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ABSTRACT 15 
 16 
Nanopatterning electrically insulating oxide lines on organic electronic surfaces can play a role in fabricating future nanoscale 17 
devices. Here we write oxide features on rubrene single crystal surfaces by performing local anodic oxidation using the tip of 18 
an atomic force microscope. Oxide feature height increases with voltage bias and decreases with tip writing speed, and gaps 19 
as small as 22 nm at the surface between two parallel oxide lines were realised. Conductance tomography is employed in a 20 
unique way to determine the depths of oxide features, by exposing subsurface layers of the patterned material without using 21 
chemical etching while simultaneously mapping material conductance. The oxide line depth exceeds its height, with the depth-22 
to-height ratio frequently being more than 1.6. A critical electric field of ~3×106 V/cm is identified, below which the oxide growth 23 
ceases, resulting in a maximum oxide vertical extent of about ~60 nm at a voltage bias of ~20 V.  24 
 25 
Keywords: organic electronic devices; single crystal rubrene; nanoscale device fabrication; local anodic oxidation; scanning 26 
probe lithography; conductance tomography 27 
 28 
1. Introduction 29 
 30 
Organic electronic materials have a number of unique properties, enabling the formation of flexible electronics [1], chemical 31 
tuning to produce desired device properties [2], and the potential for cost-effective device mass production [3]. Developing 32 
capabilities to pattern and modify the surface of these materials to improve device architectures and make future devices is an 33 
important technological requirement [4]. Local anodic oxidation (LAO) lithography [5] is a possible route for organic 34 
nanoscale (e.g. one-dimensional) device fabrication, as this direct-write and resistless technique can be used to draw narrow 35 
insulating oxide lines on surfaces to precisely define shapes and dimensions. Upscaling for large-scale/mass fabrication is 36 
possible, as demonstrated on silicon using template stamps [6], and a potential application is in increasing organic electronic 37 
device density on a shared active material by patterning electrically insulating barriers to prevent cross-talk between adjacent 38 
devices. However, little is reported about locally oxidising crystalline organic semiconductor substrates, though related works 39 
are noted, such as on-demand patterning of polycrystalline pentacene field-effect transistors by thermal scanning lithography 40 
[7], nano-scratching of PEDOT:PSS electrodes [8] and LAO patterning on pentacene thin films to direct antibody deposition 41 
[9]. Thus, motivated by the promising potential for future organic electronic device fabrication, LAO using atomic force 42 
microscopy (AFM) is investigated on ultrapure rubrene single crystals for the first time.  43 
 44 
Rubrene is considered the prototype single crystal organic semiconductor because of its relatively large charge carrier mobility 45 
(10-40 cm2/(V·s)) [10–12] and long exciton diffusion lengths (~4 microns) [13,14]. Oxidation properties of the single crystal 46 
have been studied in detail; in addition to evidence of an epitaxial native oxide layer [15], oxygen-related species have been 47 
observed uniformly on the surface and preferentially at structural defects [16], as well as under the surface [17], having 48 
accessed preferential channels into the bulk before spreading laterally [18]. Meanwhile, multiple oxygen incorporation 49 
mechanisms have been proposed, each with unique oxygen exposure methods, suggesting varying effects on rubrene device 50 
performance. Some hold the opinion that (photo)conductivity and field-effect mobility of rubrene devices are increased [19–21] 51 
while others have the opposite opinion [22,23]. 52 
 53 
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Previously, LAO has been used either directly or as an intermediary step to fabricate circuit components and devices such as 54 
quantum point contacts [24], quantum dots [25], nanorings [26], narrow/one-dimensional channels [27,28], ferromagnetic 55 
tunnel junctions [29], transistors (including single electron and single hole transistors) [30,31] and nanowire-based devices [32] 56 
like single photon detectors [33]. A variety of materials have been the subject of study involving LAO, among them metals[34], 57 
Group IV and III-V semiconductors [27,35], two-dimensional materials [25], transition metal dichalcogenides [28] and 58 
ferromagnetic materials [29]. 59 
 60 
One criterion for the successful use of LAO in device fabrication is that the oxide feature depth exceeds the device active layer 61 
thickness, therefore the ability to accurately measure the depth of these features is important. Oxide depth characterisation is 62 
typically carried out by selectively etching the oxide feature and measuring the depth of the void that remains. However, we are 63 
not aware of etchants for selective organic oxide removal, rendering this procedure unsuitable for use on organic 64 
semiconductor systems, posing a problem for oxide depth characterisation in organic materials. 65 
 66 
In this Article, we achieve a major step in the pursuit towards achieving direct-write oxide-based fabrication of nanoscale 67 
electronic devices on organic semiconductors, by precisely drawing electrically insulating oxide lines using LAO on the 68 
organic semiconductor crystal rubrene and characterising the dimensions, most importantly the depth. Depth characterisation is 69 
made possible by employing the recently developed conductance tomography technique [36,37], utilising contact mode 70 
conductive atomic force microscopy (CAFM) to etch through layers of the material until the insulating oxide feature 71 
disappears, and is demonstrated for the first time on organic materials. The oxide penetrates deeper than its height, and a 72 
critical electric field is identified, below which the oxide growth terminates. 73 

Figure 1. (a) A schematic of the AFM setup for performing LAO. A water meniscus or bridge is formed between the tip and 
sample surface covered by a thin water layer, and the tip is negatively biased with respect to the sample. (b) AFM topography 
of a single continuous serpentine feature of length 355 µm drawn inwards from the outside on a single crystal rubrene surface 
(voltage bias of -22 V, tip writing speed of 10 nm/s), over an area of approximately 10 µm by 10 µm. The white arrow points to 
the area where a line profile is taken and shown in (c). The white scale-bar at the bottom left corresponds to a length of 4 µm. 
There is a test oxide blob at the centre of the serpentine feature. A 1.4 µm by 1.4 µm area indicated by the translucent grey box 
is magnified to show uniform edges of the oxide features, as well as sharp and well-defined right-angled corners. (c) Bottom: A 
line profile extracted from the data in (b) showing a 22 nm gap at the surface between two oxide features. Top: For reference, a 
line profile of a pristine rubrene crystal surface, displaying the characteristic step edges of height ~1.4 nm, corresponding to the 
grey dashed line across the 2.5 µm by 2.5 µm AFM topography image in the inset (false colour vertical scale is 6.8 nm black to 
white). (d) A three-dimensional render of LAO with varying tip speed from 10-35 nm/s at a constant voltage bias of -22 V 
(front row) and varying voltage bias from -12 to -22 V at constant tip writing speed of 10 nm/s (back row). The data is 
quantitatively presented in Fig. 2.  
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 74 
2. Results & Discussion 75 
 76 
A schematic diagram showing the experimental setup for performing LAO is shown in Fig. 1(a). In the presence of significant 77 
humidity, a thin water layer is formed on the substrate surface and the AFM tip-sample interaction region is wetted typically by 78 
the formation of a water meniscus in contact mode or a water bridge in non-contact/tapping mode (a sufficient voltage bias is 79 
required to form the water bridge) [38]. In the setup of Fig. 1(a), the AFM tip is negatively biased with respect to the sample; 80 
water molecules are dissociated and the electric field directs oxyanions into the substrate to form oxide derivatives [39]. This 81 
reaction is limited to the lateral dimensions of the water meniscus or water bridge [38]. The resultant oxide is amorphous [40] 82 
and less dense than the substrate, thus protrudes from the surface due to vertical volume expansion [41]. The oxide depth 83 
depends on the maximum oxyanion travel into the substrate, which is determined by factors such as the electric field strength, 84 
material density and interatomic/intermolecular force strength, as well as activation energies for oxyanion penetration and the 85 
oxide-forming reaction. We now study the LAO process using tapping mode on the surfaces of single crystal rubrene, 86 
specifically the most developed crystal face (the ab-plane) which displays the characteristic step heights of ~1.4 nm between 87 
terraces (Fig. 1(c)). The surfaces and step edges were observed to be free from any signs of contamination. In this study, LAO 88 
is performed on flat surfaces only, avoiding areas with step edges (i.e. avoiding the steps shown in Fig. 1(c)). 89 
 90 
To realise LAO using tapping mode on rubrene crystals, a minimum relative humidity of 70 % is required, which is higher than 91 
for inorganic materials (e.g. 30-40 % for Si) [38]. In addition, a very low feedback setting is required (setpoint amplitude of ~1 92 
nm, from a free amplitude of ~25 nm), corresponding to a peak-to-peak oscillation amplitude of ~2 nm throughout the LAO 93 
procedure, resulting in the tip being very close to the sample with a great likelihood of contact with the surface. However, such 94 
a feedback setting rarely changes the surface topography; at zero voltage bias the largest effect, if observed at all, was a 95 
uniform depression ~1 nm deep (corresponding to 1 molecular layer). Though the chemical composition of the oxide lines is 96 
not determined, it is expected to be an oxy- and/or hydroxy- derivative of rubrene. Studies of such modified rubrene molecules 97 
point towards the introduction of deep trap states [42] and unfavourable modifications of the HOMO and/or LUMO orbitals 98 
which destroy π-conjugation due to, for example, a bent tetracene backbone (as in the case of rubrene endoperoxide) [43,44]. 99 
Importantly, CAFM confirms that the oxide features are electrically insulating, and this is the overriding characteristic of the 100 
results we present, that can be of benefit in organic nanoelectronics. 101 
 102 

Figure 2. Dependence of mean oxide height and width on (a) voltage and (b) tip writing speed, for the oxide lines shown in 
Fig. 1(c). The red solid data points represent that of oxide height (left axis); the blue open data points represent oxide width 
(right axis). The error bars for the oxide height are one standard deviation of the measured heights along the features, while 
those for the oxide width are based on the position interval between adjacent line scans. 
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To demonstrate that long oxide lines can be written, a single serpentine feature of length 355 µm was drawn in one continuous 103 
movement within an area of just under 10 µm by 10 µm, as shown in Fig. 1(b). Neatly drawn corners are produced upon 104 
changing direction (in this case, right-angled turns). Gaps between adjacent oxide line segments were measured to be as small 105 
as 22 nm at the surface (Fig. 1 (c)), demonstrating the uniformity of the line edges and, importantly, the precision that the LAO 106 
technique offers. The gradual decrease in height as the serpentine feature is drawn inwards from the outside could be attributed 107 
to a gradual change of the tip, probably tip wear. The width of the oxide line segments in the serpentine feature remained the 108 
same along its whole length, at about 100 nm. In addition, crystal orientation was observed to not affect the LAO procedure 109 
and oxide feature dimensions; for example, in the serpentine feature of Fig. 1(b) there were no observed differences in oxide 110 
dimensions of lines drawn in perpendicular directions.  111 
 112 
The effect of voltage bias and tip writing speed on oxide growth are then studied. Figure 1(d) shows the AFM topography of 113 
the results obtained, in a three-dimensional render, while the graphs in Fig. 2 depict the dependence of mean oxide line height 114 
and width on tip-sample voltage bias and tip writing speed. The oxide height increases with voltage bias, and decreases with tip 115 
writing speed. LAO oxide growth behaviour can be explained theoretically [35] (based on the Cabrera-Mott theory of metal 116 
thin film oxidation) [45], describing oxide height variation as linear with voltage bias and as log(1/speed) with tip writing 117 
speed. Good agreement has been found in the case of Si [35] and Ti [46]. However, for materials such as rubrene crystals and 118 
GaAs [47], despite observing an increase in oxide height with tip voltage, a log (1/speed) dependence does not produce the best 119 
fit to data, indicating that the oxidation mechanism in compounds and/or molecular crystals is more complicated than suggested 120 
in the model. The maximum tip writing speed is 35 nm/s, beyond which no protruding features are observed, unlike LAO in 121 
other materials such as Si where tip writing speeds above 100 µm/s can be used [35]. 122 
 123 
Meanwhile, the oxide line width remained generally constant at about 100 nm, a relatively large LAO line width, independent 124 
of voltage and tip writing speed. We suggest this is due to the high relative humidity requirement, aided by the low setpoint 125 
amplitude. For silicon nitride AFM tips (of geometry and dimensions similar to those used in this experiment) in contact with 126 
gold and silicon surfaces under 40-60 % relative humidity, it was found that the water meniscus width is on the order of 100 127 
nm – 1 µm, while its height is on the order of 100 nm [48]. Similarly, relatively large water meniscus dimensions are also 128 
expected in our system, whose shape and size should be unaffected by the low tip oscillation amplitude of ~2 nm peak-to-peak. 129 
Thus, we suggest LAO performed on rubrene crystals in this study proceeds under a configuration involving a water meniscus 130 
instead of a water bridge [38].  131 
 132 
Next, we discuss the conductance tomography technique. Since the oxide lines are electrically insulating, a current contrast 133 
between the oxide line and rubrene crystal is observed in the CAFM data, enabling the utilisation of this technique to determine 134 

Figure 3. (a) A schematic of the utilisation of conductance tomography to determine oxide feature depth. Left: Before 
conductance tomography. Middle: After several layers are removed. Right: Immediately after passing the bottom of the oxide 
feature. (b) Selected CAFM data obtained during the tomography process corresponding to Experiment 5 in Fig. 5(a), in which 
the oxide feature was completely removed after 53 scans, as shown by the disappearance of current contrast. Raw data is 
presented and the current data zero offset was not corrected. Each scan was 500 nm by 500 nm, although we have cropped all 
but scan #1 to show more scans.  
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oxide line depths. A schematic is presented in Fig. 3(a). In order to realise conductance tomography, removal of substrate 135 
material using the AFM tip is performed during contact mode CAFM imaging of an oxide feature. It involves the combination 136 
of a vertically downward force (due to an increased AFM setpoint) that damages the crystalline structure to initiate an 137 
indentation or crack, and the lateral movement of the tip as it scans the surface, which serves a dual function. First, the tip 138 
scratches and ploughs the surface, producing debris; second, the tip sweeps the debris to the edges and out of the scanned area. 139 
The tip-sample voltage bias could also influence this process. The production and removal of debris causes the formation of a 140 
crater in the shape of the scanned area. Throughout this process, the simultaneously obtained current maps show a clear current 141 
contrast between the insulating oxide line and the conducting rubrene crystal (Fig. 3(b)). As more material is removed, deeper 142 
layers are uncovered until the current contrast disappears, indicating that the bottom of the oxide line has been reached. At this 143 
point, the tomography procedure is terminated. The crater depth is then determined by imaging over a larger scan area using 144 
normal feedback setpoint settings for topography imaging. A line profile is taken perpendicular to the (now removed) oxide 145 
line. Figures 4(a) and 4(b) show data from a crater resulting from a conductance tomography measurement over an area of 2 146 
µm by 2 µm. During tomography experiments, the exact condition of a tip will determine the number of scans required to 147 
achieve certain crater depth. Even for new tips, the cantilever spring constant, tip geometry and tip blunting rate may vary, 148 
potentially affecting tip penetration depth into the sample and displacement of the material during each individual scan. 149 
However, these variations in material removal do not affect the final determination of oxide line depth, which is obtained from 150 
an independent measurement of the crater depth. 151 
 152 
We now report the results of conductance tomography on oxide lines of varying height. Oxide lines were drawn on two rubrene 153 
crystal samples in separate sessions using different new tips. Conductance tomography was performed on nine oxide line 154 
segments with heights of 5-25 nm (the tallest reproducible height using a -22 V bias is ~25 nm). Figure 5(a) shows the oxide 155 
line heights and their respective depths, and Fig. 5(b) shows oxide line depth-to-height ratios as a function of oxide height. In 156 
Fig. 5(a) the increase of oxide height above the surface as a function of increasing voltage is approximately matched by an 157 
increase in depth of oxide below the surface. The maximum height and depth of oxide line observed in rubrene are 25 nm and 158 
40 nm respectively, while the maximum heights and depths in other materials are both about 15 nm when using LAO voltages 159 
of the same order of magnitude [49,50]. In rubrene crystals, the overwhelming majority of oxide lines have a depth-to-height 160 
ratio of more than 1.6, and oxide lines taller than 10 nm have an even larger depth-to-height ratio (some greater than 2). The 161 
oxide depth-to-height ratios in other materials are typically constant with no dependence on height, with values of 0.6 and 1 in 162 
Si and GaAs respectively [41,49] (more materials tend to be within this range, e.g. Ge thin films [51] and WSe2 [28]), while in 163 
GaSb and a Ti film the values are higher at 2.1 and ~2.5 respectively [46,50]. 164 
 165 
At taller oxide line heights formed by higher voltages up to -22 V, specifically Experiments 8 and 9 in Fig. 5(a), there appears 166 
to be a maximum limit to the oxide feature vertical extent of ~60 nm, regardless of height above the baseline. In Experiment 9, 167 
a protrusion 25 nm tall is produced but the depth reaches to only 36 nm; the height-to-depth ratio plummets, corresponding to 168 
the encircled data point in Fig. 5(b). Thus, it can be inferred that the LAO process terminates at or below a critical electric field 169 
of about ~3×106 V/cm, where the field can no longer propagate oxyanions across the growing oxide. This is about three times 170 

Figure 4. (a) A three-dimensional render of the crater corresponding to Experiment 7 in Fig. 5(a). The false colour bar is 
terminated at 30 nm. (b) A line profile taken across the crater perpendicular to the oxide line, along the white dashed line in 
(a), from which the oxide line depth of the oxide line is measured. 
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lower than the quoted range of ~1×107 V/cm as per observations on Si and GaAs [35,49]. We note there is one anomalous data 171 
point in Figure 5(b) (oxide height of 10 nm), where the depth-to-height ratio is unexpectedly low, even less than in the case of 172 
the ‘critical electric field effect’. This is likely an effect of tip wear, since multiple relatively long oxide lines are drawn in this 173 
part of the study, with the tip repeatedly approaching and withdrawing from the surface. 174 
 175 
3. Conclusions 176 
 177 
In summary, LAO was successfully performed on single crystal rubrene to produce precisely drawn continuous oxide features, 178 
where the height increases with voltage bias and decreases with tip writing speed. Gaps as narrow as 22 nm at the surface 179 
between two adjacent parallel oxide lines were achieved; in principle, devices of such width aligned along the highest mobility 180 
axis will have channels less than 35 rubrene molecules wide. The recently developed conductance tomography technique 181 
proved to be suitable for revealing oxide feature penetration depths. The oxide line depth exceeds the height, with depth-to-182 
height ratio of more than 1.6 in most cases. The maximum height and depth of the oxide features exceed those reported on 183 
many materials. A critical electric field of ~3×106 V/cm is identified, below which the oxide ceases to grow; this corresponds to 184 
a maximum oxide vertical extent of ~60 nm within the range of voltage bias used (up to -22 V). Importantly, the successful 185 
utilisation of this method to characterise the depth of oxide features is a major milestone in enabling the proper utilisation of 186 
LAO as a direct-write technique for fabricating electronic devices on organic semiconductors, including future one-dimensional 187 
device structures, and aid in increasing device density. Deeper oxides enable modifying deeper active layers and can be 188 
instrumental in making more multi-layered device architectures possible. The proven scaling up of this method by stamp 189 
patterning is a compelling reason to apply anodic oxidation in large-scale usage and organic electronic device mass production 190 
[6]. 191 
 192 
4. Experimental section 193 
 194 
Rubrene single crystals were grown by physical vapour transport in a two-zone furnace (base temperature of 260 °C and 195 
sublimation temperature of 310 °C) under ultra-high purity Ar gas flow of 30 ml/min, with rubrene powder (Rubrene 99%, 196 
ACROS Organics™) as the initial source material. A second growth cycle is performed, now with rubrene single crystals as the 197 
source material, to ensure higher purity crystals are obtained. Each growth lasts about 48 hours, producing crystals with large 198 
flat surfaces corresponding to the ab-plane (few millimetres in the a-direction and more than 5 mm in the highest mobility b-199 
direction). The crystals are about 300 µm thick (i.e. in the c-direction). 200 
 201 

Figure 5. (a) A graph showing the heights and depths of nine conductance tomography experiments on oxide features 
produced by LAO on single crystal rubrene. Experiments performed on oxide features drawn on Sample 1 are marked with an 
asterisk, while the rest were from Sample 2. In producing these oxide features, the tip writing speed was kept constant at 10 
nm/s while the voltage biases used were within -12 to -22 V. (b) A graph showing the oxide depth-to-height ratio as a function 
of oxide height. All oxide lines penetrate deeper than their height, and most have a depth-to-height ratio of more than 1.6. The 
data point encircled in red corresponds to Experiment 9 in Fig. 5(a), where the effects of a weakening electric field due to a 
larger oxide vertical extent are observed. 
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A Bruker Dimension Icon atomic force microscope was used to perform all AFM work, while the Gwyddion software package 202 
was used to perform analysis. Topography imaging and LAO in tapping mode were performed using a standard n-type silicon 203 
cantilever (~40 N/m spring constant, ~300 kHz resonance frequency). A low free amplitude of ~25 nm was used. Topography 204 
imaging was done at a setpoint amplitude ~75% of the free amplitude, and LAO was performed with the feedback on at a 205 
setpoint amplitude of ~5 % of the topography imaging setpoint, corresponding to an absolute amplitude of ~1 nm (larger 206 
setpoints did not produce oxide lines). A constant dc voltage was applied throughout the LAO procedure, with the voltage 207 
linearly ramped rapidly (0.1 s) to and from the desired voltage immediately before and after oxidation, respectively. 208 
 209 
Contact mode CAFM and conductance tomography were performed using a cantilever coated with a 25-nm wear resistant 210 
double layer of chromium and platinum-iridium5 alloy (~0.2 N/m spring constant, ~13 kHz resonance frequency). CAFM 211 
tomography was performed at a setpoint of at least 0.5 V above the normal setpoint for topography imaging, at a maximum 212 
scanning speed of 8µm/s and maximum scan size of 2 µm by 2 µm, typically using a line density of 128 lines per 2 µm. A bias 213 
in the range of 2-5 V is applied to the sample to observe current contrast between conducting and insulating features, and a 214 
larger scan size and slower scan speed gives the best well-defined craters possessing relatively flat bases and steep walls. 215 
 216 
Data Availability 217 
 218 
Data acquired and analysed during the current study are available from the corresponding author on reasonable request. 219 
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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  
 


