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Abstract. Reactive ion beam etching (RIBE) withN2 has
been used for smoothing of rough InAs, InP, and InSb sur-
faces, prepared by argon ion beam etching (IBE). The evo-
lution of the surface roughness and morphology has been
studied by atomic force microscopy (AFM) as a function of
theN2 RIBE process parameters (ion beam energy, ion beam
angle of incidence, and ion dose). A drastic improvement of
the surface roughness has been observed for ion beam angles
near normal incidence and larger than70◦ with increasing ion
doses. By using this technique, the initial root-mean-square
(rms) roughness of, e.g., InSb of about40 nmcould be de-
creased to about1 nm.

PACS: 52.75.Rx; 81.65.Cf; 61.16.Ch

The indium-containing semiconductors InP, InAs, and InSb
play an important role for a lot of potential applications in
photonic and electronic devices. Their electronic characteris-
tics make these materials attractive for modern telecommu-
nication systems (InP), infrared detectors and emitters (InAs,
InSb), and high-speed electronic devices. Therefore, the study
of these materials is attracting a wide attention.

It is well known that the roughness of the etched sur-
faces is very important for the operation and quality of opti-
cal components (laser mirror facets) and electronic devices.
In comparison to Ga-based semiconductors, where inert IBE
with argon has been successfully used for dry etching, sam-
ple preparation for transmission electron microscopy (TEM),
and depth profiling with Auger electron spectroscopy (AES)
or secondary ion mass spectrometry (SIMS), Ar IBE was not
suitable for indium-containing semiconductors. This is be-
cause InP, InAs, and InSb have proven to be very susceptible
to roughness development during argon ion beam etching or
sputtering [1–7]. For InP it has been proposed that indium en-
richment, due to the preferential sputtering of phosphor, and
the surface diffussion of indium are the main mechanisms for
the roughness evolution [8]. As a result of the different etch
rates of indium and the surrounding InP, the indium islands
act as seeding points for the cone (and hence roughness) evo-
lution during the sputtering process [8].

Recently it has been demonstrated that reactive gases or
gas mixtures such as Ar/O2 [1] and I2 [9] can be used to
overcome this problem. The utilization ofN2 or N2/O2 for
reactive ion beam etching (RIBE) in particular results in
very smooth and less-damaged surfaces on InP [10–13]. This
method also reveals extremly smooth surfaces on InAs and
InSb [7].

In this study, the smoothing of InP, InAs, and InSb sur-
faces byN2 reactive ion beam etching is demonstrated. The
preparation of rough surfaces, as the starting point for the
ion beam smoothing, was done by Ar IBE. By changing the
ion dose, this process can be used to prepare surfaces with
different rms surface roughness [5–7]. The only reason we
used Ar IBE for the preparation of rough surfaces was to have
a procedure that allows the reproducible preparation of well-
defined rough surfaces and hence a detailed investigation of
the smoothing process. Generally one can start with arbitrar-
ily rough surfaces that require smoothing.

The influence of theN2 RIBE process parameters (ion
beam energyEion, ion beam angle of incidenceαion, and ion
dose Dion) on the evolution of the surface roughness and
morphology have been examined by using atomic force mi-
croscopy. To the best of our knowledge this is the first study to
report on smoothing of In-containing semiconductor surfaces
by ion beam etching.

1 Experimental details

The samples used in this work were commercially available
nominally undoped Czochralski-grown (100) InAs and (100)
InSb substrates (n≈ 1.5×1016 cm−3 andn≤ 2×1014 cm−3,
respectively). The (100) InP substrates were semi-insulating
(Fe-doped) material. Ion beam etching was performed in
a Hochvakuum Dresden model ISA 150 ion beam etch-
ing system with a Kaufman-type graphite lining source and
a beam diameter of15 cm. The positive Ar orN2 ion beam
was neutralized with thermal electrons produced by a neutral-
izer filament between the source and the substrate holder to
prevent the charge accumulation on the substrate. The ion cur-
rent was measured by a Faraday cup without neutralization
and the water-cooled substrate stage was rotated during the
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etching process. The angle of ion beam incidence was var-
ied between0◦ an 80◦ to the surface normal. The vacuum
chamber was pumped by a turbopump to a base pressure of
1×10−6 mbar. The chamber pressure during etching was set
by the total gas flow rate (controlled by a MKS flow control
system). The gas flow was adjusted to 2.5 standard cubic cen-
timetres per minute (sccm) for Ar IBE and 3.5 sccmfor N2
RIBE, respectively. All experiments were carried out with an
ion beam current density of200µA cm−2.

The morphology of the ion beam etched surfaces was
investigated by atomic force microscopy by using a Nano-
scope III from Digital Instruments working with silicon tips.
All measurements were conducted in air and in contact mode.
To quantify the surface roughness we used the arithmetical
average of the rms roughnessRq of typically three or more
scans (10×10µm2 or 3×3µm2) on different positions
of the sample. Furthermore, we analyzed the surfaces by
using the power spectral density (PSD) function, because
this spectral analysis is more informative than the commonly
used statistical quantities (Rq). The PSD function reveals pe-
riodic surface features and provides a measure of how such
features are distributed (i.e. which wavelength occur most
often and which has the greatest influence on the surface
morphology) [14–17].

Fig. 1a,b. AFM images of the InSb surface:a before ion beam smoothing
and b after ion beam smoothing withN2 at normal ion beam incidence
αion= 0◦, ion energyEion = 200 eVand ion doseDion= 1.8×1019 cm−2

2 Results and discussion

The preparation of different rms roughness values on the
semiconductor surfaces was done by Ar ion beam etching.
We used as standard process parameters an Ar ion energy of
500 eV, an ion current density of200µA cm−2, and an angle
of ion beam incidence of0◦. The rms roughness is a func-
tion of the ion dose. With increasing ion dose the roughness
of surface is enlarged [5–7].

Three typical surfaces, used as the starting point for the
ion beam smoothing, are illustrated in Figs. 1a, 2a and 3a.
The InSb, InP, and InAs samples have initial rms rough-
ness values ofRq = (36.5±4.5) nm, Rq = (3.3±1.1) nm,
and Rq = (2.8±0.1) nm, respectively. All surfaces show the
characteristic cone-like structure that is typical for Ar ion
beam etched surfaces of indium-containing semiconductor
material surfaces [5–7]. It should be mentioned here that
the z scale of all the AFM images was intentionally ex-
panded in order to clarify the topography characteristics.
After N2 RIBE with Eion = 200 eV, αion = 0◦, and an ion
dose of Dion = 1.8×1019 cm−2, the surface roughness for
all three samples has been extremely improved, as shown
in Figs. 1b, 2b and 3b. The rms surface roughness values
are reduced toRq = (1.4±0.1) nm, Rq = (0.8±0.1) nm, and

Fig. 2a,b. AFM images of the InP surface:a before ion beam smoothing
and b after ion beam smoothing withN2 at normal ion beam incidence
αion= 0◦, ion energyEion = 200 eVand ion doseDion = 1.8×1019 cm−2
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Fig. 3a,b. AFM images of the InAs surface:a before ion beam smooth-
ing andb after ion beam smoothing withN2 at ion beam normal incidence
αion= 0◦, ion energyEion = 200 eVand ion doseDion= 1.8×1019 cm−2

Rq = (0.2±0.1) nm for the InSb, InP, and InAs samples, re-
spectively. The etch rates under theseN2 RIBE conditions
are23 nm min−1 (InP),19 nm min−1 (InSb), and18 nm min−1

(InAs). The resulting roughness reduction as a function of the
ion dose for the InSb and InP samples are shown in Figs. 4
and 5 for normal ion beam incidence at two ion beam ener-
gies (Eion= 200 eVandEion= 500 eV). InAs (not illustrated)
shows nearly the same behaviour as InSb. In principle all
three materials show similar behaviour in the roughness re-
duction with ion dose. At first, for an ion dose less than
2.5×1018 cm−2 the rms surface roughness rapidly decreases.
However, for ion dosesDion > 2.5×1018 cm−2 only a small
improvement in the surface roughness can be observed. It is
interesting to note that the same behaviour was observed for
ion beam smoothing of thin diamond films at grazing inci-
dence [18] andH+ ion bombardment of initially roughSiO2
surfaces [19, 20]. It must be mentioned here that the time ne-
cessary for sufficient smoothing depends both on the initial
roughness of the surfaces and on the current density of the
etching process. Generally the smoothing time can be reduced
for surfaces with a lower surface roughness and/or by using
higher current densities.

In order to get more insight into the smoothing mechan-
ism, we analyzed the surface roughness by using the spectral

Fig. 4. Evolution of rms surface roughness of InSb as a function of ion dose
at two ion beam energies (Eion= 200 eVand Eion= 500 eV) for normal ion
beam incidence

Fig. 5. Evolution of rms surface roughness of InP as a function of ion dose
at two ion beam energies (Eion= 200 eVandEion= 500 eV) for normal ion
beam incidence
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power density. The PSD function of different InSb and InP
surfaces before and afterN2 ion beam smoothing (Eion =
200 eV) has been ploted in Figs. 6 and 7. At this ion beam
energy, the etch rates of InP, InSb, and InAs are reduced by
a factor of more than 3 compared to those forN2 RIBE at
500 eV(a more detailed description of the dependence of the
etch rates onN2 RIBE process parameters is given in [7]
and [10]). It can be seen that the smoothing of InSb is particu-
larly effective for shorter wavelengths. The same behaviour
was observed for InAs. However, the smoothing of the InP
surface is not so effective for wavelengths less than about
100 nm(Fig. 7). This is because theN2 RIBE of InP leads
to small spikes spread all over theN2 etched surface (see
Fig. 2b). The existence of such small spikes is characteris-
tic for N2-RIBE-processed InP surfaces [11]. The smoothing
process in this case is reduced because of the existence of
these new small surface features, which have a periodicity
< 100 nm. We observed that the size of these cones or spikes
depends on the ion beam energy, i.e. the size of the cones
decreases with decreasingN2 ion beam energy and hence
ion beam smoothing of InP surfaces yields a lower surface
roughness at lower ion beam energies (as shown in Fig. 5 for
Eion= 200 eVandEion= 500 eV).

In contrast to the case for InP,N2 ion beam smoothing
of InSb and InAs surfaces reveals extremely smooth sur-
faces, almost independent of the ion beam energy in the range
investigated. This is not surprising, because we do not ob-
serve any influence of the ion beam energy on the surface
roughness of initially smooth InAs and InSb surfaces after
N2 RIBE [7], i.e. no differences in the rms surface rough-
ness of the InAs and InSb surfaces can be recognized after
N2 RIBE at Eion = 200 eV and Eion = 500 eV. We can thus

Fig. 6. Power spectral density of the InSb surface before and afterN2
ion beam smoothing with an ion dose of1.8×1019 cm−2 (αion = 0◦,
Eion= 200 eV)

expect the same final surface roughness for both ion beam
energies (see Fig. 4), but it should be mentioned that for
smoothing withEion = 200 eV, in comparison to smoothing
with Eion = 500 eV, less material is removed because of the
different etching rates for both energies.

Next the influence of the ion beam angle of incidence
on the smoothing process was examined. The results for the
ion beam smoothing of the InSb surface (parametersEion =
500 eVandDion = 3.0×1018 cm−2) are represented in Fig. 8,
the initial rms value for the InSb surface was about40 nm. We
observed that the process of ion beam smoothing is particu-
larly effective for ion beam angles of incidence smaller than
30◦ and larger than70◦. For InAs and InP we obtained nearly
the same results. Similar results have been published for ion
beam smoothing of diamond films with Ar andO2 [21, 22].

For the discussion of the smoothing mechanism, two
points are to be considered. First, the basic condition for
ion beam smoothing is that the etching process itself does
not cause additional roughness. This condition is fulfilled by
the reactive ion beam etching of InAs, InSb, and InP with
N2 [7, 10], with the exception of the small spikes or cones
on InP surfaces afterN2 RIBE [11]. Second, for the expla-
nation of the ion beam smoothing process it is necessary to
take into account the angle dependence of the etching rateR.
It seems reasonable to assume that the maximum etching rate
for N2 RIBE of indium-containing semiconductors is situated
within the range between40◦ −50◦ [10]1. Furthermore, from
the AFM measurements we estimated the bottom angle (αc),
which is defined as the angle between the side and the base of

1 All the binary and ternary indium-containing compound semiconductors
we investigated showed a maximum etching rate between40◦ and50◦

Fig. 7. Power spectral density of the InP surface before and afterN2
ion beam smoothing with an ion dose of1.8×1019 cm−2 (αion = 0◦,
Eion= 200 eV)
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Fig. 8. rms surface roughness of InSb as a function of ion beam incidence
angle. The ion beam smoothing was performed withEion = 500 eV and
Dion= 3.0×1018 cm−2

the cones (or in more general, surface features). The largest
measured bottom angles were20◦, 36◦ and about40◦ −60◦
for InAs, InP, and InSb, respectively. Based on these obser-
vations, it is now possible to explain the ion beam smoothing
by using a simple model, as proposed for ion beam smoothing
of diamond films [21]. We will discuss only the smoothing
of InSb, because the ion beam smoothing of InP and InAs
can be discussed in the same way. We assume that the ion
beam angle of incidence is0◦ and the angle of the side of
the cones is50◦. According to these conditions, the ion beam
angle of incidence on the sides of the cones is50◦. Because
the etching rate at an angle of incidence of50◦ is greater than
that at0◦, the cones are etched faster than the area around
the cones, where the ion beam angle of incidence is smaller.
Hence, the surface was smoothed with increasing ion dose (or
etching depth). At an angle of incidence of40◦ the ion beam
angle of incidence on the sides of the cones is10◦; because
the etching rate at an angle of incidence of40◦ is greater than
that at about10◦, the cones are etched slower than the area
around the cones. Hence, one expects an increased roughness
with increasing ion dose (Fig. 8). Surprisingly we can observe
this only for ion dosesDion < 3.0×1018 cm−2 at an ion beam
energy ofEion= 500 eVor for all ion doses at an ion beam en-
ergy of Eion= 200 eV. This is not yet completely understood.
At 80◦, the ion beam angle of incidence on the sides of the
cones is now30◦. Under these conditions the etching rate on
the sides of the cones is again larger than around the cones
and a smoothing of the surface can be observed. Generally
one can say that ion beam smoothing of such cones or surface

features occurs if

R(αi) < R(αci) < R(αmax) , (1)

whereR defines the etching rate,αi is the ion beam angle of
incidence around the cones or surface features,αci is the ion
beam angle of incidence on the sides of the cones (given by
αci = |αion−αc|) andαmax is the angle of incidence, where the
maximum etching rate occurs. With the help of these consid-
erations it can be understood why smoothing occurs even at
angles of incidence close to normal incidence and over70◦.

It should be mentioned here that this process should be
also applicable to other materials for which the conditions
specified above (no additional roughness due to the ion beam
etching and (1) applies) are fulfilled.

3 Conclusion

We have demonstrated thatN2 reactive ion beam etching
can be used to smooth rough surfaces of InAs, InP, and
InSb. The ion beam smoothing has been examined as a func-
tion of the ion energy, the ion dose and the angle of inci-
dence. We find a drastic improvement in the surface rough-
ness of initially rough surfaces with increasing ion dose at
angles of incidence near normal incidence and larger than
70◦. By using this technique, the initial rms roughness of
InAs (Rq = (2.8±0.1) nm), InP (Rq = (3.3±1.1) nm), and
InSb (Rq= (36.5±4.5) nm) could be reduced toRq = (0.2±
0.1) nm, Rq = (0.8±0.1) nm, and Rq = (1.4±0.1) nm, re-
spectively. The mechanism of ion beam smoothing could be
explained by taking into account the angle dependence of the
etching rate. The ion beam smooothing should also be appli-
cable to other materials.
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