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a b s t r a c t

BeO was investigated as the interface passivation layer (IPL) between a high-k dielectric and a III–V
compound semiconductor substrate in metal-oxide-semiconductor (MOS) devices. One of the critical
issues facing the fabrication of next generation MOS devices is the minimization of damage to the III–
V semiconductor substrate during the etching of the thin IPL. In this study, atomic layer etching (ALET)
was investigated for etching of BeO as the IPL on a GaAs substrate to control the etch depth precisely and
to minimize the damage to the III–V semiconductor substrate. By using ALET to etch BeO, which uses BCl3

as the adsorption gas for the formation of chloride compounds (Be–Cl and BCl–O) and Ar as the
desorption gas for the removal of the chloride compounds, a self-limited, one-monolayer etch rate of
about 0.75 Å/cycle was achieved with no increase of surface roughness and without change of surface
composition. Moreover, under the BeO ALET conditions, which are able to precisely stop etching over
the GaAs substrate after removing BeO, the exposed GaAs substrate showed surface composition and
surface roughness similar to those of the as-received GaAs substrate.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

High-k dielectrics on Si substrates must be extended to III–V
compound semiconductor substrates because the latter with high
electron mobility has received attention as channel materials for
use in next generation metal-oxide-semiconductor (MOS) devices
[1,2]. However, one of the main problems of III–V materials is that
the compounds for which the materials are used are deficient of
stable native oxides compared to Si, which are required to passiv-
ate the interface between the high-k dielectric and the substrate.
To address this problem, various materials, such as Si, Ge, SiO2,
and Al2O3 etc., have been considered for the interface passivation
layer (IPL) [3–5]. Recently, crystalline oxides, such as BeO, which
has a smaller atomic radius (8.28 cm3/mol) than that of Al2O3

(25.8 cm3/mol), supporting its highly dense structure, have been
studied largely because of their lack of crystallization induced

grain boundary formation during post deposition annealing
(PDA) [6,7].

As the critical dimension (CD) in IPL patterning is scaled down
to tens of nanometers and below, plasma etching becomes more
important because it can be used for anisotropic etching for accu-
rate CD control. Unfortunately, due to the very low physical thick-
ness of the IPL of about from 0.5 to 1 nm, it is difficult to remove
with the minimal recess of the III–V compound semiconductor
substrate. Therefore, a precise etch rate, instead of a high etch rate,
and a very high etch selectivity between the IPL and the III–V com-
pound semiconductor substrate are required. There have been
many studies on the plasma etching of the IPL [8,9], however, these
plasma IPL etchings tend to physically damage the etched surface
of the III–V compound semiconductor substrate by creating the de-
fects. Because of the energetic reactive ions used to make the
anisotropic gate profiles, the desired electric characteristics of the
III–V MOS device can be degraded [10–12].

Atomic layer etching (ALET) has been investigated as a
technique for etching materials on the atomic scale without caus-
ing any physical and chemical damage to the substrate. ALET is a
cyclic process similar to atomic layer deposition (ALD), but after
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one cycle, unlike ALD, which deposits one atomic layer, ALET
etches one atomic layer. ALET consists of four steps: (1) the adsorp-
tion of reactive atoms/molecules on the surface, (2) the evacuation
of the residual reactants, (3) the desorption of chemisorbed com-
pounds on the surface by energetic Ar beam bombardment, and
(4) the evacuation of the process chamber. The details of ALET
can be found elsewhere [13,14].

In this article, ALET of BeO as the IPL on a III–V compound
semiconductor substrate was studied because it may be the most
suitable method for IPL patterning. The possibility of one mono-
layer etching per etch cycle and precise etch depth control of the
very thin BeO layer with minimal GaAs substrate damage was also
explored.

2. Experimental

BeO with the thickness of 25 Å was deposited on the GaAs sub-
strate using a precursor (Be(CH3)2) and H2O by atomic layer depo-
sition (ALD) and patterned with a photoresist (PR) [15]. One cycle
of the ALET studied was performed as follows: In the 1st step, BCl3

gas was supplied to be adsorbed on the surface of BeO for 30 sec. In
the 2nd step, the ALET system was evacuated to remove the un-
reactant BCl3 gas for 30 s. In the 3rd step, a low energy Ar beam
from a beam source was applied for 125 s to desorb the chemi-
sorbed compound materials on the BeO surface. In the final step,
the ALET system was evacuated again for 30 s. (Currently, the pro-
cess steps were not optimized, therefore, the process time takes a
long time. Later, the process time will be decreased by optimizing
the desorption time and evacuation time. In addition, the ion beam
flux will be increased by optimizing ion beam source too.) For the
adsorption of BCl3 on the BeO surface, the BCl3 flow rate was varied
from 0 to 100 sccm. For the Ar beam source of the desorption step,
a three-grid inductively coupled plasma (ICP) ion source operated
with Ar gas was used to extract a parallel Ar energetic ion beam
and, in front of the source, parallel reflecting plates were installed
to obtain an Ar neutral beam (the details on the neutralization of
an Ar ion beam can be found elsewhere [16,17]. For the desorption
of chlorides on the BeO surface by the Ar beam, the following Ar
beam condition was applied: Ar gas flow rate: 50 sccm;
13.56 MHz ICP power: 300 W; 1st grid voltage, varied, 50–150 V;
2nd grid voltage: �250 V; and 3rd grid voltage: grounded.

After the ALET of BeO, the etch depth was measured using a step
profile meter (Tencor Instrument, Alpha Step 500). The measured
etch depth (Å) was divided by the total number of cycles to esti-
mate the etch rate (Å/cycle). Atomic force microscopy (AFM, Ther-
momicroscope, CP Research) was used to measure the surface
roughness. X-ray photoelectron spectroscopy (XPS, Thermo VG,
MultiLab 2000, Mg Ka source) was used to measure the surface
composition of the etched BeO and GaAs substrate after the etch-
ing of BeO. To measure the AFM root mean square (RMS) roughness
and atomic ratio, BeO was etched for 25 cycles.

3. Results and discussion

For the ALET of BeO, BCl3 needs to fully covered on the BeO sur-
face during the adsorption step for the formation of one monolayer
of the chloride compounds (Be–Cl and BCl–O), and then the
monolayer needs to be removed completely by energetic Ar beam
irradiation without sputter etching of the exposed BeO beneath the
monolayer. To remove only the chloride compounds without sput-
ter etching of BeO, an adequate energy of the Ar beam needs to be
supplied. When BCl3 is not adsorbed on the BeO surface, the bond-
ing strength between Be and O in the 1st layer (Ea) and that in the
2nd layer (Eb) are the same. However, after the adsorption of BCl3,
the Ea would be lower than Eb because the electron moves from

Be–O to the Be–Cl and BCl–O bonds [18]. This transfer enables
the 1st layer to be broken at a lower energy than the energy
needed to break the 2nd layer, so one monolayer etching is carried
out during the ALET. Therefore, even though the enough Ar beam
dose during the desorption step is sufficient, if the transferred en-
ergy of the Ar beam to the chemisorbed 1st layer (En) is equal to or
lower than Ea, that is, En 6 Ea. Under these condition, a partial layer
etching of compounds is obtained, and so, an etch rate of less than
one monolayer per cycle is obtained. If the transferred energy of
the Ar beam is Ea < En < Eb, the ALET condition results in one mono-
layer etching per cycle. However, if Eb < En due to the high energy
of the Ar beam, after the removal of chemisorbed 1st layer, the 2nd
layer under the compound layer, that is BeO, is sputter etched;
therefore, an etch rate of greater than one monolayer per cycle is
obtained. Therefore, during the desorption step, it is important that
the appropriate Ar beam energy is used to desorb only the chemi-
sorbed compounds on the BeO surface.

To determine the appropriate energy for the ALET condition of
BeO, the etch rate (Å/cycle) of BeO was measured as a function of
Ar beam energy (1st grid voltage) during cyclic etching with and
without the supply of BCl3 gas during the adsorption step. To form
one monolayer of chemisorbed chlorides (Be–Cl, and BCl–O) during
the adsorption step, 100 sccm of BCl3 gas flow was supplied. When
BCl3 was not supplied during the cyclic etching, BeO was etched
only by sputtering; however, when BCl3 was supplied during the
adsorption step, BeO was etched after the chemisorbed species
(Be–Cl and BCl–O) were removed by Ar beam bombardment during
the desorption step.

Fig. 1 shows the etch rate (Å/cycle) of BeO measured as a func-
tion of 1st grid voltage of the desorption step from 50 to 150 V with
and without the supply of BCl3 gas during the adsorption step. As
shown in the figure, in the case when BCl3 is not supplied during
the adsorption step, the etch rate curve is divided into two regions:
for the voltage range from 0 to about 130 V (regions I + II), no or
negligible etching of BeO is observed and, for voltages higher than
about 130 V (region III), the etch rate starts increasing with
increasing voltage. These results indicate that about 130 eV is the
threshold energy (Eb) for BeO sputtering. On the other hand, in
the case when BCl3 is supplied during the adsorption step, the etch
rate is divided into three regions: for voltages up to about 120 V
(region I), the etch rate is increased with increasing voltage and,
for the voltage range from about 120 to about 130 V (region II),
the etch rate is almost saturated, and, for voltages higher than
130 V (region III), the etch rate again increases with increasing
voltage. Region I represents partial BeO etching per cycle due to
the insufficient energy transfer by the Ar beam supplying energy

Fig. 1. Etch rate (Å/cycle) of BeO measured as a function of 1st grid voltage of the
desorption step from 50 to 150 V with/without the supply of BCl3 gas during the
adsorption step.
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