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Abstract
Atomic force microscopy (AFM) assisted local anodic oxidation (LAO) offers advantages over
other semiconductor fabrication techniques as it is a low contamination method. We
demonstrate the fabrication of deep and highly reproducible nanohole arrays on InP using LAO.
Nanohole and nano-oxide mound radius and depth are controlled independently by altering
AFM tip bias and humidity, with a maximum nanohole depth of 15.6 ± 1.2 nm being achieved.
Additionally, the effect of tip write speed on oxide line formation is compared for n-type, p-type
and semi-insulating substrates, which shows that n-type InP oxidizes at a slower rate that
semi-insulated or p-type InP. Finally, we calculate the activation energy for LAO of
semi-insulating InP to be 0.4 eV, suggesting the oxidation mechanism is similar to that which
occurs during plasma oxidation.

Keywords: nanolithography, atomic force microscopy, semiconductor fabrication

(Some figures may appear in color only in the online journal)

1. Introduction

Nanohole arrays exhibit properties that make them highly use-
ful in optical and electronic applications e.g. facilitation of
quantum dot (QD) and surface plasmon coupling [1], and as
components in light sensing devices [2]. Particular interest has
arisen in a nanohole’s ability to nucleate metallic droplets or
QDs during epitaxial growth, which is termed site-controlled
QD growth [3].

The properties exhibited by QDs make them promising
quantum bit (qubit) candidates [4]. A scalable network of
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qubits can be created by deterministically positioning large
numbers of single QDs within devices, therefore ensuring effi-
cient light coupling of single photon emitters in a quantum cir-
cuit architecture [5]. For integration into current commercial
communication networks the emission wavelength in such QD
photonic systems needs to be in the telecom c-band at 1550 nm
[6]. Additionally, each QD must act as a source of indistin-
guishable photons so that the entangled photon states required
for quantum computing can be created. Therefore, the single
QD linewidths must be very narrow and ideally close to being
Fourier transform limited, where the linewidth of the QD is
limited by its lifetime and not broadened by spectral wander-
ing effects [7].

A desirable method of achieving scalable quantum net-
works is to control the position of QDs during growth, there-
fore allowing devices to be fabricated around large numbers
of deterministically placed emitters. By developing robust and
reproducible site-controlled QD growth methods, fabrication
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Figure 1. Representation of the local anodic oxidation process,
where the applied bias induces the formation of reactive anodic
species within the water bridge and facilitates the reaction with the
semiconductor to form an oxide that grows above and below the
surface.

of scalable qubit networks becomes more readily achievable.
To control the QD position, arrays of nanoholes can be fab-
ricated, each acting as an area for preferential nucleation of
QD growth. This mechanism occurs via the nanohole redu-
cing the surface chemical potential and providing an increased
density of step edges, which reduces energetic requirements
for growth and facilitates QD nucleation. Arrays of nano-
holes that are highly uniform in shape, pitch and size allow
site-controlled QD properties such as position, density, and
emission wavelength to be controlled [8]. Processing tech-
niques, such as electron-beam lithography (EBL) with plasma
or wet chemical etching (WCE), are commonly used to fabric-
ate the required arrays of nanoholes [9, 10]. However, emis-
sion linewidths for site-controlled QDs are generally broader
than those for randomly grown QDs, due to a fabrication inter-
face being created that has been exposed to contaminants and
process-induced damage [11]. These act as charge traps that
lead to spectral wandering of the QD emission wavelength
and broadens the linewidths. This broadening can be mitig-
ated by cleaning the surface to as high a degree as possible
and by growing the QD as far as practical from the processed
surface using an epitaxial buffer layer, which is grown on the
processed surface directly prior to QD deposition [12].

An alternative to EBL is the use of local anodic oxida-
tion (LAO), which uses an atomic force microscope (AFM)
to assist in the fabrication of nanofeatures [13]. By posi-
tioning a biased AFM tip over the surface of a semicon-
ductor, the growth of a nano-scale oxide feature can be estab-
lished through the formation of a water bridge between the tip
and surface (figure 1), where the radius of this water bridge
depends on humidity. Reactive O− and OH− ions are created
within the water bridge, which move under bias towards the
semiconductor surface and oxidize it. Therefore, the radius of
the water-bridge will directly affect the radius of the feature.
The tip voltage affects the depth that these reactive ions can
penetrate into the surface and therefore determines the max-
imum depth that the oxide grows to. The main parameters
affecting the dimensions of the oxide formed via LAO and
therefore nanohole dimensions are the applied tip bias [14],
and humidity [15], in addition to tip-sample distance [16], tip
radius [17], and tip writespeed [18].

The oxide features produced via this method can be sub-
sequently removed via WCE or atomic hydrogen cleaning to
form arrays of nanoholes [19]. Fabrication of nanoholes via
LAO has an advantage over more commonly used lithographic
methods in that it does not require the use of organic res-
ist masks that can be difficult to remove properly after pro-
cessing and are a major source of contamination [20]. Instead,
LAO is a maskless, one-step, ex-situ process that allows the
sample to be transferred immediately into the epitaxy chamber
where the nano-oxide features are removed via atomic hydro-
gen cleaning. Therefore, the method is simple and requires far
fewer steps than other fabrication techniques, such as those
involving EBL. In previous reports of LAO processing a major
drawback was that nanoholes were shallow, which can limit
the thickness of a subsequently grown buffer layer within the
nanoholes. Linewidth broadening of a QD can be mitigated
by growing it on a thick epitaxial buffer, far from the pro-
cessed interface. Therefore, being limited to use of a thin buf-
fer could negatively impact the linewidth of site-controlled
QDs. The site-controlled growth of InAs QDs grown on an
InP substrate using nanohole arrays fabricated using LAO has
previously been demonstrated [21]. The fabricated nanoholes
were 3–4 nm in depth and no epitaxial buffer was depos-
ited on the nanoholes prior to QD growth. The site-controlled
QDs emitted at telecom wavelengths, however the reported
single QD linewidths of 0.8 meV were much broader than
typically required for quantum photonics applications where
linewidths of the order 2–20 µeV are required. Further to this,
poor homogeneity has also been reported to occur during LAO
fabrication, due to field effect diffusion [22]. In addition to
LAO being used to form arrays of nanoholes, Komijani et al
report on the fabrication of oxide lines around a QD on p-type
GaAs/AlGaAs heterostructures for electronic transport meas-
urements [23]. They note a difference between spin-orbit and
Coulomb interactions in p-type and n-type materials.

In this paper we investigate the application of LAO pro-
cessing to InPwafers and demonstrate that deep and homogen-
ous nanoholes can be produced, while maintaining the shape
symmetry that is required of nanoholes used to nucleate QDs.
We report the effect of humidity and tip voltage on nano-
hole dimensions and investigate the positioning regularity of
the nanoholes within the arrays. We also investigate the influ-
ence of tip write speed on formation of oxide lines for n-type,
p-type, and semi-insulating substrates.

2. Experimental methods

LAO was investigated in three types of (100) InP substrates;
sulfur-doped (n-type), iron doped (semi-insulating) and zinc
doped (p-type). The samples underwent an acid dip with
4:1:100 H2SO4/H2O2/DI water to remove the surface oxide
prior to fabrication. All oxidations were then performed using
a Bruker Dimension Icon AFM in tapping mode with an
OTESPA r3 tip composed of 0.01–0.02 Ω cm silicon with a
nominal spring constant of 6 N m−1 and tip radius of 7 nm.
Experiments were carried out in ambient air under a range
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of humidities at 25 ◦C. To produce arrays of oxide mounds
the high-resolution tip was positioned at each point for 10 s
at an amplitude set-point of 7 mV, where the amplitude set-
point controlled the tip-sample distance. A range of negative
tip biases are investigated, ranging from −10 V to −22 V.
The oxide mounds formed were subsequently removed with
the same H2SO4/H2O2 acid dip, which lead to the formation of
arrays of nanoholes. Oxide lines were formed in a similar fash-
ion by scanning the tip across the surface at a constant speed.
The depth, height, and diameter information for each nanofea-
ture was extracted from the AFM images using the in-built tool
provided by the software Nanoscope Analysis.

3. Results and discussion

Figure 2 shows AFM images for nano-oxide mounds and nan-
oholes fabricated in arrays on semi-insulating InP at 40%
humidity and −18 V tip bias. The oxide mounds shown in
figure 2(a) were formed by holding the biasedAFM in one pos-
ition. Figure 2(b) shows the nanoholes subsequently produced
by acid etching the nano-oxide mounds. The features are well
defined and nanoholes are circular with a mean ellipticity of
0.96; the very slight elongation is present in the [1–10] direc-
tion. The mean convexity, which describes the edge rough-
ness of the features, was 0.95. By taking a section through
the features they are shown to be conical in shape, therefore
suitable for nucleating single QDs [24]. A section through
corresponding nano-oxide mounds and nanoholes, shown in
figure 2(c), demonstrates that the oxides form above and below
the surface.

Figures 3(a) and (b) show nanomound radius and height as
a function of tip voltage, measured at the base of each fea-
ture. Figures 3(c) and (d) show nanohole radius and depth for
the corresponding features. It can be seen that with increas-
ing bias, both the height and radius of the features increase.
The increased bias forms a larger electric field around the tip,
which increases both the radius of the feature and the penet-
ration depth of the ions. When a constant voltage is applied
between the tip and sample for an extended period of time
(>0.1 s) space-charge builds up as the oxide grows [25]. This
effect leads to some preferential oxide growth in a lateral dir-
ection, which in turn causes the increase in the oxide radius.
Fabrication of deep nanoholes is achieved by using a high bias
in conjunction with the high-resolution AFM tip. The max-
imum mean depth for an array of nanoholes is 15.6 ± 1.2 nm
and a corresponding average radius of 104 nm. This nano-
hole depth is comparable to EBL fabricated nanoholes, which
were previously used to produce low linewidth site-controlled
QDs [26]. In contrast, the humidity has a strong influence only
over the nanohole radius which again increases with increas-
ing humidity. This is because the humidity affects only the size
of the water bridge, not the penetration depth of the ions. This
is a critical observation as it allows us to decouple the depth
and radius of the nanoholes giving independent control and
overcoming the space-charge effects. Table 1 shows a compar-
ison between the nanohole depths used for the site-controlled
growth of InAs QDs on GaAs. A range of techniques are

Figure 2. AFM (a) image of fabricated oxide nanomounds,
(b) image of nanoholes formed by acid etching of the oxide and
(c) cross sections of the features highlighted in (a) and (b).
Parameters are −18 V and 40% humidity.

Figure 3. Feature size dependence on voltages of −10 V, −14 V,
−18 V and −22 V and humidities of 40%, 50% and 60% shown for
(a) nanomound radius (b) nanomound height (c) nanohole radius
and (d) nanohole depth. Mean values and standard deviations are
calculated from arrays of 25 nano-features for each parameter.

Table 1. The depths of nanoholes fabricated on a GaAs substrate
and used to successfully achieve site-controlled growth of InAs QDs
compared to the maximum nanohole depths achieved in this work.

Fabrication method Nanohole depth Reference

EBL/WCE 18 nm [9]
EBL/plasma etching 20 nm [11]
EBL/plasma etching or WCE 15–20 nm [30]
UV-NIL 15 nm [31]
LAO Maximum 15.6 nm This work

compared, these being EBL with plasma etching, EBL with
WCE and ultraviolet nanoimprint lithography (UV-NIL). The
nanohole depths achieved in this work are comparable to those
used in the literature.

In this study, we observed a low standard deviation (SD)
in nanohole radius and depth which is an encouraging result
for reducing inhomogeneity in site-controlled QD size, emis-
sion wavelength and occupancy [27, 28]. The SD in radius
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Figure 4. Nanohole positioning regularity compared to an ideal
array showing (a) the displacement in X, (b) the displacement in Y,
(c) the total displacement (D) and (d) the way the displacements are
measured between the nanohole (red circle) and ideal nanohole
position (marked with a black cross).

was between 15 and 3 nm, with no trend seen when increas-
ing voltage or humidity. Additionally, the SD in depth was less
than 2 nm in all cases and was as low as 0.3 nm for the smallest
nanoholes. The deep and reproducible nature of the nanoholes
was attributed to the use of an ultra-high resolution tip that has
a narrow tip apex. A slight increase in SD of nanohole depth
was observed when increasing voltage which is attributed to
build up of space-charge and the regime where applied bias
has a reduced ability to promote oxide growth [29].

Producing an array of nanoholes that are regularly and con-
trollably positioned is desirable when using the nanoholes
for site-controlled QD growth. Because the nanohole con-
trols the growth position of the QD, any irregularity in nan-
ohole positioning will transfer to a site-controlled QD array.
Therefore, by fabricating highly regularly posited nanoholes,
site-controlled QD positioning is likely to be improved. We
measured the deviation in positioning between each nanohole
and an ideal array. An example of these measurements, for
the array fabricated using a humidity of 40% and tip bias of
−22 V is shown in figure 4(a) for the x error, (b) for the
y error and (c) for the total displacement (D). The largest dis-
placement between the measured nanohole position and ideal
position was 3.8 ± 2.8 nm for the array fabricated using a
humidity of 60% and a tip bias of −22 V. No positioning
accuracy dependence on fabrication conditions was observed.
The measured displacements were very low and would not a
have negative impact on QD and photonic device coupling or
operation.

As well as its potential for use in site-controlled QD form-
ation, LAO has been used to create functional components in
heterostructures, where fabrication of oxide lines granted elec-
trical control over a QD [23]. We compare the LAO process

Figure 5. AFM images of oxide lines fabricated by scanning the
AFM tip across (a) p-type, (b) semi-insulating and (c) n-type InP at
−22 V with tip write speeds of 1, 0.5, 0.1, 0.05, and 0.01 µms−1

(left to right) and (d) a plot showing linear relationships between
mean height and (log) 1/write speed for each doping type.

on n-type, p-type and semi-insulating InP while varying tip
write speed. Figures 5(a)–(c) show AFM images of oxide
lines fabricated on p-type, semi-insulating and n-type InP, and
figure 5(d) shows the height of the oxide mounds as a function
of inverse write speed for each doping type. For all samples,
the AFM tip was scanned across the surface in a line with an
applied voltage of −22 V at a humidity of 35%. Reducing
write speed, which is equivalent to using a longer dwell time,
produces a higher oxide growth rate with a linear relationship
between height, h and log(1/write speed) demonstrated for all
substrates. This relationship has previously been observed on
silicon substrates [32]. The width of the oxide lines increased
as tip write speed decreased and there was some difference
between the doping types, with the widest oxide lines being
formed on semi-insulating InP and the narrowest oxide lines
on p-type InP.

The results show that LAO is possible on all InP doping
types, however the achievable height of oxide mounds is
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affected by doping type, which is explained by the diffu-
sion depth differing for each doping type due to local field
effects. For all doping types, tip write speed offers another
parameter that allows predictable control of oxide line height.
The SD is shown as an error which arises from fluctuation
in the oxide height as the tip is scanned across the sur-
face. This fluctuation can be explained via changes in the
water bridge as the tip moves across the surface [33]. Dwell-
ing the tip in one position reduced these fluctuations which
led to the lower errors observed for the fabricated oxide
mounds.

For LAO and oxide growth to occur, anodic ions must over-
come an energy barrier to move to a reaction site. This energy
is supplied by the tip voltage and affects the height to which
an oxide will be able to grow to under certain conditions. The
Cabrera–Mott model [34] has been widely used to explain
this process [35]. By using an analytical model described by
Stiévenard et al [36], which was based upon this Cabrera–Mott
theory, the activation energy for LAO of a particular material
can be calculated via the relationship between oxide height and
tip write speed. For silicon, activation energies were calculated
to be between 0.1 and 0.4 eV. At tip voltage of−8 V we apply
this model to calculate the activation energy for LAO of semi-
insulating InP to be 0.4 eV. The same model was applied to
GaAs by Cervenka et al [37] to produce an activation energy
at −8 V of 0.02 eV. The activation energy for thermal oxida-
tion of InP has been reported to be around 2 eV [38], while the
activation energy for plasma oxidationwas around 0.4 eV [39].
This suggests that the LAO process is more similar to that of
plasma oxidation, as is consistent with results shown for LAO
if silicon [36]. The result supports the observation that nano-
holes that are suitable for the growth of site-controlled QDs
that emit in the telecom c-band can be fabricated on InP, as
has been demonstrated on GaAs with InAs QDs emitting at
900 nm [40].

4. Conclusions

In conclusion, we have fabricated deep and reproducible nan-
oholes, with maximum mean depths of 15.6 ± 1.2 nm via
LAO on InP. The dimensions of the nanoholes can be con-
trolled via applied tip voltage and humidity so that they are
suitable for site-controlled growth of QDs. The deep nature of
the nanoholes allows re-growth of thick epitaxial layers and
hence assist in reducing QD linewidths. Additionally, the nan-
oholes are very well defined in shape, which will help main-
tain QD spectral homogeneity, and are regularly positioned
within the array. We also investigated doped substrates and
conclude that all doping types are suitable for LAO fabrica-
tion. The demonstration of highly uniform nanoholes on InP
may further open the way to the site-controlled growth of tele-
com wavelength QDs.
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