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Abstract: With the development of  the third generation of  semiconductor  devices,  it  is  essential  to achieve precise etching of
gallium  nitride  (GaN)  materials  that  is  close  to  the  atomic  level.  Compared  with  the  traditional  wet  etching  and  continuous
plasma etching,  plasma atomic layer etching (ALE)  of  GaN has the advantages of  self-limiting etching,  high selectivity to other
materials, and smooth etched surface. In this paper the basic properties and applications of GaN are presented. It also presents
the  various  etching  methods  of  GaN.  GaN  plasma  ALE  systems  are  reviewed,  and  their  similarities  and  differences  are  com-
pared. In addition, the industrial application of GaN plasma ALE is outlined.
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 1.  Introduction

Micro-  and nano-fabrication techniques  have been given
an  increasingly  important  role  in  modern  manufacturing[1].
The  development  semiconductor  industry  has  gone  through
three  stages,  which can be  divided by  materials[2].  Silicon (Si)
and  germanium  (Ge)  are  regarded  as  the  first  generation  of
semiconductors.  Gallium  arsenide  (GaAs)  and  indium  phos-
phide (InP) have been widely accepted as the second genera-
tion of semiconductor materials[3, 4]. Nowadays, the third gener-
ation of semiconductors are known as wide band-gap semicon-
ductor  materials,  referring  to  materials  with  band  gap  great-
er  than  2.3  eV[5].  Typically,  the  third-generation  materials  are
represented by gallium nitride (GaN)[6],  silicon carbide (SiC)[7],
and so on[8, 9].  The band gap of GaN (3.45 eV),  for example,  is
almost  three  times  superior  to  that  of  Si  (1.2  eV)  and  GaAs
(1.45 eV)[10−12]. GaN-based HEMTs (high electron mobility tran-
sistors),  such  as  AlGaN/GaN[13] and  InAlGaN/GaN[14],  have
strong  spontaneous  polarization  and  piezoelectric  polariza-
tion effects[15]; advantages such as high power, high temperat-
ure[16],  high breakdown voltage,  high current density[17],  high
frequency  characteristics[18];  and  thus  are  emerging  in  a
broad range of applications in power electronics[19],  radio fre-
quency[20], optoelectronics[21], and many other fields[22].

Low-damage  etching  is  a  crucial  step  in  the  fabrication
process  of  GaN  HEMT  because  etching  damage  might  cause
device oscillation or overshoot, which further causes device de-
struction[23].  Generally,  etching  is  a  continuous  and  simultan-
eous  process[24].  The  continuous  process  is  conducive  to  a
high etching rate; however, etching morphology has poor con-
trollability.  The  most  critical  factor  affecting  device  perform-
ance  is  the  surface  roughness  and  controllable  etching
depth.  In  this  context,  atomic  layer  etching  (ALE)  is  a  tech-

nique that uses self-limiting reactions to remove an atomic lay-
er  of  materials.  The concept  of  removing a  single  atomic  lay-
er  from  a  solid  surface  was  first  proposed  in  a  patent  by  Yo-
der, who outlined a method for "atomic layer etching" of crys-
talline  diamond[25].  Since  then,  ALE  has  drawn  attention  in
fields  that  require  precise  etching,  and  has  been  regarded  as
the  most  promising  strategy  to  achieve  atomic-level  etching
controllability with low-damage[26−29]. However, there has not
yet been a systemic review focus on plasma ALE of GaN materi-
als.  In  this  context,  the  efforts  with  respect  to  GaN  plasma
ALE will  first be briefly reviewed. Next,  an attempt is made to
discuss the etching mechanism and its principle. Then, we in-
troduce  the  etching  results  brought  by  different  GaN  plasma
ALE  systems.  Finally,  the  conclusion  and  a  brief  prospect  for
its industrial application are presented.

 2.  Etching of GaN/AlGaN

Etching is a crucial step that is used in nanofabrication to
remove substrate or excess material from the surface by chem-
ical or physical methods. Historically, patterns were etched by
wet  chemical  methods,  which  proceed  in  all  directions  with
roughly  the  same  rate.  Thus,  the  application  of  wet  methods
for  GaN  is  mostly  limited  to  patterns  with  large  features  size
(Fig.  1 (a))[30].  For  example,  the  isotropic  etching  of  GaN  and
AlGaN material using basic solutions (KOH, NaOH etc.)[31−33].

With  the  shrinking  of  feature  size,  plasma  dry  etching
was introduced in the 1980s and has attracted intensive atten-
tion  for  precise  pattern  conversion.  Plasma  dry  etching  pro-
ceeds  by  either  chemical,  physical  or  physicochemical  etch-
ing  to  achieve  high  etching  rate[24].  Among  different  plasma
etching  processes,  physical  and  physicochemical  plasma  dry
etching  can  realize  anisotropic  etching  (Fig.  1 (b))[34];  for  ex-
ample,  ICP  etching  can  achieve  higher  plasma  density,  wider
plasma uniformity, and obtain a high etching rate while main-
taining  better  etching  morphology,  which  makes  it  easier  to
achieve mass production with low operating costs[35].
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As  the  feature  size  of  semiconductor  devices  further
shrinks to the sub-10 nm scale, the existing etching technolo-
gies are gradually unable to meet the requirements of micro-
size  etching  controllability  (precise  etching  depth,  profile
etc.).  In  this  context,  ALE  methods,  including  plasma  and
thermal ALE[24, 36−38], are emerging to break through the limita-
tions of the mentioned continuous etching methods and real-
ize atomic level etching precision by removing material layer-
by-layer etching.

ALE  was  termed  by  Yoder  in  1988  and  has  been  de-
veloped for more than 30 years to achieve precise etching[25].
The  generic  principle  behind  ALE  is  to  break  down  an  etch-
ing  process  into  two  successive  controlled,  self-limiting  sur-
face  reaction  steps  that  begin  with  surface  modification  and
are  followed  by  the  removal  of  the  modified  layer,  as  shown
in Fig.  2.  At  the  first  step,  a  self-limited  reaction  takes  place
between the exposed layer and the modification gas. After pur-
ging  off  the  excess  modification  gas,  the  removal  step  takes
away the modified layer and refreshes the underlying bulk ma-
terial  for  the next  cycle.  This  cyclic  etching process can result
in a uniform and smooth surface. The modification is isotrop-
ic,  while  the  directionality  of  the  energetic  ions  and  neutral
atoms  in  plasma  provide  the  anisotropic  etching  that  is
needed  to  fabricate  high  aspect  ratio  features.  Therefore,
plasma  ALE  is  more  suitable  for  GaN-based  HEMTs  fabrica-
tion,  compared  to  thermal  ALE[39−41].  Until  now,  plasma  ALE
has  been  demonstrated  over  20  materials,  such  as  Ge[42],
Si[43],  GaAs[44],  InP[45],  graphene[46],  polymer[47],  Si3N4

[48],
SiO2

[49], TiO2
[50], Al2O3

[51], GaN[52].

 3.  Plasma atomic layer etching of GaN/AlGaN

GaN  HEMTs  are  inherently  normally-on  as  long  as  an  Al-
GaN/GaN heterostructure is formed[53]. For commercial applica-
tions  (reduced  energy  loss,  positive  gate  threshold  tension,
etc.),  enhancement  mode  (normally-off  operation)  is  desir-
able  for  its  reduced  energy  loss  and  positive  gate  threshold
tension[22].  Therefore,  several  approaches  have  been  pro-
posed  to  make  normally-off  GaN  HEMTs  such  as  gate
recess[54],  fluorine  implantation[55],  p-GaN  gate[56],  ultra-thin
barrier  layer  structure[57],  cascode  structure[58],  and  so  on.

Among  the  manufacturing  methods  for  GaN  enhancement
mode  devices,  gate  recess  etching  may  be  the  most  prom-
ising  technique.  Recess  etching  is  critical  because  it  determ-
ines  the  threshold  voltage  and  leakage  current  of  the  HEMT.
The high etching rate of continuous etching makes it less con-
trollable in recess etching. Therefore, plasma ALE is more suit-
able  for  recess  etching.  This  section  will  introduce  different
plasma  ALE  etching  systems  in  GaN/AlGaN  transistor  fabrica-
tion process.

 3.1.  O2–BCl3 system

It  has  been  demonstrated  that  a  thin  oxidized  layer  on
an  AlGaN  surface  can  be  created  by  low  power  N2O  or  O2

plasma[59].  Subsequently,  the  oxidized  layer  can  be  removed
from  the  intrinsic  material  with  either  Brønsted  acid  (HCl[60],
BOE  solution[61])  or  Lewis  acid  (BCl3 plasma[62]).  The  oxidized
AlGaN/GaN layer has a self-limiting depth with time and a lin-
ear  relationship  with  plasma  power[63].  Since  pure  BC13 was
found  to  be  virtually  ineffective  for  etching  GaN[62],  the
plasma  ALE  with  O2–BCl3 system  shows  high  controllability

 

Fig. 1. (Color online) Schematic of (a) isotropic etching and (b) anisotropic etching.

 

Fig. 2. (Color online) Schematic of one plasma ALE cycle generic concept.

 

Fig. 3. (Color online) (a) Measured data of etching rate per cycle for a
fixed BCl3 plasma time per cycle and varying oxygen plasma time per
cycle.  (b)  The  linear  behavior  of  the  plasma  ALE  etching  rate  versus
the number of plasma ALE cycles[64].
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and can obtain a more uniform, low damage etching process.
In  2010,  Burnham et  al.  studied  the  O2–BCl3 plasma  ALE

for  GaN HEMT devices  fabrication[64, 65].  The oxidation of  GaN
surface  by  low  power  O2 plasma  is  self-limiting,  the  depth  of
the  oxidized  layer  increases  from  1.4  to  2.5  nm  in  15  s  and
remains  constant  with  higher  O2 plasma  exposure  time
(Fig.  3(a)).  Therefore,  this self-limiting etch technique leads to
improved  repeatability,  uniformity,  and  linearity  across  the
whole  wafer  compared  to  the  fluorine-treatment  process[66].
The linearity experiment showed that the etching rate of GaN
plasma  ALE  has  a  linear  relationship  with  the  number  of
cycles  (Fig.  3(b)),  which  reflects  the  controllability  of  O2–BCl3
system GaN plasma ALE.

To  understand  the  etching  mechanism  during  the
O2–BCl3 ALE  process,  complementary  X-ray  Photoelectron
Spectroscope  (XPS)  analyses  have  been  performed  by  Roux
et  al.[67].  After  the  oxidation  step,  oxidation  of  the  GaN  sur-
face is observed because XPS shows a huge increase of O–Ga
bonds  and  dramatically  decrease  of  N–Ga  and  N–O  bonds.
This indicates the combination of oxygen and removal of nitro-
gen  from  the  gallium  rich  surface.  The  self-limiting  character
of the oxidation step was also monitored and verified by XPS,
and  all  spectra  reach  a  saturation  level  after  30  s  O2 treat-
ment.  After  BCl3 plasma  exposure,  oxygen  concentration  de-
creases to around 8.8% and stays stable with increasing treat-
ment time. Gallium oxide layer can be selectively removed by
BCl3 plasma[68].  At  the  same  time  Cl–B  and  B–N  peaks  are
newly detected around 198.7 ± 0.09 and 189.18 ± 0.09 eV, re-
spectively.  It  is  assumed that the BCl3 plasma is  deposited on
the non-oxidized GaN surface. Therefore, the O2–BCl3 ALE is a
low  damage  process.  BCl3 has  a  strong  affinity  for  oxygen.
BCl3 ions  react  with  the  oxygen  of  gallium  oxide  to  form
B3Cl3O3, an inert gas, which can be pumped away. Gallium re-
acts  with  chlorine  to  form  volatile  GaCl3.  Chloride  ions  can
etch GaN and provide energy for sputtering GaCl3 from the sur-
face.  The  remaining  nitrogen  reacts  to  produce  volatile  com-
pounds  N2 and  NCl3. Fig.  4 shows  the  mechanism  of  GaN
O2–BCl3 plasma ALE. Hwang et al. studied some other proper-
ties of etched GaN using O2–BCl3 plasma ALE[69].

Compared with devices fabricated using traditional fluor-
ine  plasma  treatment  process,  such  as  CF4 plasma,  the
devices  with  O2–BCl3 ALE  process  result  in  higher  uniformity
of threshold voltage (±150 mV, σ = 63 mV), higher peak trans-
conductance (246 mS/mm at Vgs = 1 V), improved current col-
lapse  (34%)  and  breakdown  voltage  (>1100  V),  and relative
low leakage current (10 μA/mm, Vds = 1100 V)[64, 65]. These im-
provements  in  electrical  performance  show  the  great  poten-
tial of the O2–BCl3 plasma ALE technique in AlGaN/GaN MOS-
HEMTs fabrication for power switching applications. With this

atomic level-controlled low-damage gate recess process,  nor-
mally off AlGaN/GaN MOS-HEMTs have been fabricated by Hu
et  al.  in  2018[70].  The  resulting  devices  exhibit  low  on-resist-
ance  (10.1  Ω∙mm)  with  a  threshold  voltage  over  2.2  V,  and  a
saturation  current  of  518  mA/mm.  In  the  meantime,  a  high
breakdown voltage of 1456 V with a low off-state current dens-
ity (1 μA/mm) has been also achieved.

It  is  of  note that  the application of  O2–BCl3 is  not  limited
in  AlGaN/GaN  HEMTs  fabrication.  Recently,  Du et  al.  demon-
strated  the  application  of  O2–BCl3 ALE  technique  for  InAlN/
GaN  heteroepitaxy  in  detail[71].  The  atomic  force  microscopy
results  show  improved  surface  roughness  (0.28  nm) com-
pared  to  that  of  the  as-grown  InAlN  surface  (0.45  nm)  and
the  surface  obtained  from  widely  used  BCl3 plasma  etching
(0.69 nm).

 3.2.  Chlorinate-inert gas system

Another well-known system of GaN plasma ALE is to chlor-
inate the surface through chemical adsorption, and then sput-
ter the "chlorination layer" with inert gas plasma. Since chlor-
ine  has  a  high  affinity  for  trivalent  metal  atoms,  chlorine
plasma can be utilized in  GaN etching to form highly  volatile
gallium  chloride  products.  When  the  surface  of  wurtzite  GaN
(0001)  is  exposed  to  Cl2 for  chlorination,  chlorine  preferen-
tially  reacts  with  Ga  to  form  gallium  chloride.  Gallium  chlor-
ide  is  volatile  under  vacuum[35],  which  makes  it  easier  to  re-
move.  The  study  of  Harafuji et al.  showed  that  when  the  un-
modified  GaN  is  bombarded  with  Ar  plasma[72],  compared
with Ga, Ar preferentially etches N. This happens because the
energy threshold of sputtered N is smaller than that of Ga. By
introducing  chlorine  gas  to  modify  the  GaN  surface,  the
threshold  of  Ga  sputtering  can  be  lowered.  This  characterist-
ic  has  more  profound  significance  in  low-power  environ-
ments. By forming a chlorinated surface to decrease inert gas
plasma  energy,  plasma  induced  bombardments  are  effect-
ively  suppressed.  Inert  gas  bombardment of  the chloride lay-
er  can  achieve  anisotropic  etching.  A  schematic  of  one
Cl2/BCl3-inert  gas  plasma  ALE  cycle  generic  concept  is  given
in Fig. 5.

In  2017,  a  different  ALE  process  was  developed  for
GaN/AlGaN HEMTs by  Ohba et  al.[73].  In  this  new ALE process
the  GaN  surface  is  modified  using  chlorination  (e.g.,  Cl2
plasma)  instead  of  oxidation,  and  the  modified  layer  was  re-
moved  by  Ar  plasma,  which  realized  anisotropic  etching  and
made  the  patterned  features  directional[52].  A  purge  cleaning
step is  added between the modification step and the remov-
al  step,  so  as  to  minimize  the  interaction  between  the  two
steps  and  ensure  the  reliability  of  the  experiment.  The  etch
per  cycle  (EPC)  was  0.4  nm/cycle  with  ultra-smooth  surface,
which is  promising for  use in next-generation power devices.

 

Fig. 4. (Color online) Schematic of mechanism of GaN O2–BCl3 plasma ALE.
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The root-mean-square surface roughness (0.6 nm), which was
improved from an as-grown surface roughness (0.8 nm). Meas-
urable  surface  roughness  (1.8  nm)  was  observed  when  only
Cl2 is  engaged in  chlorination step,  which was  caused by  the
oxygen  contamination  in  the  chamber  and  can  be  suppress
to  0.3  nm  by  adding  BCl3 to  the  chlorination  step,  since  BCl3
can  scavenge  oxidized  materials  on  the  GaN  surface.  For  a
fixed  Ar  step  time  of  5  s, Fig.  6 shows  the  relationship
between  the  GaN  EPC  and  the  bias  voltage.  The  EPC  is  al-
most  constant  at  bias  voltage  50–100  V  (region  II),  as  the  bi-
as voltage can provide sufficient sputtering energy for GaCl3 re-
moval,  while  the  energy does  not  reach the physical  sputter-
ing threshold and will not lead to pure sputtering etching.

The  synergistic  effect  is  defined  as  a  percentage  relative
to  the  total  amount  of  material  removed  per  cycle,  which  is
an essential parameter reflecting the controllability and accur-
acy  in  ALE  process[74].  In  the  optimized  ALE  window,  etching
caused by Cl2 chlorination is negligible, and that caused by ar-
gon  sputtering  is  0.05  nm.  Therefore,  the  synergy  of  Cl2–Ar
plasma  ALE  of  GaN  is  about  86.5%.  In  addition,  Aroulanda et
al.  reported  the  Cl2/Ar  modified  and  Ar  removal  system,  and
obtained  an  etching  rate  close  to  the  molecular  layer  per
cycle:  0.17  nm/cycle[75].  However,  the  synergy  of  this  system
is not ideal due to the Ar ion bombardments.

In  2019,  Fukumizu et  al.  found  that  the  etching  damage
of  AlGaN/GaN  stacked  layers  caused  by  Cl2–Ar  plasma  ALE
was  higher  than  that  by  Cl2/Ar  RIE[76].  Generally,  etching
damage  caused  by  plasma  is  mainly  caused  by  radicals,  ions
and  photons.  The  energy  of  radicals  is  low,  so  they  can  only
cause  surface  penetration  during  the  etching  process.  It  has
been  shown  that  the  penetration  depth  of  Ar  ions  is  about
0.5  nm[77].  By  researching  the  optical  emissions  of  the  Cl2
plasma  in  the  modification  step,  the  author  found  that
photons  could  penetrate  into  not  only  the  AlGaN  but  also
the  GaN  beneath  the  AlGaN.  Therefore,  the  plasma-induced
damage  in  the  unetched  GaN  film  was  attributed  to  UV
photons  but  not  to  ions  and  radicals.  The  UV  photons  are
mainly  produced  by  Cl2 plasma.  The  author  proposed  using
Cl2 gas  instead  of  Cl2 plasma  for  modification.  The  results
showed  that  the  photon  damage  obtained  by  using  Cl2 gas
ALE is  less  than that  of  Cl2 plasma ALE.  However,  the etching

damage is still greater than RIE. Owing to plasma ALE long pro-
cess time, the UV photon-induced damage is serious. In gener-
al,  the  GaN  surface  roughness  after  RIE  increases  with  etch-
ing depth.  Although the  UV photon-induced damage caused
by  Cl2–Ar  plasma  ALE  is  relatively  serious,  the  most  critical
factor  affecting  device  performance  is  the  surface  roughness
and  controllable  etching  depth.  Plasma  ALE  is  still  the  most
suitable precision etching technique for power devices.

During their study of the Cl2–Ar plasma ALE process, Kaup-
pinen  also  proved  that  the  etching  depth  increases  linearly
with the number of cycles, which shows the etching rate is al-
most  stable[78].  Interestingly,  adding  purge  step  between  the
modification  and  removal  steps  has  a  significant  impact  on
the  etching  ratio,  which  is  probably  caused  by  the  residual
chlorine (Fig.  7).  When the purge time increased,  the etching
rate  gradually  decreased  and  reached  an  equilibrium  state
when  the  time  of  20  s,  indicating  completely  removal  of  re-
maining  Cl2 which  needs  at  least  20  s.  The  shorter  the  purge
time,  more  Cl2 remains  which  etches  more  GaN  at  the  Ar
plasma  step.  While  the  remaining  Cl2 was  totally  removed,
the etching rate will not change when other variables are con-
stant.

The  purge  step  between  the  modification  and  removal
steps has an impact on the etching results. The effect of resid-
ual  chlorine  on  the  etching  rate  was  explored  by  changing
the purge time. As the purge time increased, the etching rate
gradually  decreased,  and  reached  an  equilibrium  state  when
the time of  20 s.  This  happens because too short  a  time (less
than  20  s)  is  not  enough  to  completely  purge  the  remaining
Cl2 in  the  chamber  (i.e.,  the  shorter  the  purge  time,  more  Cl2
will remain). When RF power is added for etching, the remain-
ing  Cl2 will  generate  plasma  to  increase  the  etching  depth.
When the purge time is long enough (more than 20 s), the re-
maining  Cl2 will  be  purged,  so  that  the  etching  rate  will  not
change when other variables are constant.

The  plasma  ALE  gate  recess  could  be  a  compelling  tech-
nique  in  the  fabrication  of  AlGaN/GaN  heterostructure-based
HEMTs.  In  2020,  Zhang et al.  developed  the  Cl2–Ar  plasma
ALE to gate recess for fabrication of T-gate millimeter-wave Al-
GaN/GaN  HEMTs[79].  The  result  showed  that  the  suppressed
etching  damages  can  be  realized  by  pulsed  current–voltage
characterization. Compared with conventional gate recess pro-
cess, the ALE-recessed HEMTs exhibit a high power-added-effi-
ciency  (PAE)  at  40  GHz (43.6%),  which  is  about  12.8% higher.
That  happens  because  the  reverse  gate  leakage  current  in
the ALE-recessed HEMTs is  reduced by more than two orders

 

Fig.  5.  (Color  online)  Schematic  of  one Cl2/BCl3-inert  gas  plasma ALE
cycle generic concept.

 

Fig. 6. EPC of GaN as a function of bias voltage[52].
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of magnitude, contributing to a high breakdown voltage (127
V) with a gate-drain separation (LGD) of 1.5 μm.

Other  inert  gas  plasma,  such  as  Kr  and  He,  have  also
been studied for removal step. In 2020, Mannequin et al. repor-
ted  the  removal  of  Chlorinated  layer  with  Kr  plasma[80].  In
their  study,  RF  bias  was  only  added  in  the  modified  layer  re-
moval step. The etching rate increases with the RF bias as the
ion  energy  sputtering  on  the  GaN  surface  increases  with  the
bias voltage. By studying of both Ar and Kr plasma in the modi-
fied layer removal step, it has been verified that the modifica-
tion  layer  removal  with  Kr  plasma  has  a  larger  ALE  window
(Fig.  8).  According  to  the  approach  developed  by  Berry et
al.[81],  experimental  results  qualitatively  confirmed  the  strong
dependence  of  the  plasma  ALE  window  on  the  ion  mass  of
the  removed  species.  In  addition,  different  energy  distribu-
tion  of  Ar  ions  and  Kr  ions  may  be  one  of  the  reasons  to  ex-
plain  the  different  window.  Kawakami et  al.  compared  the
damage of GaN etched by Kr and Ar plasma[82]. Kr plasma etch-
ing  can  obtain  smoother  surfaces,  thinner  etching  depths,
and preferentially etch Ga compared to Ar plasma. But the ex-
planation  of  its  mechanism  has  not  been  clear  so  far.  It  is
worth  noting  that  under  this  research  system,  the  obtained
synergy is  poor  (62%),  which is  due to  the Kr  plasma etching
of unmodified GaN layer.

To  increase  the  synergy  of  chlorination-remove  ALE  pro-
cess, suppressing the bombardment at the removal step is ne-
cessary.  Therefore,  helium  is  more  preferred  to  be  engaged
as  a  removal  gas  because  it  has  less  molecular  weight.  In

2021,  Ruel et  al.  compared  the  etching  results  using  Ar
plasma  and  He  plasma  for  chlorinated  layer  removal  in
detail[83].  As  is  depicted  in Fig.  9(a),  no  GaN  etching  is  detec-
ted when Cl2 chlorination is  used alone,  and the etching rate
is  minimal  when  He  or  Ar  step  only.  The  synergy  Cl2–Ar
plasma  ALE  is  92.5%,  while  that  of  Cl2–He  plasma  ALE  can
reach as high as 99%.

The  mechanism  of  Cl2–He  plasma  ALE  process  is  shown
in Fig. 10. During the first cycle, Cl2 plasma chlorinates the sur-
face  through  chemical  adsorption,  and  then  the  "chlorina-
tion  layer"  is  sputtered  with  He  plasma.  The  small  mass  and
size  of  He  ions  allow  them  to  penetrate  deep  into  the  sur-
face of GaN and form a penetration layer.  As a result,  a deep-
er Cl diffusion layer generates after Cl2 plasma chlorination in
the  second  cycle.  The  EPC  of  using  He  as  removal  plasma  is
much higher than that using Ar.  Since no etching is  detected
on  unchlorinated  GaN  surface  with  helium  plasma,  the  high-
er EPC can be attributed to He ions penetration.  Deeper heli-
um penetration and diffusion of Cl ions explain the high etch-
ing rate of Cl2–He plasma ALE. As is shown in Fig. 9(b), compar-
ing  to  the  system  with  Ar  plasma,  the  etching  rate  window
with He plasma shifted to  lower  bias  voltage side because of
He ions penetration (region II).

By  comparing  the Rsheet after  IBE  etching,  Cl2–Ar  plasma
ALE  and  Cl2–He  plasma  ALE,  results  showed  that  the  relative
sheet  resistance  (Rsheet)  of  2DEG  channel  after  Cl2–He  plasma
ALE  process  increases  sharply.  This  is  related  to  the  penetra-
tion of He ions into the GaN surface. N2 annealing can signific-

 

Fig. 7. (Color online) GaN plasma ALE process and initial parameters[78].

 

Fig. 8. EPC as a function of the absolute value of the self-bias potential VDC by varying RF bias for (a) an removal by Ar plasma with an RF source
set at 100 W (full triangle) and 120 W (empty triangle) and (b) an activation by Kr plasma for an RF source set at 100 W (full square) and 120 W
(empty square)[80].
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antly  reduce Rsheet,  that  is,  N2 annealing  can  repair  the  dam-
age caused by He ion penetration[84].

Atomic  layer  etching  of  GaN  using  Cl2 and  inert  gas
plasma  has  been  researched.  Compared  with  Cl2–Ar  plasma
ALE,  Cl2–Kr  plasma  ALE  can  obtain  a  smoother  etched  sur-
face,  but  the  synergy  obtained  is  poor.  Cl2–He  plasma  ALE
has  good  synergy.  However,  due  to  the  penetration  of  He
ions,  the  electrical  damage  caused  by  etching  is  relatively
large. The purpose of GaN plasma ALE process is to achieve a
more controllable etched surface with less damage. It is therefore
necessary  and  far-reaching  to  verify  the  other  parameters  to
reduce  electrical  damage  to  obtain  better  device  perform-
ance.

 4.  Conclusion and prospective

So  far,  many  systems  of  the  GaN/AlGaN  plasma  ALE  pro-
cess  have  been  developed.  Self-limiting  O2–BCl3 plasma  ALE
can obtain uniform threshold voltage, high peak transconduct-
ance,  good  current  collapse,  high  breakdown  voltage  and
low  leakage  current.  This  etching  technique  could  achieve
low-damage plasma etching, which provides a promising tech-
nique  for  gate  recess  etching  to  fabricate  electronic  module
devices. When etching AlGaN, adding BCl3 can reduce the gen-
eration  of  deposits.  At  the  same  time,  the  formation  of  BCl2+

and BCl3+ heavy ions can physically bombard the surface and

reduce  roughness.  As  mentioned  earlier,  Cl2-inert  gas  plasma
ALE  is  self-limiting  both  on  modification  and  removal  steps.
To  obtain  ideal  atomic-lever  etching  and  better  etching  res-
ults,  different  removal  gases  have  been  studied.  The  selec-
tion of the rare gas Ar and Kr for the removal step is self-limit-
ing,  but  He  is  not  self-limiting.  This  is  due  to  the  small  mass
and size of He ions that enable them to penetrate the GaN sur-
face. It is worth noting that when He removes the modified lay-
er,  the penetration of He ions brings greater etching damage
on unmodified layer.

This  article  introduces  the  different  existing  GaN/AlGaN
atomic  layer  etching  systems  and  compares  the  similarities
and differences of each system, which can be used as a refer-
ence  for  understanding  GaN/AlGaN  plasma  ALE.  Although
the  existing  systems  can  achieve  a  controllable  etching  rate
and a  smooth etched surface,  the  surface  damage caused by
plasma  should  not  be  underestimated,  such  as  the  UV
photons-induced damage on GaN. The ideal ALE is more suit-
able  for  laboratory  research.  The  main  purpose  of  this  re-
search  is  to  apply  plasma  ALE  to  industrial  production.  More
meaningful  research  on  GaN  plasma  ALE  is  needed  to
achieve  more  accurate  etching  with  lower  plasma-induced
damage.  Achieving  precise  control  of  plasma-induced  dam-
age can lay a good foundation for the manufacture of semicon-
ductor  devices,  thereby  promoting  the  development  of  the

 

Fig. 9. (Color online) (a) Post-etching GaN layer thickness for the unetched reference, after the chlorination step only, after He or Ar plasma only
and after full He or Ar plasma ALE (60 cycles) and (b) energy scan for Ar and He ALE processes[83].

 

Fig. 10. (Color online) The mechanism of Cl2–He plasma ALE process.
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semiconductor industry.
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