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Abstract
We demonstrate the gas-assisted focused-electron-beam (FEB)-induced etching of GaAs with a
resolution of 30 nm at room temperature. We use a scanning electron microscope (SEM) in a
dual beam focused ion beam together with xenon difluoride (XeF2 ) that can be injected by a
needle directly onto the sample surface. We show that the FEB-induced etching with XeF2 as a
precursor gas results in isotropic and smooth etching of GaAs, while the etch rate depends
strongly on the beam current and the electron energy. The natural oxide of GaAs at the sample
surface inhibits the etching process; hence, oxide removal in combination with chemical surface
passivation is necessary as a strategy to enable this high-resolution etching alternative for GaAs.

as the precursor gases.
The FEB-induced etching of
GaAs was achieved using molecular chlorine as the etching
agent [14, 21–24]. However, various drawbacks, such as a
very low etch rate and resolution, the requirement of a heated
substrate or in situ wafer growth have limited the use of the
FEB-induced etching of GaAs with Cl2 .
Here, we report on the room temperature gas-assisted
FEB-induced etching of GaAs with nanometer resolution. We
use a scanning electron microscope (SEM) in a FEI Helios
Nanolab 600 dualbeam FIB/SEM system together with a xenon
difluoride (XeF2 ) precursor gas injection system. The etching
agent can be injected by a needle directly onto the sample
surface. It is shown that for a successful FEB-induced etching
process, the native surface oxide layer of GaAs has to be
removed with subsequent chemical passivation of the surface.
We demonstrate a writing resolution down to 30 nm with a
surface roughness considerably smaller than the structure size.
Furthermore, we investigate the dependence of the etching
resolution and the etching rate on various parameters, such as
the beam current and electron acceleration voltage.

1. Introduction
The possibility to manipulate and process material at the
nanometer scale is the origin for the ongoing success of
nano-science and -technology. Direct, i.e. not resist-based,
patterning techniques are an interesting alternative to the
most common patterning technique on the nanometer scale:
electron beam lithography (EBL). In particular the focused
ion beam (FIB) method has been proven to be a very easy
and fast method for material processing on the nanoscale
[1, 2]. Although a resolution comparable to that of EBL
can be achieved [3, 4], the structural damage and the ion
implantation induced by energetic ion bombardment is a main
drawback of FIB patterning [5–8], especially for electrically
active materials [9, 10]. A possibility to reduce FIB-induced
damage is the use of low energy ions, but at the cost of
resolution inherent to a low energy focused ion beam [11].
And although the usage of gas-assisted FIB patterning is less
invasive than pure FIB milling, the damage caused by the ion
beam is still substantial [5, 6].
A less destructive technique is the gas-assisted etching
induced by a focused-electron-beam (FEB). The FEB
patterning of a variety of materials has been reported so
far [12, 13], e.g. for PMMA [14], Si [14–19] or SiO2 [16, 20]
with molecular chlorine (Cl2 ) or xenon difluoride (XeF2 )
0957-4484/11/045301+05$33.00

2. Experimental details
First experiments with FEB-induced etching showed that the
thin native surface oxide layer [25, 26] prevents the successful
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etching of GaAs. Therefore, the following recipe is used prior
to FEB etching to remove and passivate the GaAs substrate.
After a thorough cleaning of the GaAs substrate, the sample
is etched for 15 s in 3:1:100 piranha acid (H2 SO4 :H2 O2 :H2 O).
After the etching step the sample is immediately transferred
into a 20% aqueous solution of (NH4 )2 S for 1 min. The sample
is rinsed two times for 3 s with deionized water to remove the
excess (NH4 )2 S, blown dry with N2 and transferred into the
FIB chamber.
The resulting chemical passivation of the GaAs surface
with sulfur is used here to prevent the re-oxidization of
the GaAs surface, since GaAs oxidates immediately when
brought into contact with air [25]. The sulfur establishes a
volatile compound with the As-atoms on the GaAs surface,
which can be easily cracked by FEB-induced etching. The
chemical surface passivation of GaAs can be accomplished
with solutions of inorganic sulfides such as sodium sulfide
(Na2 S) or ammonium sulfide ((NH4 )2 S) [27–30].

3. Results and discussion
Figure 1(a) shows a SEM image of a GaAs surface after
passivation as described above and FEB-induced etching with
XeF2 . Four trenches were etched with an electron acceleration
voltage of V = 10 kV, a beam current of I = 1.4 nA and
etching times of (from left to right) t = 16, 12, 8 and 4 min.
The dwell time is kept at the minimum value of 100 ns in order
to maximize the etch rate [20]. The nominal scanned area of all
trenches is 500 nm × 30 nm, however, the resulting etched area
increases with increasing etching time. For an etching time of
t = 4 min, an etched trench is barely visible, while the width
of the other three trenches increases from 38 up to 48 nm.
The actual depth and shape of the trenches and their
surface roughness can be seen in figure 1(b). The figure shows
a SEM image of the cross-section of the etched trenches shown
in figure 1(a). Using standard FIB milling, the substrate was
partially removed (up to the white line indicated in figure 1(a))
and the sample was imaged under 45◦ as illustrated in the
inset. The trench on the right with the lowest etching time
of t = 4 min is barely visible, indicating that the FEBinduced etching has not penetrated the surface and only a minor
morphology change of the surface took place. The trench with
an etching time of t = 16 min has a width of 48 nm at the
surface and a depth of 180 nm. The trenches with an etching
time of t = 12 and 8 min have a width of 44 nm and 38 nm
at the surface and a depth of 130 nm and 100 nm, respectively.
Note the sharp borders of the trenches, nicely visible in the
cross-section view in figure 1(b).
The broadening of the trenches seems to be caused by
lateral etching, which can be explained by two mechanisms:
firstly, secondary and backscattered electrons can dissociate
surface adsorbed molecules in the non-scanned area of the
surface. Secondly, after the dissociation of the precursor
gas molecules the mobility of the reactive species can cause
etching parallel to the sample surface, leading to a cone-shaped
cross-section etch profile (see figure 1(b)), well known from
wet-chemical etch processes. In addition, a sample drift might
be present for long etching times (see the trenches for t =

Figure 1. (a) SEM image of a (NH4 )2 S passivated GaAs surface
after exposure to FEB etching with XeF2 as the precursor gas. Four
trenches were etched with an electron acceleration voltage of
V = 10 kV, a beam current of I = 1.4 nA and etching times (from
left to right) of t = 16, 12, 8 and 4 min. The nominal scanned area of
all trenches is 500 nm × 30 nm. (b) SEM image of the cross-section
of the etched trenches shown in (a). The sample was tilted by 45◦ and
the substrate below the white line was removed with a focused ion
beam (FIB) to a depth of 500 nm, illustrated in the inset.

12 and 16 min in figure 1(a)), since the bottom/top edge of
the trenches exhibit no rectangular corners. The low surface
roughness of the trenches can be explained through the nonselective etching of GaAs by XeF2 .1 Due to the relatively long
etch times a light sample drift can be observed in figure 1(a),
see especially the trenches for t = 12 and 16 min.
Figure 2 shows the maximum resolution achieved so far
using this FEB etching technique. The electron acceleration
voltage was set to V = 20 kV and a beam current and etching
time of I = 1.4 nA and t = 5 min, respectively, were used.
The nominal scanned area of this trench is 500 nm × 20 nm.
The resulting width of the etched trench is ≈ 30 nm with
a surface roughness which is considerably smaller than the
structure size.
Figure 3 shows the etched trench volume W as a function
of the etching time t for beam currents of I = 1.4 nA (red
points), I = 5.6 nA (blue points) and I = 11 nA (green
points). The acceleration voltage is fixed to V = 10 kV, while
1 The physical mechanisms underlying the FEB-induced etching technique
will not be covered here in detail. For further reading, see the review papers
of Utke et al [13] and Randolph et al [12] and the references cited therein.
Furthermore, the interaction of adsorbed XeF2 -molecules with GaAs with and
without electron beam support has been described in detail by Varekamp et al
and Nienhaus and Moench [31, 32].
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Figure 2. SEM image of a (NH4 )2 S passivated GaAs surface after
exposure to FEB etching with a XeF2 precursor gas. One trench was
etched with an electron acceleration voltage of V = 20 kV, a beam
current of I = 1.4 nA and an etching time of t = 5 min.

Figure 4. Dependence of the etched trench volume W on the
electron acceleration voltage V with a beam current of I = 11 nA
and an etching time of t = 540 s.

surface of the GaAs substrate. Therefore, the FEB-induced
etching cannot immediately penetrate the surface, a conclusion
that is supported by the cross-sectional image of the etched
trench in figure 1(a) for a short etching time of 4 min. It is
likely that a thin oxide layer has remained or is reformed on the
surface, as the sulfur compounds on the sample are volatile [28]
and re-oxidization occurs quickly [25]. Additionally the
surface passivation in an aqueous solution of (NH4 )2 S can
cause a reformation of a very thin GaAs oxide layer [33]. Using
sodium sulfide instead of ammonium sulfide and isopropanol
or butanol as a solvent rather than water [33] could therefore
improve the passivation of the GaAs surface. Another
explanation for the delayed onset of etching might be carbon
surface contamination that can potentially inhibit the etch
process [12].
The volume etch rates depend approximately linearly on
the beam current I and we cannot find any saturation current
up to 22 nA. In addition, we find a strong dependence of
the volume etch rate on the electron acceleration voltage V ,
shown in figure 4. In this figure, the trench volume W after
the 540 s FEB etch at I = 11 nA is plotted as a function of
the acceleration voltage V . The volume etch rate increases
between V = 300 V and 1 kV. For V > 1 kV the volume etch
rate decreases again with an approximately inverse dependence
on the acceleration voltage V . The maximum volume etch rate
is located in the low energy region between V = 300 V and
2 kV. A similar behavior for V > 1 kV was observed in
references [19, 20] and can be explained by the dissociation
cross-section of electrons with adsorbed or gas phase XeF2
molecules that decreases for higher electron energies. For
lower electron energies (V < 1 kV), a maximum in the
dissociation cross-section is generally observed in the incident
electron range of V = 100 V–1 kV for different precursor
gases [12, 13, 34–36], e.g. for Cl2 , W(CO)6 and WF6 .2 A
further effect has to be mentioned concerning the FEB etching
dependence on the acceleration voltage V . As mentioned in the

Figure 3. Dependence of the etched trench volume W on the etching
time t for beam currents I = 1.4 nA (red dots), I = 5.6 nA (blue
dots) and I = 11 nA (yellow dots) and an electron acceleration
voltage of V = 10 kV. The corresponding lines are fits to the linear
part of the data yielding etching rates of 0.2 × 10−3 µm3 min−1 ,
0.65 × 10−3 µm3 min−1 and 1.3 × 10−3 µm3 min−1 , respectively.
(This figure is in colour only in the electronic version)

the dwell time is again kept at 100 ns. For the evaluation of the
etched volume, the trenches were approximated by a cuboid
shape. For all beam currents, the etched volume W remains
almost zero for a time increasing from approximately 1 min
(for the highest beam current of I = 11 nA) up to 7 min (for
the lowest beam current of I = 1.4 nA). Afterward, a linear
increase of the etched volume W with the etching time t sets
in. From a linear fit (colored lines in figure 3) we obtain an
etch rate of 0.2 × 10−3 µm3 min−1 , 0.65 × 10−3 µm3 min−1
and 1.3 × 10−3 µm3 min−1 for beam currents I = 1.4 nA
(red points), I = 5.6 nA (blue points) and I = 11 nA,
respectively.
The delayed etching observed in the curves of figure 3
suggests that the chemical treatment using the method
described above does not lead to a completely passivated

2 Data for XeF is not available, as irradiation data for etching agents used in
2
FEB-induced etching is very rare.
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description of figure 2, the best resolution was achieved at V =
20 kV, however, with a low etch rate (see figure 4). In general,
the achieved resolution is increased by increasing the electron
energy. However, the etching rate decreases simultaneously
causing longer etching times. To obtain reasonable etching
times, this either limits the size of high-resolution structures or
limits the resolution of larger structures. In addition, sample
drift may practically limit the high-resolution patterning for
long etching times (see figure 1(a)).
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4. Conclusion
[12]

In summary, we demonstrate the room temperature gasassisted FEB etching of GaAs with nanometer scale resolution.
A resolution of 30 nm with a surface roughness considerably
smaller than the structure size is achieved. Prior the etching
step, the natural oxide surface layer of GaAs has to be removed
with subsequent chemical passivation of the GaAs surface
with (NH4 )2 S. The volume etch rate depends linearly on the
electron beam current. With increasing electron energy the
resolution and surface roughness improves, however, the etch
rate decreases simultaneously.
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