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ABSTRACT

Gallium nitride (GaN) is a wide-bandgap semiconductor that is useful for optoelectronics and high speed and high power electronics.
Fabrication of GaN devices requires etching for many processing steps. Gas phase thermal atomic-layer-controlled etching is desirable for
damage-free isotropic etching. In this letter, the thermal atomic layer etching (ALE) of crystalline GaN was demonstrated using sequential
exposures of XeF2 and BCl3. GaN ALE was achieved with an etch rate of 0.55 Å/cycle at 195 �C using XeF2 exposures for 20 s at 40 mTorr
and BCl3 exposures for 0.5 s at 50 mTorr. At the same reactant exposures, GaN etch rates varied with temperature from 0.18 Å/cycle at
170 �C to 0.72 Å/cycle at 300 �C. The GaN etch rates increased slowly with increasing XeF2 exposure. In addition, the GaN etch rate was self-
limiting with respect to both increasing BCl3 pressures and BCl3 exposure times. This self-limiting behavior for BCl3 is consistent with a
ligand-exchange mechanism for GaN ALE. Alternative fluorination reactants were also investigated including HF, SF4, and NF3 plasma.
Sequential exposures of NF3 plasma and BCl3 yielded GaN etch rates of 2.5–2.9 Å/cycle at 250 �C. In contrast, the HF and SF4 fluorination
reactants could not etch crystalline GaN.
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Atomic layer etching (ALE) is based upon sequential, self-
limiting reactions that can remove material with control at the atomic
scale.1 ALE can be achieved using both plasma and thermal pro-
cesses.1,2 ALE proceeds via two steps: surface modification followed by
the removal of the modified surface. For plasma ALE, a halogen or hal-
ocarbon film is adsorbed onto the surface.1 After adsorption, ions
impact the surface and lead to the etching of the modified surface
layer. Plasma ALE has been used to etch a variety of materials includ-
ing Si,3,4 SiO2,

5 Al2O3,
6 HfO2,

7 and InP.8 Plasma ALE is useful for
anisotropic etching.

Thermal ALE has also been developed recently using a number
of pathways. Thermal ALE is the reverse of thermal atomic layer depo-
sition (ALD).9,10 The first demonstration of thermal ALE utilized fluo-
rination for surface modification.2 The fluoride layer was then
removed by a ligand-exchange reaction. Other mechanisms involve
the conversion of the surface layer to a new material.11–13 This new
material then becomes volatile by fluorination and ligand-exchange or
fluorination to a volatile fluoride. Thermal ALE has been demon-
strated for a number of materials including amorphous Al2O3,

2,14

HfO2,
15 and SiO2,

12 and crystalline Si,16 ZnO,11 W,13 and AlN.17

Thermal ALE is useful for isotropic etching.

GaN is an important direct-bandgap semiconductor used to fab-
ricate light-emitting diodes and laser diodes.18,19 In addition to its
optoelectronic properties, GaN has a high thermal stability and large
piezoelectric constant and is chemically inert. GaN is very useful for
high temperature and high power electronics based on high electron
mobility transistors (HEMTs).20–22 GaN nanowire transistor devices
have also exhibited high electron mobilities.23,24

Dry plasma etching techniques are useful for fabricating GaN
devices.25 Plasma etching of GaN uses primarily chlorine-containing
plasmas to produce volatile GaCl3.

25 Various chlorine-containing plas-
mas are formed using Cl2 and BCl3.

26,27 GaN can also be etched by
low energy electron enhanced etching in H2 plasmas.28 There is no
wet-etch chemistry for etching crystalline GaN prepared using metal
organic chemical vapor deposition (MOCVD) techniques.29

Plasma GaN ALE has recently been demonstrated by chlorina-
tion of the GaN surface followed by ion bombardment to remove
GaClx species.

30,31 Plasma GaN ALE will be useful for directional and
anisotropic GaN ALE. In contrast, there are no reported thermal
approaches for isotropic GaN ALE. Isotropic thermal GaN ALE
should be useful for the fabrication of GaN devices including light
emitting diodes and high electron mobility transistors. Thermal GaN
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ALE should also be valuable for fabricating nanoscale and nanowire
GaN devices that are difficult to etch without damage.

The crystalline GaN sample used in this study was grown in a
Thomas Swan metal organic chemical vapor deposition (MOCVD)
vertical showerhead reactor. The sample consisted of a 2 in. a-plane
sapphire substrate with a 25nm thick AlN nucleation layer and a
300nm thick unintentionally doped epitaxial GaN layer. The GaN was
grown using trimethylgallium and ammonia using the following con-
ditions: growth temperature of 1025 �C, V/III ratio of 2000, and pres-
sure of 60Torr.32

The GaN sample was cut into 1/2 in. square coupons and cleaned
in a hot (85 �C) HCl bath to remove the native oxide. Subsequently,
the coupons were sonicated for 10min in acetone, ethanol, and lastly
isopropanol. The coupons were then heated on a stage in a reactor
that has been described previously.33 Prior to coupon introduction, the
reactor walls were coated with 1500 cycles of Al2O3 ALD using tri-
methylaluminum [TMA, Al(CH3)3] and H2O followed by 100 cycles
of AlF3 ALD with Al(CH3)3 and HF. These coatings passivated the
reactor walls and ensured that the etching reactants did not interact
with stainless steel surfaces. The reactor walls were heated to 170 �C.

The crystalline GaN films were analyzed by in situ spectroscopic
ellipsometry (SE) using an M-2000D ellipsometer from J. A.
Woollam. The incident angle for all SE experiments was 70�. The
spectral range was 239.2–1687.2 nm. GaN film thicknesses were mea-
sured after each full reaction cycle or after each XeF2 or BCl3 reaction.
Changes in the GaN film thickness were analyzed using the Complete
Ease software from J. A. Woollam. A model consisting of a
PSemi-MO, two PSemi-Tri, and a Gaussian oscillator was used for
the thickness determination.

Boron trichloride (99.9%, Synquest Laboratories), xenon difluor-
ide (99.5%, Strem Chemicals), HF-pyridine (70wt.% HF Sigma-
Aldrich), SF4 (94% Synquest Laboratories), and NF3 (99.9% Airgas)
were used as the reactants. Reactants were dosed separately into the
reactor under a stream of argon. In other experiments, the reactants
were held statically in the reactor for a defined amount of time. The
reactants were introduced using two pneumatic valves on either side
of a conductance-limiting valve.

Between reactant doses, a stream of argon at a pressure of
1270 mTorr was used to flush out excess reactant. A purge time of 60 s
was used between repeated XeF2 exposures. SF4, NF3, and BCl3 purge
times were 60 s regardless of viscous or static dosing. HF purge times
were slightly larger at 70 s because of the longer HF residence time.
The chamber was pumped by a dual stage rotary mechanical pump
(Alcatel Adixen Pascal 2015 SD pump).

Fluorine radicals for GaN fluorination were produced by an
inductively coupled plasma (ICP) generated from NF3 gas. The ICP
source was a quartz tube (6 cm inner diameter � 25 cm long) residing
inside a helical copper coil. A 50 X impedance matching network
(Navigator Digital Matching Network, Advanced Energy) was used in
conjunction with a 13.56MHz RF generator (Paramount RF Power
Supply, Advanced Energy) to ignite the ICP plasma. The distance
between the ICP source and the GaN substrate was�4 cm.

This work investigates the ALE of crystalline GaN using XeF2
and BCl3 as the reactants. These reactants could lead to etching by two
different pathways. XeF2 could initially fluorinate the surface of GaN
by the reaction GaN(s) þ 3XeF2(g) ! GaF3(s) þ NF3(g) þ 3Xe(g).
This reaction is spontaneous with a standard free energy change of

DG� ¼�216 kcal/mol at 200 �C.34 GaF3 is stable in vacuum until
550 �C.35 The GaF3 surface layer could then undergo a ligand-
exchange with BCl3 by the reaction GaF3(s) þ BCl3(g) ! GaCl3(g)
þBF3(g). This reaction is spontaneous with DG� ¼�19 kcal/mol at
200 �C.34

Alternatively, BCl3 could initially convert GaN to BN by the reac-
tion GaN(g)þ BCl3(g)! BN(s)þ GaCl3(g). This conversion reaction
is spontaneous with DG� ¼�43 kcal/mol at 200 �C.34 The BN surface
layer could then be etched by XeF2 by the reaction BN(s) þ 3XeF2(g)
! BF3(g) þ NF3(g) þ 3Xe(g). This reaction is spontaneous with
DG� ¼�192 kcal/mol at 200 �C.34 The actual etching pathway could
be either fluorination and ligand-exchange or conversion and fluorina-
tion to a volatile fluoride.

Figure 1 shows the GaN thickness vs number of reaction cycles
measured by in situ SE. Each reaction cycle was the sequential expo-
sure of XeF2 first and then BCl3. The XeF2 exposure was conducted
statically for 20 s at 40 mTorr. The BCl3 exposure was performed for
0.5 s at 50 mTorr under viscous flow conditions. Between each reac-
tant exposure, the chamber was purged by argon gas for 60 s. Figure 1
displays the change of the GaN thickness over 30 cycles at 195 �C.
Each data point represents a thickness measurement after one com-
plete reaction cycle.

The etch rate for the GaN ALE results in Fig. 1 at 195 �C is 0.55 Å/
cycle. The GaN etching is linear with an R2 value of 0.999. Multiple
GaNALE experiments were performed at 195 �C under the same condi-
tions. The GaN etch rate varied slightly from 0.50 to 0.59 Å/cycle. This
GaN etch rate is much less than the etch rate of �4 Å/cycle obtained
with plasma GaN ALE using plasma chlorination or Cl2 adsorption and
Ar ion exposures.30,31 The GaN etch rate of 0.55 Å/cycle is also much
less than the crystalline GaN lattice constants of a¼ 3.18 Å and
c¼ 5.18 Å.36 Both XeF2 and BCl3 were required for GaN etching. No
changes in GaN thickness or optical properties were observed for
repeated BCl3 exposures. Likewise, XeF2 alone did not etch GaN.

FIG. 1. GaN film thickness vs number of sequential XeF2 and BCl3 exposures at
195 �C. The GaN etch rate is 0.55 Å/cycle.
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Figure 2 examines the self-limiting reactions of XeF2 and BCl3
during GaN ALE at 195 �C. In Fig. 2(a), the BCl3 exposure was con-
stant at 50 mTorr for 0.5 s while varying the number of XeF2 doses.
Each XeF2 dose was a static XeF2 exposure for 20 s at 40 mTorr. The
GaN etch rate begins to slow its rate of increase with a larger number
of XeF2 doses. The etch rate reaches an etch rate of 1.0 Å/cycle after 6
XeF2 doses. The slight increase in the GaN etch rate for larger XeF2
exposures will affect the conformality of GaN ALE in high aspect ratio
structures.

XeF2 fluorinates GaN and is believed to form GaF3 on the surface
by the reaction GaN(s) þ 3XeF2(g)! GaF3(s) þ NF3(g) þ 3Xe(g).
However, the thickness of the GaF3 layer is below the detection limit
of SE. No change in psi and delta was observed after XeF2 exposures at
195 �C. Even 60 repeated XeF2 exposures at 40 mTorr for 20 s did not
result in any observable change in psi and delta.

In Fig. 2(b), the XeF2 exposure was conducted statically for 20 s
at 40 mTorr while varying the number of BCl3 doses. Each BCl3 dose
was a BCl3 exposure for 0.5 s at 50 mTorr under viscous flow condi-
tions. The GaN etch rate quickly saturates at an etch rate of 0.55 Å/
cycle. The lack of BCl3 exposure dependence argues for a ligand-

exchange mechanism for GaN ALE. The ligand-exchange reaction is
hypothesized to be GaF3(s) þ BCl3(g) ! GaCl3(g) þ BF3(g) or
GaF3(s) þ 3BCl3(g) ! GaCl3(g) þ 3BFCl2(g) if each BCl3 reactant
participates in only one ligand-exchange reaction.

If the GaN ALE was occurring by a conversion mechanism,11,12

then the etch rate should have increased with BCl3 exposure. Other
conversion mechanisms for ALE have observed larger etch rates with
higher reactant exposures and pressures.11,12 The conversion layer acts
as a diffusion barrier that slows the conversion reaction. However,
higher exposures and higher pressures lead to more diffusion, higher
conversion, and larger etching rates.

FIG. 2. (a) GaN etch rate at 195 �C vs number of XeF2 doses with a fixed BCl3
exposure and (b) GaN etch rate at 195 �C vs number of BCl3 doses with a fixed
XeF2 exposure.

FIG. 3. GaN film thickness vs number of sequential XeF2 and BCl3 exposures at
various temperatures.

FIG. 4. GaN etch rate vs BCl3 pressure during the BCl3 exposure at 195 and
250 �C.
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The change in GaN thickness vs number of cycles at varying tem-
peratures is displayed in Fig. 3. The XeF2 exposure was conducted stat-
ically for 20 s at 40 mTorr. The BCl3 exposure was performed for 0.5 s
at 50 mTorr under viscous flow conditions. All thicknesses were refer-
enced to the same initial thickness of 3093 Å to show variations in
etching at 170, 182.5, 195, 250, and 300 �C. The GaN etching is linear
at all temperatures over the 30 reaction cycles. For the temperatures of
170, 182.5, 195, 250, and 300 �C, the etch rates were 0.18, 0.32, 0.55,
0.65, and 0.72 Å/cycle, respectively. The increase in the etch rate with
temperature is attributed to a thicker fluoride surface layer formed by
XeF2 at higher temperatures. This fluoride layer is then removed by
the ligand-exchange reaction with BCl3.

To confirm that the BCl3 reaction is not converting GaN to BN via
the reaction GaN(s)þ BCl3(g)! BN(s) þ GaCl3(g), the GaN etch rate
was examined vs BCl3 pressure at both 195 and 250 �C. If BCl3 converts
GaN to BN, then the etch rate should increase with BCl3 pressure. This
increase would result from the larger amount of GaN conversion to BN
at higher BCl3 pressures. Similar behavior is observed during silicon oxi-
dation where the SiO2 layer on the silicon substrate acts as a diffusion
barrier to further oxidation. This self-limiting oxidation is described by
Deal–Grove kinetics.37,38 Higher O2 or H2O pressures facilitate oxygen
diffusion through the SiO2 layer on the silicon substrate.

Figure 4 reveals that the GaN etch rate does not increase vs BCl3
pressure. The BCl3 pressures of 250, 500, and 1000 mTorr were held
statically for 5 s. The XeF2 pressure was maintained at 40 mTorr for
20 s. At 195 �C, the GaN etch rates were 0.56, 0.57, and 0.62 Å/cycle at
BCl3 pressures of 250, 500, and 1000 mTorr, respectively. At 250 �C,
the GaN etch rates were 0.63, 0.68, and 0.63 Å/cycle at BCl3 pressures
of 250, 500, and 1000 mTorr, respectively. These constant GaN etch
rates argue against a conversion mechanism and support a ligand-
exchange reaction. Mass spectrometry studies of the reaction products
of the XeF2 and BCl3 reactions are needed to confirm the proposed
ligand-exchange mechanism.

Additional experiments explored HF and SF4 as fluorination reac-
tants for GaN ALE. HF or SF4 doses were held statically for 20 s at pres-
sures of 300 or 500 mTorr. BCl3 exposures were performed at
50 mTorr for 0.5 s. Under these reaction conditions, there was no evi-
dence of GaN etching over 20 reaction cycles. The lack of GaN etching
is attributed to the resistance of the crystalline GaN to these fluorina-
tion sources. Crystalline GaN has been previously shown to be chemi-
cally resistant to a variety of hot acids.29 HF and SF4 are
thermodynamically predicted to fluorinate GaN to GaF3. However, the
values of DG� ¼�37 and �114kcal/mol for fluorination at 250 �C by
HF and SF4, respectively, are lower than DG� ¼�217 kcal/mol for
fluorination at 250 �C by XeF2.

34

Fluorine radicals from a NF3 plasma were also used to fluorinate
GaN. Figure 5 displays the GaN thickness vs number of reaction cycles
at 250 �C. NF3 was dosed into the chamber at a pressure of 40 mTorr
for 25 s. The plasma was formed after 5 s at a power of 75 W for the
remaining 20 s. After the NF3 plasma exposure, BCl3 was dosed into
the chamber for 0.5 s at a pressure of 50 mTorr. Figure 5 shows that
the GaN etch rate is 2.85 Å/cycle over the 20 cycles. Individual experi-
ments using NF3 plasma exposures measured GaN etch rates varying
from 2.5–2.9 Å/cycle. These GaN etch rates are much higher than the
etch rate of 0.65 Å/cycle at 250 �C obtained using XeF2 and BCl3 in
Fig. 3. The higher GaN etch rates are attributed to the thicker fluoride
layers formed by the fluorine radicals.

In summary, the thermal ALE of crystalline GaN was demon-
strated using XeF2 and BCl3 as the reactants. The GaN etch rates were
dependent on temperature and ranged from 0.18 Å/cycle at 170 �C to
0.72 Å/cycle at 300 �C. The GaN etch rates were reasonably self-
limiting with XeF2 exposure at 195 �C and the fluoride thickness on
GaN after XeF2 exposure was below the SE detection limit. The GaN
etch rates were also self-limiting vs BCl3 pressure and exposure. This
behavior argued for a ligand-exchange mechanism for BCl3. Strong
fluorination reactants, such as fluorine radicals from the NF3 plasma,
produced higher GaN etch rates of 2.85 Å/cycle at 250 �C. In contrast,
weaker nucleophilic fluorination reactants, such as HF and SF4, were
not able to etch crystalline GaN. Many uses for thermal GaN ALE are
possible including etching recessed gates in GaN/AlGaN HEMTs and
diameter reduction and surface smoothening of GaN nanowires.
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