdeshapes and dimensions. Upscaling for largessuaks fabrication is
possible, as demonstrated on silicon using temptataps [6], and a potential application is in @a&ging organic electronic
device density on a shared active material by pattg electrically insulating barriers to prevendgs-talk between adjacent
devices. However, little is reported about localkydising crystalline organic semiconductor sulissathough related works
are noted, such as on-demand patterning of poltadhyse pentacene field-effect transistors by tharetanning lithography
[7], nano-scratching of PEDOT:PSS electrodes [8] laAO patterning on pentacene thin films to dirastibody deposition
[9]. Thus, motivated by the promising potential foture organic electronic device fabrication, LASIng atomic force
microscopy (AFM) is investigated on ultrapure rutesingle crystals for the first time.

Rubrene is considered the prototype single crgstgnic semiconductor because of its relativelgdarharge carrier mobility
(10-40 cnf/(V-s)) [10-12] and long exciton diffusion lengi€ microns) [13,14]. Oxidation properties of thiege crystal
have been studied in detail; in addition to evideotan epitaxial native oxide layer [15], oxygetated species have been
observed uniformly on the surface and preferentetistructural defects [16], as well as undersitdace [17], having
accessed preferential channels into the bulk befioreading laterally [18]. Meanwhile, multiple oxeygincorporation
mechanisms have been proposed, each with uniquEnygxposure methods, suggesting varying effectatmene device
performance. Some hold the opinion that (photo)aotidity and field-effect mobility of rubrene de¥s are increased [19-21]
while others have the opposite opinion [22,23].
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Figure 1. (a) A schematic of the AFM setup for performing LAOwater meniscus or bridge is formed between thertigh
sample surface covered by a thin water layer, hedip is negatively biased with respect to the@an(b) AFM topography
of a single continuous serpentine feature of led§th um drawn inwards from the outside on a siogystal rubrene surface
(voltage bias of -22 V, tip writing speed of 10 sjnover an area of approximately 10 um by 10 i@ white arrow points
the area where a line profile is taken and show(g)inThe white scale-bar at the bottom left cquoesls to a length of 4 um.
There is a test oxide blob at the centre of thpesgime feature. A 1.4 um by 1.4 pm area indichgethe translucent grey box
is magnified to show uniform edges of the oxidedess, as well as sharp and well-defined right-esglorners(c) Bottom: A
line profile extracted from the data in (b) showmg2 nm gajat the surface between two oxide features. Topréference, a
line profile of a pristine rubrene crystal surfadisplaying the characteristic step edges of heidd nm corresponding to tk
grey dashed line acrotise 2.5 um by 2.5 um AFM topography image in tteeir{false colour vertical scale is 6.8 nm blac
white). (d) A three-dimensional render of LAO with varying ipeed from 10-35 nm/s at a constant voltage Hig&20v
(front row) and varying voltage bias from -12 t@-¥2 at constant tip writing speed of 10 nm/s (bemk). The data is
guantitatively presented in Fig. 2.

Previously, LAO has been used either directly oaragtermediary step to fabricate circuit compdsemd devices such as
guantum point contacts [24], quantum dots [25],anengs [26], narrow/one-dimensional channels [2], #8romagnetic
tunnel junctions [29], transistors (including siaglectron and single hole transistors) [30,31] mambwire-based devices [32]
like single photon detectors [33]. A variety of xdls have been the subject of study involving LAa®ong them metals[34],
Group IV and 1lI-V semiconductors [27,35], two-dingonal materials [25], transition metal dichalcoiges [28] and
ferromagnetic materials [29].

One criterion for the successful use of LAO in deviabrication is that the oxide feature depth edsethe device active layer
thickness, therefore the ability to accurately meashe depth of these features is important. Odifgth characterisation is
typically carried out by selectively etching thadexfeature and measuring the depth of the voitirdraains. However, we are
not aware of etchants for selective organic oxateaval, rendering this procedure unsuitable forarserganic
semiconductor systems, posing a problem for oxajgtdcharacterisation in organic materials.

In this Article, we achieve a major step in thequitrtowards achieving direct-write oxide-basedifediion of nanoscale
electronic devices on organic semiconductors, legipely drawing electrically insulating oxide linesing LAO on the
organic semiconductor crystal rubrene and chairigrigrthe dimensions, most importantly the depthptb characterisation is
made possible by employing the recently develomediactance tomography technique [36,37], utilisiogtact mode
conductive atomic force microscopy (CAFM) to ethiough layers of the material until the insulatmgde feature
disappears, and is demonstrated for the first tmerganic materials. The oxide penetrates deéperits height, and a
critical electric field is identified, below whidhe oxide growth terminates.
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Figure 2. Dependence of mean oxide height and widtladwoltage andb) tip writing speed, for the oxide lines shown in
Fig. 1(c). The red solid data points represent dfaixide height (left axis); the blue open datinporepresent oxide width
(right axis). The error bars for the oxide heigte ane standard deviation of the measured heidnig dhe features, while
those for the oxide width are based on the posititarval between adjacent line scans.

2. Results & Discussion

A schematic diagram showing the experimental siiuperforming LAO is shown in Fig. 1(a). In theegence of significant
humidity, a thin water layer is formed on the stdigt surface and the AFM tip-sample interactionaegs wetted typically by
the formation of a water meniscus in contact made water bridge in non-contact/tapping mode (&caht voltage bias is
required to form the water bridge) [38]. In theugebdf Fig. 1(a), the AFM tip is negatively biasedhwrespect to the sample;
water molecules are dissociated and the electid fiirects oxyanions into the substrate to foridexierivatives [39]. This
reaction is limited to the lateral dimensions & thater meniscus or water bridge [38]. The restbtaide is amorphous [40]
and less dense than the substrate, thus protrratestie surface due to vertical volume expansidn. [fhe oxide depth
depends on the maximum oxyanion travel into thesisate, which is determined by factors such atbetric field strength,
material density and interatomic/intermoleculacéostrength, as well as activation energies foanign penetration and the
oxide-forming reaction. We now study the LAO praxasing tapping mode on the surfaces of singlegarysbrene,
specifically the most developed crystal face @hglane) which displays the characteristic steplisigf ~1.4 nm between
terraces (Fig. 1(c)). The surfaces and step edges @bserved to be free from any signs of contamimaln this study, LAO
is performed on flat surfaces only, avoiding andh step edges (i.e. avoiding the steps showrignKc)).

To realise LAO using tapping mode on rubrene ctygstaminimum relative humidity of 70 % is requirechich is higher than
for inorganic materials (e.g. 30-40 % for Si) [3Bl.addition, a very low feedback setting is regdifsetpoint amplitude of ~1
nm, from a free amplitude of ~25 nm), correspondmg peak-to-peak oscillation amplitude of ~2 tmoughout the LAO
procedure, resulting in the tip being very closéh®sample with a great likelihood of contact vk surface. However, such
a feedback setting rarely changes the surface tapby; at zero voltage bias the largest effeabgerved at all, was a
uniform depression ~1 nm deep (corresponding ttecalar layer). Though the chemical compositiothef oxide lines is
not determined, it is expected to be an oxy- ankydroxy- derivative of rubrene. Studies of suchdified rubrene molecules
point towards the introduction of deep trap stfd@$ and unfavourable modifications of the HOMO ard.UMO orbitals
which destroyr-conjugation due to, for example, a bent tetradmakbone (as in the case of rubrene endoperoxd@e}4].
Importantly, CAFM confirms that the oxide featusge electrically insulating, and this is the owding characteristic of the
results we present, that can be of benefit in dogaanoelectronics.
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Figure 3. (a) A schematic of the utilisation of conductance tgnaphy to determine oxide feature depth. Left: Befo
conductance tomography. Middle: After several layae removed. Right: Immediately after passingotitéeom of the oxide
feature(b) Selected CAFM data obtained during the tomogrgpbgess corresponding to Experiment 5 in Fig. Sta)hich
the oxide feature was completely removed afterca®s, as shown by the disappearance of currentasbnRaw data is
presented and the current data zero offset wasangcted. Each scan was 500 nm by 500 nm, althewegiave cropped all
but scan #1 to show more scans.

103 To demonstrate that long oxide lines can be wrjtéesingle serpentine feature of length 355 pmdvagn in one continuous
104  movement within an area of just under 10 um by ) as shown in Fig. 1(b). Neatly drawn cornerspacgluced upon

105 changing direction (in this case, right-angled s)irGaps between adjacent oxide line segments weasured to be as small
106 as 22 nm at the surface (Fig. 1 (c)), demonstratirguniformity of the line edges and, importanthge precision that the LAO
107 technique offers. The gradual decrease in heigtiteaserpentine feature is drawn inwards from thtside could be attributed
108 to a gradual change of the tip, probably tip w&&e width of the oxide line segments in the seiiperfeature remained the
109 same along its whole length, at about 100 nm. titiah, crystal orientation was observed to nogeiffthe LAO procedure
110 and oxide feature dimensions; for example, in #rpentine feature of Fig. 1(b) there were no oketdifferences in oxide
111 dimensions of lines drawn in perpendicular diratio

112

113 The effect of voltage bias and tip writing speecbgitle growth are then studied. Figure 1(d) shdvesAFM topography of
114  the results obtained, in a three-dimensional rendkite the graphs in Fig. 2 depict the dependeariceean oxide line height
115 and width on tip-sample voltage bias and tip wgtipeed. The oxide height increases with voltags, lsind decreases with tip
116  writing speed. LAO oxide growth behaviour can bplained theoretically [35] (based on the CabreratNtweory of metal

117  thin film oxidation) [45], describing oxide heigtriation as linear with voltage bias and as lagfééd) with tip writing

118 speed. Good agreement has been found in the c&i¢34] and Ti [46]. However, for materials suchrabrene crystals and
119 GaAs [47], despite observing an increase in oxigght with tip voltage, a log (1/speed) dependedaes not produce the best
120 fit to data, indicating that the oxidation mechamis compounds and/or molecular crystals is morepdizated than suggested
121  inthe model. The maximum tip writing speed is 3&/% beyond which no protruding features are olezkrunlike LAO in

122  other materials such as Si where tip writing speduisre 100 um/s can be used [35].

123

124  Meanwhile, the oxide line width remained generabiystant at about 100 nm, a relatively large LA lvidth, independent
125  of voltage and tip writing speed. We suggest thidue to the high relative humidity requiremendgdi by the low setpoint
126  amplitude. For silicon nitride AFM tips (of geomgaind dimensions similar to those used in this BrpEnt) in contact with
127  gold and silicon surfaces under 40-60 % relativenildity, it was found that the water meniscus wiidtlon the order of 100
128 nm - 1um, while its height is on the order of 100 nm [48imilarly, relatively large water meniscus dimemsi are also

129  expected in our system, whose shape and size sheuldaffected by the low tip oscillation amplituafe-2 nm peak-to-peak.
130 Thus, we suggest LAO performed on rubrene crystaisis study proceeds under a configuration in@jva water meniscus
131 instead of a water bridge [38].

132

133  Next, we discuss the conductance tomography teabnigince the oxide lines are electrically insalgtia current contrast
134  between the oxide line and rubrene crystal is aleskin the CAFM data, enabling the utilisation likttechnique to determine

4
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Figure 4. (a) A three-dimensional render of the crater corredpanto Experiment 7 in Fig. 5(a). The false colbar is
terminated at 30 nnfb) A line profile taken across the crater perpendicto the oxide line, along the white dashed lime i
(a), from which the oxide line depth of the oxidelis measured.

oxide line depths. A schematic is presented in &ig). In order to realise conductance tomograpfmoval of substrate
material using the AFM tip is performed during amitmode CAFM imaging of an oxide feature. It inigd the combination
of a vertically downward force (due to an increa8&d setpoint) that damages the crystalline stmecta initiate an
indentation or crack, and the lateral movemenheftip as it scans the surface, which serves afdnetion. First, the tip
scratches and ploughs the surface, producing delegend, the tip sweeps the debris to the edgks@rof the scanned area.
The tip-sample voltage bias could also influendg phocess. The production and removal of debrisesthe formation of a
crater in the shape of the scanned area. Throughigytrocess, the simultaneously obtained curreys show a clear current
contrast between the insulating oxide line andctireducting rubrene crystal (Fig. 3(b)). As moreenal is removed, deeper
layers are uncovered until the current contrastppiears, indicating that the bottom of the oxide has been reached. At this
point, the tomography procedure is terminated. driager depth is then determined by imaging overgelr scan area using
normal feedback setpoint settings for topographggimg. A line profile is taken perpendicular to thew removed) oxide
line. Figures 4(a) and 4(b) show data from a cnasulting from a conductance tomography measuremean an area of 2
um by 2 um. During tomography experiments, the egaedition of a tip will determine the number abss required to
achieve certain crater depth. Even for new tips,cmtilever spring constant, tip geometry andblimting rate may vary,
potentially affecting tip penetration depth inte ttample and displacement of the material durict ewividual scan.
However, these variations in material removal doaifect the final determination of oxide line depivhich is obtained from
an independent measurement of the crater depth.

We now report the results of conductance tomographgxide lines of varying height. Oxide lines wdrawn on two rubrene
crystal samples in separate sessions using ditfeem tips. Conductance tomography was performegioa oxide line
segments with heights of 5-25 nm (the tallest répcible height using a -22 V bias is ~25 nm). Fegbfa) shows the oxide
line heights and their respective depths, andig). shows oxide line depth-to-height ratios asrecfion of oxide height. In
Fig. 5(a) the increase of oxide height above titeasa as a function of increasing voltage is apipnaxely matched by an
increase in depth of oxide below the surface. Thgimum height and depth of oxide line observedibrene are 25 nm and
40 nm respectively, while the maximum heights aeptis in other materials are both about 15 nm wiserg LAO voltages
of the same order of magnitude [49,50]. In rubrerystals, the overwhelming majority of oxide lirtegve a depth-to-height
ratio of more than 1.6, and oxide lines taller th@mm have an even larger depth-to-height ratimésgreater than 2). The
oxide depth-to-height ratios in other materialstgpgcally constant with no dependence on heiglit) walues of 0.6 and 1 in
Si and GaAs respectively [41,49] (more materiatslt® be within this range, e.g. Ge thin films [&hjJd WSeg[28]), while in
GasSb and a Ti film the values are higher at 2.1-gh8 respectively [46,50].

At taller oxide line heights formed by higher vgés up to -22 V, specifically Experiments 8 and ig. 5(a), there appears
to be a maximum limit to the oxide feature vertieatent of ~60 nm, regardless of height above #selne. In Experiment 9,
a protrusion 25 nm tall is produced but the dep#thes to only 36 nm; the height-to-depth rationphets, corresponding to
the encircled data point in Fig. 5(b). Thus, it teninferred that the LAO process terminates &tetow a critical electric field
of about ~%10° VV/cm, where the field can no longer propagate nigm@s across the growing oxide. This is about thiraes
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Figure 5. (a) A graph showing the heights and depths of ninelaotance tomography experiments on oxide features
produced by LAO on single crystal rubrene. Experitag@erformed on oxide features drawn on Sample arked with an
asterisk, while the rest were from Sample 2. Irdpoing these oxide features, the tip writing speed kept constant at 10
nm/s while the voltage biases used were withintel22 V.(b) A graph showing the oxide depth-to-height rati@dsnction
of oxide height. All oxide lines penetrate deegamttheir height, and most have a depth-to-heagid of more than 1.6. The
data point encircled in red corresponds to ExparmirBen Fig. 5(a), where the effects of a weakerglegtric field due to a
larger oxide vertical extent are observed.

lower than the quoted range of<ID’ V/cm as per observations on Si and GaAs [35,4% .nate there is one anomalous data
point in Figure 5(b) (oxide height of 10 nm), whéne depth-to-height ratio is unexpectedly low,reless than in the case of
the ‘critical electric field effect’. This is likglan effect of tip wear, since multiple relativédyng oxide lines are drawn in this
part of the study, with the tip repeatedly appraagtand withdrawing from the surface.

3. Conclusions

In summary, LAO was successfully performed on sralstal rubrene to produce precisely drawn cowotis oxide features,
where the height increases with voltage bias awdedses with tip writing speed. Gaps as narron2am? at the surface
between two adjacent parallel oxide lines wereeaad; in principle, devices of such width alignéamhg the highest mobility
axis will have channels less than 35 rubrene médsanide. The recently developed conductance toapbgrtechnique
proved to be suitable for revealing oxide featwgagiration depths. The oxide line depth exceedbéfght, with depth-to-
height ratio of more than 1.6 in most cases. Theimiam height and depth of the oxide features ex¢keske reported on
many materials. A critical electric field of x80° V/cm is identified, below which the oxide ceasegtow:; this corresponds to
a maximum oxide vertical extent of ~60 nm withie ttange of voltage bias used (up to -22 V). Impulyathe successful
utilisation of this method to characterise the Hegftoxide features is a major milestone in enajpthre proper utilisation of
LAO as a direct-write technique for fabricatingatenic devices on organic semiconductors, inclgdirture one-dimensional
device structures, and aid in increasing deviceitherDeeper oxides enable modifying deeper adtiyers and can be
instrumental in making more multi-layered devicehétectures possible. The proven scaling up ofréshod by stamp
patterning is a compelling reason to apply anodidation in large-scale usage and organic eleatrdavice mass production

[6].
4. Experimental section

Rubrene single crystals were grown by physical uap@nsport in a two-zone furnace (base temperaiti260 °C and
sublimation temperature of 310 °C) under ultra-hpghity Ar gas flow of 30 ml/min, with rubrene poerd(Rubrene 99%,
ACROS Organics™) as the initial source materiase&ond growth cycle is performed, now with rubrsingle crystals as the
source material, to ensure higher purity crystedsodotained. Each growth lasts about 48 hours,ymiad crystals with large
flat surfaces corresponding to thle-plane (few millimetres in tha-direction and more than 5 mm in the highest muybiil
direction). The crystals are about 300 um thidgk (i thec-direction).
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A Bruker Dimension Icon atomic force microscope waed to perform all AFM work, while the Gwyddiooftsvare package
was used to perform analysis. Topography imagirhlakO in tapping mode were performed using a steshdaype silicon
cantilever (~40 N/m spring constant, ~300 kHz resme frequency). A low free amplitude of ~25 nm wsed. Topography
imaging was done at a setpoint amplitude ~75% efitbe amplitude, and LAO was performed with thedfeack on at a
setpoint amplitude of ~5 % of the topography imggietpoint, corresponding to an absolute ampliafdel nm (larger
setpoints did not produce oxide lines). A constimvoltage was applied throughout the LAO procegdwith the voltage
linearly ramped rapidly (0.1 s) to and from theidab voltage immediately before and after oxidati@spectively.

Contact mode CAFM and conductance tomography wer@pned using a cantilever coated with a 25-nmrwesistant
double layer of chromium and platinum-iridium5 #&lle-0.2 N/m spring constant, ~13 kHz resonanceueagy). CAFM
tomography was performed at a setpoint of at le&sV above the normal setpoint for topography imggat a maximum
scanning speed of 8um/s and maximum scan sizeiof By 2 um, typically using a line density of 18&k per 2 um. A bias
in the range of 2-5 V is applied to the samplelisasve current contrast between conducting andiitisg features, and a
larger scan size and slower scan speed gives theviei-defined craters possessing relativelylfiades and steep walls.
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Data acquired and analysed during the current sttelavailable from the corresponding author osaeable request.
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Oxide nanopatterning on organic semiconductor crystals (~22 nm between
oxide lines)

Unique conductance tomography technique reveals oxide depths without
using etchants

Insulating oxides potentially suitable for patterning of organic nanoelectronics



