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Abstract: In  this  review,  the  application of  light  ion  irradiation is  discussed for  tailoring novel  functional  materials  and for  im-
proving the performance in SiC or Si  based electrical  power devices.  The deep traps and electronic disorder produced by light
ion  irradiation  can  modify  the  electrical,  magnetic,  and  optical  properties  of  films  (e.g.,  dilute  ferromagnetic  semiconductors
and topological materials).  Additionally, benefiting from the high reproducibility, precise manipulation of functional depth and
density of defects,  as well  as the flexible patternability,  the helium or proton ion irradiation has been successfully employed in
improving the dynamic performance of SiC and Si based PiN diode power devices by reducing their majority carrier lifetime, al-
though the static performance is sacrificed due to deep level traps. Such a trade-off has been regarded as the key point to com-
promise  the  static  and  dynamic  performances  of  power  devices.  As  a  result,  herein  the  light  ion  irradiation  is  highlighted  in
both exploring new physics and optimizing the performance in functional materials and electrical devices.
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1.  Introduction

Ion  beams  present  a  variety  of  useful  functions  in  the
field  of  semiconductors,  acting  as  the  state-of-the-art  tools
for  both  basic  research  and  industry.  In  particular,  it  is  worth
noting  that  ion  implantation  has  been  integrated  as  one  of
the  most  crucial  processes  in  modern  IC  industry[1, 2].  Re-
cently,  a  number  of  novel  functional  semiconductors  have
been  successfully  fabricated  by  ion  implantation  at  high
fluence  and  ultra-fast  annealing[3−10].  For  such  instances,  the
implantation is highlighted to overcome the obstacle of solu-
bility  limit  of  impurities  in  semiconductors,  which  is  always
treated  as  the  main  challenge  of  conventional  equilibrium
methods.

In  addition  to  the  above-mentioned  well-known  doping
contributions  introduced  by  implanted  ions  themselves,
point defects are spontaneously produced in the semiconduct-
or matrix due to the collisions between incident ions and the
matrix atoms. The interaction between implanted ions and tar-
get  atoms could  be  briefly  described as  follows:  by  undergo-
ing  collisions  with  the  electron  system  and  the  nuclei  of  the
target matrix, the impinged ions gradually lose the kinetic en-
ergy.  At  the  very  beginning,  the  kinetic  energy  loss  is  mainly
caused  by  the  electronic  stopping  (excitation  and  inelastic
atom  ionization),  which  dominates  in  the  high  energy  re-
gime.  In  such  a regime,  the  implanted  ions  prefer  a  straight
moving  path,  and  the  main  stopping  mechanism  of  interac-

tion  mainly  comes  from  the  inelastic  interactions  between
bound electrons in the matrix  atoms and the implanted ions.
Therefore, the inelastic interaction is highlighted to be respons-
ible for the energy lost, accordingly, this part of transferred en-
ergy is partially dissipated by phonons; however, the displace-
ment  of  lattice  atoms  seldomly  happens.  Afterwards,  upon
penetrating  into  deeper  depth,  the  implanted  ions  start  to
confront  nuclear  stopping  due  to  their  low  kinetic  energy,  in
which  the  displacement  of  atoms  starts  to  dominate  and
even  leads  to  a  cascade  of  recoiled  atoms.  This  process  is
named nuclear stopping, which mainly refers to the elastic in-
stead  of  inelastic  collisions  between  the  projectile  ions  and
matrix atoms in the target. It  is worth noting that the nuclear
stopping  means  that  this  type  of  stopping  involves  the  colli-
sion of  the  ion with  the  nuclei  in  the  target.  At  this  moment,
the point  defects  start  to  accumulate.  A schematic  of  relative
loss  of  kinetic  energy  is  shown  in Fig.  1 to  make  a  comparis-
on  between  electronic  and  nuclear  stopping  processes  with
their dependence on ion kinetic energy[11, 12]. This figure qualit-
atively  shows  that  the  ability  of  nuclear  stopping  is  weaker
than  the  electronic  stopping  process,  and  it  mainly  works
when  the  ion  energy  is  very  low.  The  stopping  power  gra-
dually decreases upon increasing ion energy, and the contribu-
tion disappears when the ion energy is high. However, the con-
tribution  from  the  electronic  stopping  process  always  exists,
but  plays  mostly  at  the  high  ion  energy  part  as  a  maximal
peak.

The  above-mentioned  point  defects  can  provide  addi-
tional functionalities in semiconductor materials. In particular,
light  ions  (e.g.,  proton,  helium  as  well  as  some  other  ions
whose  atomic  numbers  are  relatively  small)  are  beneficial
for  a  better  access  of  thick  films/devices,  as  well  as  for  a
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gentle  control  of  the  number  of  defects  without  inducing
amorphization.  Therefore,  light  ion  irradiation  is  becoming
more  attractive  in  both  condense  matter  physics  and  semi-
conductor  techniques.  From  the  basic  research  viewpoint,
the  generated  various  vacancies  or  interstitials  act  as  poten-
tial  disorder,  which  in  principle  affects  the  electrical-trans-
port  properties  (e.g.,  carrier  mobility),  and  therefore  high-
lights  the  contribution  of  Anderson  localization[13].  Mean-
while,  the  introduced  defects  cause  new  energy  levels  locat-
ing  in  the  bandgap,  and  contribute  intensively  to  the  trans-
port  behavior,  mostly  by  tuning  carrier  concentration[14].  Al-
though  several  avenues  have  been  explored  to  involve  the
point  defects  in  functional  material  matrix  (e.g.,  non-stoi-
chiometric growth), it is worth mentioning that the light ion ir-

radiation  still  has several  merits,  as  follows:  a)  High  through-
put  and  reproducibility;  b)  Precise  control  of  the  density  of
generated  defects and  their  depth  profile  by  tuning  the  im-
plantation  fluence  and  energy;  c)  Flexible  pattern  for  devices
by  combining  conventional  semiconductor  industry  tech-
niques. For instance, by combining the photolithography and
mask,  the ultrahigh dense mid-submicrometre pixelation was
achieved for augmented reality[15].

In  this  short  review,  we  will  only  focus  on  the  applica-
tion  of  light  ion  irradiation  in  tailoring  the  electronic  proper-
ties  of  emerging  functional  materials[16–19] and  in  modifying
the  dynamic  performance  of  semiconductor  power  devi-
ces[20, 21]. The other applications, such as doping semiconduct-
ors and “smart cut” [22, 23], are not covered. 

2.  Manipulating defects in conventional and
novel functional materials

 

2.1.  Tuning the Fermi level in dilute ferromagnetic

semiconductors

Dilute  ferromagnetic  semiconductors  (DFSs)  have  been
viewed as the one of the most fancy topics in the past sever-
al  decades.  Due to the nature of hole-mediated ferromagnet-
ism  in  DFSs,  any  methods  used  in  tuning  carrier  concentra-
tion[24] (e.g.,  electrical  gating  or  co-doping)  can  be  used  to
modify  ferromagnetic  properties  or  explore  the  interplay
between electrical and ferromagnetic features. Thus, as expec-
ted, the light ion irradiation just fulfills the requirement of carri-

 

Fig. 1. (Color online) Schematic of the cross-section for electronic and
nuclear stopping processes as a function of ion energy[12].

 

 

Fig. 2. (Color online) Magnetic properties after introducing hole compensation by ion irradiation. The ion fluence was increased in linear steps.
(a),  (c),  and  (d)  show  the  temperature  dependent  magnetization  for  different  samples,  while  (b)  shows  the  magnetic  hysteresis  for  sample
Mn6ann  (GaMnAs)  for  various  ion  fluences.  The  temperature-dependent  magnetization  is  measured  at  a  small  field  of  20  Oe  after  cooling  in
field. One observes an increase in the coercive field HC when TC and the remanent magnetization decrease. The arrows indicate the increase of
DPA from 0 to 2.88 × 10−3. In each panel, the black line is the result for the nonirradiated sample. This figure is drawn from Ref. [16].
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er  density  modification[16, 25] by  compensating  carriers
through  introducing  deep  level  traps,  afterwards  creating  a
platform to understand the physics in DFSs.

Since the discovery of DFSs, the mechanism of hole-medi-
ated ferromagnetism has always been placed at the center of
the  argument,  where  the  competition  between p-d Zener
model  and  the  impurity  model  never  stops.  In  the p-d Zener
model the randomly distributed Mn moments are bridged by
the  itinerant  valence  band  holes[24],  while  the  localized  holes
in the isolated impurity band dominate the mediation accord-
ing  to  the  impurity  band  model[26].  Expectedly,  ion  irradi-
ation  allows  the  flexible  manipulation  of  carrier  concentra-
tion,  by  which  the  Fermi  level  could  be  shifted  in  a  large
range  from  the  valence  band  towards  the  bandgap.  This
helps a lot when exploring the interplay between carrier local-
ization  and  magnetism  in  DFSs.  Before  the  irradiation,  H+

plasma  is  initially  proposed  to  control  ferromagnetism  in
DFSs  by  Goennenwein et  al.[27]:  The  H+ plasma  successfully
drives the GaMnAs from ferromagnetic state with ~70 K Curie
temperature into paramagnetic state by compensating holes.
Enlightened  by  the  idea  of  H+ plasma,  light  ion  irradiation
was  utilized  to  intentionally  produce  the  tapping  defects  in
GaMnAs,  and  magnetization  and  magneto-transport  were
both manipulated[28]. In 2016, a more systematic picture in irra-
diated GaMnAs was depicted[16]: By increasing fluences, irradi-
ation results in a raised lattice disorder, quantified by displace-
ment per atom (DPA), leading to an enhanced carrier compens-
ation.  As  a  result,  the  system  changes  from  original  metallic
to  insulating  state,  confirming  the  gradual  departure  of  the
Fermi level from valence band into the bandgap[16].  For mag-
netic properties,  it  is observed that the saturation magnetiza-
tion, remanent magnetization as well as Curie temperature de-
crease  upon  increasing  DPA,  which  is  in  agreement  with  the
description of p-d Zener model. As shown in Fig. 2, the temper-
ature  dependent  magnetization  of  GaMnAs,  GaMnAs0.94P0.06

as  well  as  GaMnAs0.91P0.09 under  different  irradiation fluences
is displayed: upon increasing the DPA by raising irradiation flu-
ences, the temperature dependent magnetization curve gradu-
ally  deviates  from  the  mean-field  theory  described  convex
shape, which indicates that the system is away from the glob-
al  ferromagnetism.  It  is  worth  noting that  by  benefiting from
carefully tuning irradiation fluence, it is possible to capture de-
tailed  statues  of  the  whole  evolution  process,  which  further
helps when analyzing the correspondence between carrier loc-
alization and magnetization reduction. As a result of the irradi-
ation induced hole-compensation,  the  Fermi  level  shifts  back
to  the  bandgap,  while  magnetism  is  gradually  deviated  from
the  global  ferromagnetism  due  to  the  weakened  hole  medi-
ation. Consequently, the nano-scaled electronic phase separa-
tion appears and the long-range ferromagnetic coupling is in-
terrupted.  In addition to the reduced magnetism, it  has been
also verified that the uniaxial  magnetic anisotropy is manipu-
lated by irradiation, through shifting the Fermi level between
the splitting valence band[25]. The successful anisotropy modi-
fication again confirms the validation of p-d Zener model.

Besides the most widely studied GaAs based DFSs, the pro-
ton irradiation can also stabilize the Fermi level in relatively dif-
ferent  positions  in  the  bandgap  in  various  III–V  matrixes[29].
Therefore, it is easy to imagine that the same irradiation condi-
tion would perform different  compensation effects  in  various
matrixes,  further  contributing  discriminately  to  the  magnet-

ism manipulation.  As expected,  the above-mentioned deduc-
tion  was  confirmed by  our  previous  work  that  the  same DPA
results  in  the  different  magnetism-modification  in  GaMnAs,
InMnAs  and  GaMnP.  As  shown  in Fig.  3,  the  DPA  dependent
saturation  magnetism  and TC curves  show  different  slopes,
which  unambiguously  confirms  that  the  produced  defects
work differently in different III–Mn–V compounds.

In addition to the dilute magnetic semiconductors whose
properties are strongly coupled by carriers, plenty of novel pro-
posed functional materials also require such a method of carri-
er-modulation.  In  particular,  the  recently  exotic  topological
properties  in  various  topological  materials  are  also  reflected
through  electrical  carriers;  therefore,  the  ion  irradiation
would definitely be an ideal tool for investigation. 

2.2.  Generating potential disorder in topological

materials

In  addition  to  modifying  the  Fermi  level  by  introducing
carrier  compensation,  in  some  cases,  the  structural  or  poten-
tial disorders caused by irradiation induced defects can signific-
antly  influence  electrical-transport  properties,  even  though
the  carrier  concentration  remains  constant[30].  With  the  pres-
ence  of  disorder,  the  mean  free  path  is  disturbed  due  to  the
break  of  long-range  Bloch  extended  potential,  and  con-

 

Fig. 3. (Color online) (a) Curie temperature (TC), (b) saturation magnetiz-
ation (MS) as well as (c) coercive field (HC) for the magnetic easy axis at
5 K versus DPA for (Ga,Mn)As (squares), (In,Mn)As (circles) and (Ga,Mn)-
P (triangles)[17].
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sequently  the  effect  of  Anderson  localization  is  largely  en-
hanced  and  carriers  become  more  localized[31].  In  some  sys-
tems, both the carrier compensation and potential disorder co-
operatively change magneto-transport properties. Thus, ion ir-
radiation can be employed as  a  useful  tool  to investigate the
above mentioned two contributions, particularly in recent to-
pological insulators/superconductors[18, 32, 33].

Δ(/B)

By  borrowing  the  concept  of  Fermi  level  tuning  in  DFSs,
the  validity  of  manipulating  carrier  type  or  concentration
through irradiation in a  canonical  topological  insulator  Bi2Te3

has  been  tested[18]
. Upon  increasing  electron  irradiation  flu-

ences, the up-shift of the Fermi level is clearly observed togeth-
er  with  a  turnover  of  conductivity  from  p  to  n  type.  The  de-
tailed evolution of the electrical transport behavior can be ex-
plored by Shubnikov-de-Haas (SdH) oscillation which is popu-
lar in systems with high carrier mobility. With increasing mag-
netic  field,  the  movement  of  spin-split  Landau  levels  causes
the periodical oscillation of resistance, including both longitud-
inal resistance (ρxx) and Hall resistance (ρxy). By carefully analyz-
ing  the  period  and  magnitude  of  the  oscillation  through  fast
Fourier  transformation,  it  is  possible  to  obtain  the  effective
mass, the carrier density, as well as the mean free patch accord-
ing to  the standard Lifshitz-Kosevich theory[34].  The SdH peri-
od  is expressed as Eq. (1): 

Δ ( 
B
) = πe

h̷SF
= eh̷
mcεF

, (1)

SF is  the  cross  section  of  the  Fermi  surface  perpendicular  to

h̷
εF

the  direction  of  the  field B, mc is  the  cyclotron  mass,  is  the
Planck  constant,  and  is  the  Fermi  energy  (measured  from
the  band  edge).  The  standard  Lifshitz-Kosevich  theory  is  de-
scribed as Eq. (2): 

Δρxx ( TB ) = αT
Bsinh(αT/B) , (2)

α = πmckb
h̷e

τD
ln [ΔρxxBsinh( αT/B )] ∝ πmc/ (eτDB) /B

where .  This  equation  allows  for  the  extraction  of
mc.  As  shown in Fig.  4(a),  with  the  dependence of  irradiation
fluences  from  8.5  to  370  mC/cm2,  the  oscillation  of ∆ρxx (ob-
tained  by  subtracting  the  background  magnetoresistance)  is
tuned  and  accordingly  the  carrier  concentration  changes
from 4.3  × 1018 (hole)  to  –1.6  × 1018 cm–3 (electron),  present-
ing the donor characteristic of electron irradiation induced de-
fects  which  are  computationally  assumed  as  Te  vacancy
clusters  and  TeBi antisite  defects[35, 36].  It  is  worth  noting  that
the donor-like defects are produced not only by electron irradi-
ation but similar phenomenon has also been observed in pro-
ton irradiated Bi2Te3 as early as in 1966, although at that time
the  Te  interstitial  was  deduced  as  the  origin[37] and  sub-
sequently  observed  by  transmission  electron  microscopy[38].
However,  there  is  a  strong  distinction  of  the mc values  from
samples  irradiated  to  230  and  370  mC/cm2.  Moreover,  as  de-
scribing  by  the  Dingle  plot,  the  field  dependent  oscillation
amplitude  could  determine  the  Dingle  scattering  time  by
plotting  versus  under
determined T, as shown in Fig. 4(d). The mean free path l is de-
scribed  as  Eq.  (3)  and  such  a  value  is  also  modified  upon  in-

 

 

Fig. 4. (Color online) (a) Oscillating part of the resistivity ∆ρxx at 1.9 K for B∥c as a function of the inverse magnetic field 1/B for different irradi-
ation doses. (b) Temperature dependence of the oscillation amplitude with solid lines representing the fits obtained using the equation of Eq.
(2). Different symbols correspond to the analysis of different Landau levels (i.e., peaks at different 1/B positions). To compare the temperature de-
pendence of different peaks, the oscillation amplitudes have been normalized to the value of the fit for 1/B → 0. (c) Cyclotron masses mc as func-
tion of the inverse oscillation period [∆(1/B)]–1.  (d) Dingle plots at T = 1.9 K and inset showing the mean free path l as a function of irradiation
doseQ[18].
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creasing the irradiation fluence Q. 

l = vFτD, (3)

vF
εF = mcv


F



where the  is the Fermi velocity which is calculated by con-
sidering Eq. (1) and .  As shown in Fig.  4(d),  the mean
free path l is also modulated by light ion irradiation. It can be
concluded  that  the  modification  of  carrier  concentration  by
ion  irradiation  works  not  only  in  semiconductors,  but  also  in
high mobility topological materials, which expands the applica-
tion matrix of ion irradiation.

Following the above discussion, the irradiation induced de-
fects  not  only compensate carriers,  but  also produce electric-
al  disorder  which violates  the highly  ordered Bloch potential.
It is well-known that in a material with low mobility, the contri-
bution  of  compensation  is  mainly  in  charge;  however,  in  a
high  mobility  system,  the  disorder  effect  starts  to  dominate.
As  described  in Fig.  4(d),  the  mean  free  path  reduces  in  half
and saturates when the fluence is 43 mC/cm2, which is indicat-
ive  that  the  contribution  of  electrical  disorder  is  comparable
with that from the Fermi energy shift. Subsequently, such a dis-
order  is  treated  as  a  meaningful  tool  to  investigate  the  dis-
order  contribution  in  other  topological  materials,  such  as
NbxBi2Se3

[39] and  Sn1–xInxTe[32].  For  instance,  according  to  the
study by Smylie et al.[39],  due to the symmetry-protection, the
superconducting state in doped topological NbBi2Se3 surpris-
ingly  presents  its  robust  resistance  to  disorder-induced  elec-
tron  scattering,  which  is  introduced  by  irradiation.  As  shown
in Fig.  5,  although  the  superconducting  transition  temperat-
ure TC is  gradually  suppressed  upon  raising  proton-irradi-
ation fluences, both pristine and irradiated samples show quad-
ratic dependence of London penetration depth versus temper-
ature.  This  always  happens  in  a  clean  system  with  linear
quasi-particle dispersion around the point nodes in the super-
conducting gap[39]. This result suggests that all samples are nat-
urally  clean,  even  though  they  have  been  irradiated  under  a
variety of fluences. This is indicative of the appearance of the sym-
metry protected point nodes in NbxBi2Se3. With the aid of irra-
diation,  such an unexpected phenomenon was first  seen and
demonstrated  the  robustness  of  unconventional  supercon-
ductor  against  the  non-magnetic  disorder,  which  means  that
the  topological  superconducting  can  be  achieved  in  rather
dirty systems.

According to this  description,  the ion irradiation is  useful
in  modifying  physical  properties,  which  is  related  in  carrier
density in various functional materials. This carrier compensa-
tion  contribution  is  strongly  expected  in  application,  due  to
its  flexibility  and  manipulability.  Therefore,  in  the  next  sec-
tion,  the  employment  of  compensation  caused  by  irradiation
will  be  reviewed  in  improving  the  performance  of  electrical
and electronic devices. 

3.  Manipulating the dynamic properties in
semiconductor power devices

The  explosion  of  electric  power  employment,  particu-
larly the preliminary success of electric-vehicles, is raising the un-
precedented  demand  for  p–n  diode  power  devices.  The
switching  speed  (in  particular  switch-off)  of  these  devices  is
becoming  crucial  for  evaluating  the  comprehensive  perform-
ance,  particularly  in  high-frequency  applications.  The  switch-
off  process  can  be  described  as  follows:  when  the  opposite

voltage  is  applied  in  the  p–n  diode,  current  flows  through
the  diode  in  the  opposite  direction  and  spends  some  time
to arrive at the stable state. During this process, the free minor-
ity  carriers  are  first  neutralized  in  both  p  and  n  regions  and
subsequently the carriers start to move and construct the de-
pletion  region.  Accordingly,  the  whole  period  is  called  re-
verse recovery time and decides the switch-off speed. The ex-
pectation  of  improving  dynamic  performance  starts  the  em-
ployment  of  light  ion  irradiation  technique  to  tune  the  life-
time  of  the  carriers.  Although  some  conventional  ap-
proaches  such  as  diffusion  life-killers  have  been  maturely
used in Si-based power devices, some shortages (e.g., short dif-
fusion  length  or  low  sensitivity)  still  prohibit  their  utility  in
SiC-based devices[40]. Additionally, by carefully playing the irra-
diation energy combined with photolithography, the ion irradi-
ation allows precise and flexible modulation of carrier recom-
bination  in  both  in-plane  and  depth  profile  at  micro-  or
nano-scale. However, the speed up of the device achieved by
this  approach  is  always  accompanied  with  the  sacrifice  of
blocking voltage, carrier mobility, and some other on-state stat-
ic performance due to introduced defects (e.g., increasing the
leakage and forward voltage)[21, 41, 42]. Unfortunately, this mod-
ulation  is  treated  as  a  trade-off  between  static  and  dynamic
prerequisites.  Nevertheless,  part  of  irradiation  caused  defects
can  still  be  cured  by  thermo-treatments,  which  will  partly  re-
call the device statue before the irradiation[43]. As a result, the
competition  playground  of  irradiation  vs.  thermo-treatment
works flexibly to track the optimal device performance. As dis-
cussed  in  former  sections,  various  types  of  defects  appear  in
the  irradiated  Si  and  SiC  matrix,  whose  influence  on  the
device  performance  varies,  which  will  be  mainly  discussed  in
the next sections. 

3.1.  SiC semiconductor and SiC power device

Distinctive  sets  of  defects  in  SiC  are  produced  by  irradi-
ation,  and  the  deep  level  transient  spectrum  (DLTS)  is  often

 

Fig. 5. (Color online) Low-temperature variation of the London penetra-
tion depth Δλ(T) in a single crystal of NbxBi2Se3 for multiple values of cu-
mulative irradiation dose vs reduced temperature squared (T/TC)2. The
linear fits (red, black lines) indicate quadratic behavior. As the dose in-
creases, the temperature dependence remains quadratic, indicative of
point nodes in the superconducting gap. Data are offset vertically for
clarity of presentation. The top axis shows the corresponding T/TC val-
ues[39].
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employed  to  identify  deep  level  defects.  As  shown  in Fig.  6,
Hazdra et  al.’s  results  are  present  in  fast  neutrons,  electrons,
protons  as  well  as  carbon  ions  irradiated  n-type  4H-SiC[44],
and  different  deep  traps  are  introduced  in  the  bandgap.  As
shown  in Fig.  6,  the  E3 and  E2 deep  levels  are  mainly  caused
by fast neutrons (1 MeV, 7 × 1013 cm–2), carbon ions (9.6 MeV,
3  ×  109 cm–2)  as  well  as  electrons  (4.5  MeV,  5  ×  1014 cm–2),
while  the  Z1/2 trappers  are  caused  by  proton  irradiation
(670 keV, 7 × 109 cm–2). The origin of this distinction is the dif-
ferent  collision  effect  between  the  implanted  ions  and  the
host  matrix,  which  comes  from  the  different  nuclear  stop-
ping ability  of  elemental  atoms in various semiconductors[11].
As a result, various defect complexes that consist of various ele-
mental  vacancies  appear  in  the  material[45, 46],  and  accord-
ingly  the  induced  traps  are  located  in  different  levels  in  the
bandgap[47, 48].  Most  of  them  work  as  carrier  trap  centers  in
the  matrix  and  reduce  the  lifetime  of  carriers,  whereas  only
the  thermo-stable  ones  are  preferential  when  being  con-
sidered  functionally  and  stably  in  device.  Many  researchers
have focused on the thermo-behavior of various traps, and fi-
nally  the  Z1/2 is  successfully  qualified  because  of  its  persist-
ence  at  temperatures  even  above  2000  °C[49−51].  Additionally,
the  advantage  as  a  prominent  lifetime  monitor  also  places
Z1/2 in  the  center  of  the  lifetime  engineering  stage[52].  From
the  fundamental  research  point  of  view,  plenty  of  efforts
have  been  made  to  clarify  the  birth  of  Z1/2 defects  and  vari-
ous  hypothesizes  have  been  proposed.  In  the  very  early
stage, the Z1/2 defects were found in nitrogen doped SiC, and
the correlation between the trap density and N dopant was de-

duced[53].  Accordingly  the  most  proper  candidate  model  of
Z1/2 trap  was  formulated  as  the  configuration  of  an  nitrogen
atom neighboring with dicarbon interstitials[54].  However,  the
subsequent  experiment  ruled  out  such  an  assumption  in
terms of observing the dependence of Z1/2 concentration in P
doped SiC  when the  density  of  doping phosphorus  is  almost
one  magnitude  higher  than  that  of  nitrogen.  Interestingly,
this  experiment  excluded  the  possible  participation  of  nitro-
gen in  the  complex[55].  According to  subsequent  studies,  it  is
found  that  the  Z1/2 defect  is  a  kind  of  intrinsic  defect  com-
plex in the SiC matrix and it is caused by two possible configur-
ations:  (i)  silicon  vacancy  combined  with  carbon  interstitial
(Siv+Cint) or (ii) carbon vacancy neighbored with silicon intersti-
tial  (Cv+Siint).  Experimental  results  increasingly  favor  the  lat-
ter  model,  such as  by carbon implantation[56] or  annealing of
electron  irradiated  SiC.  Even  though  a  lot  of  attentions  have
been  paid  to  this  topic,  the  clarification  of  the  Z1/2 defect  is
still  limited. Nevertheless,  this does not shake its role as carri-
er life-time manipulator in SiC devices.

To modulate the carrier lifetime, several approaches have
been  employed  to  demonstrate  or  excavate  the  function  of
Z1/2 before the light ion irradiation technique is imported: the
annihilation of Z1/2 defects extends the carrier lifetime. For in-
stance,  several  studies have shown that the carrier  lifetime in
carbon-implanted SiC is increased by high temperature anneal-
ing[56, 57].  The lifetime was also pronouncedly enhanced in as-
grown  SiC  layers  by  high  temperature  annealing[50].  In addi-
tion,  another  alternative  method  to  promote  the  lifetime
through  killing  Z1/2 is  the  thermo-oxidation.  For  example,  ac-

 

 

Fig. 6. (Color online) DLTS spectra of 4H-SiC n-type epilayer irradiated with (a) fast neutrons, (b) 4.5 MeV electrons, (c) 670 keV protons, and (d)
9.6 MeV carbon ions. First temperature scan, rate window 4.1 s−1 (neutron, proton and carbon irradiation) and 56 s−1 (electrons) [44].
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cording  to  studies  from  Kimoto,  through  eliminating  the  Z1/2

density, carrier lifetimes were prolonged from 1.1 and 0.73 μs
to  33.2  and  1.62 μs,  respectively,  by  thermo-oxidation[43, 58].
In contrast,  it  is  also meaningful  to intentionally  build up Z1/2

defects  in  some cases  where a  short  lifetime is  required (e.g.,
high frequency p–n junction). As shown in Fig. 6, the proton ir-
radiation  (sometimes  electron  irradiation)  that  is  an  effective
way  for  producing  Z1/2 is  strongly  recommended.  Actually,  a
series  of  defects  are  produced by  proton irradiation together
with  Z1/2 trap,  as  displayed  in Table  1.  However,  mainly  the
Z1/2 and EH6/7 can survive after the subsequent low temperat-
ure annealing and they improve the performance of p–n junc-
tion  SiC  device[20, 59].  As  shown  in Fig.  7,  several  signals  at
around 300,  440,  570 and 660 K appear  in  irradiated samples
but  are  absent  in  the  as-grown  one,  confirming  the  vacancy-
production via proton irradiation. Although the subsequent an-
nealing  cures  the  defects  of  EH1 and  EH3,  intensive  Z1/2 and
EH6/7 peaks  still  can  be  observed  at  around  300  and  660  K,
which definitely verifies their thermo-stabilization, and thus de-
termines their qualification as lifetime tailors.

Z1/2 locates at about 0.44 eV below the bottom of the con-
duction band,  acting as  the  main  local  lifetime killer  in  terms
of its large capture cross section for both electrons and holes.
When Z1/2 centers are placed in the n-region of p–n diode junc-
tion,  the  electrons  (majority  carriers)  are  strongly  com-
pensated  in  the  defect-profiled  space,  therefore  speeding  up
the  device  turn-off  process.  On  the  basis  of  the  study  from
Hazdra et  al.[20, 59],  the  proton  irradiated  10  kV/2  A  PiN  diode
SiC  chip  under  fluence  of  1  ×  1011 cm2 at  an  800  keV  energy
presents 2.5 times reduction of reverse recovery charge when
compared  with  the  unirradiated  one.  As  shown  in Fig.  8,  it  is
seen  that  the  maximum  of  the  reverse  recovery  current  cuts
in  half  accompanied  with  a  faster  and  softer  switch-off,  even
though the subsequent annealing partly compensates the irra-
diation  contribution.  In  addition  to  reverse  recovery  wave-
forms,  the  open  circuit  voltage  decay  (OCVD)  is  also  em-
ployed  to  evaluate  the  high-level  lifetime  (τHL)  that  is  calcu-
lated  from  the  slope  of  dV/dt response,  which  manipulates
the  time  dependent  term  of  the  post  injection  voltage[65].  As
shown  in Fig.  9,  the  irradiated  device  exhibits  a  larger  slope
in  the  quite  initial  recovery  part,  while  it  negligibly  contrib-
utes  to  the  slope  of  the  rest  part.  According  to  the  inset  of
Fig.  9,  upon  increasing  the  irradiation  fluences  to  1  ×  1010

cm–2,  the τHL is  successfully  tuned  from  around  2.8 μs  down
to around 1.6 μs,  but it  saturates when the fluence continues
to increase.  Note that to achieve such fast  switch-off,  it  is  ne-
cessary to place the defected region at  the anode side of  the
n-base  in  the  PiN  structure,  which  is  similar  as  in  silicon-
based p–n junction and will be reviewed in the next section.

In  addition  to  the  most  wanted  Z1/2-type  defect,  the  SiC
based  p–n  device  is  unavoidably  affected  by  other  various
type  defects,  of  which  the  most  crucial  one  is  EH6/7,  whose
thermo-stabilization is at the same level as Z1/2.  EH6/7 lies 1.64
eV  below  the  bottom  of  conduction  band  (even  in  the  cen-
ter of the bandgap), which is much deeper than Z1/2. As a con-

Table 1.   Parameters for proton irradiation induced deep levels in n-
type SiC.

Level Energy (eV) Ref.

T1 EC – 0.17 [20, 60]
EH1 EC – 0.42 [20, 59, 61, 62]
Z1/2 EC – 0.66 [20, 43, 50, 57, 59, 63]
EH3 EC – 0.72 [20, 44, 59, 62]
EH5 EC – 0.80 [49]
T2 EC – 1.41 [60]
EH6/7 EC – 1.64 [49, 64]

 

Fig.  7.  (Color  online)  DLTS spectra  of  n-base  of  the  4H-SiC  PiN diode
measured before (black thin) and after (short-dashed) irradiation with
800 keV protons  to  a  fluence of  5  ×  109 cm–2  and after  annealing at
370 °C (red thick)[59].

 

Fig. 8. (Color online) Reverse recovery of the 2 A/10 keV SiC PiN diode
measured before (solid line) and after irradiation (dashed-dotted line)
with  800  keV  protons  to  a  fluence  of  1  ×  1011 cm–1  and  after  sub-
sequent 1 h annealing at 370 °C (dash line) [20].

 

Fig. 9. (Color online) Measured OCVD response of 4H-SiC PiN diodes irra-
diated with different fluences of 800 keV protons.  The value of high-
level  lifetime τHL (extracted  at t =  3 μs)  for  different  irradiation  flu-
ences are shown in the inset[59].
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sequence,  they  work  as  charge producer  in  the  space charge
region, leading to the diode leakage (off state losses) in irradi-
ated  devices.  Another  negative  effect  brought  by  deep  level
traps  is  the  increase  of  the  forward  voltage  drop  due  to  the
compensation induced electron reduction, which has been ob-
served in a set of various SiC based devices, e.g. PiN diode[20],
MPS  power  diode[21] as  well  as  JBS  diode[42, 44].  In  summary,
when  the  proton  irradiation  is  employed,  it  is  necessary  to
trade  off  the  balance  between  dynamic  and  static  perform-
ance according to the requirement. 

3.2.  Si semiconductor and Si power device

Despite  the  fact  that  many  alternative  candidates  (e.g.,
SiC  or  GaN)  have  been  attracting  attention,  silicon  still  occu-
pies the main part of power device market due to its mature in-
dustrial process. Thus, it is meaningful to review the manipula-
tion  of  silicon  as  well  as  the  corresponding  device  modified
by light ion irradiation. Indeed, the irradiation contribution to
silicon  devices  initiated  the  followed-up  activities  in  SiC  di-
odes,  including  IGBTs[66],  PiN  diode  power  device[67−69],  as
well  as  power  thyristors[70, 71]:  tuning  the  lifetime  of  majority
carriers through producing deep level traps. According to stud-
ies  in  the past  several  decades,  irradiation induced defects  in
silicon have been fully explored, such as E1,  E2,  E3,  E4,  E5,  E6 as
well as E7, and detailed information is displayed in Table 2. As
discussed  in  former  sections,  the  capture  cross  section  and
thermo-stability  are  both  treated  as  key  criteria  to  evaluate
the  ability  as  lifetime-modulator.  Overall,  two  types  of  de-
fects  that,  respectively,  locate  0.167  eV  (from  vacancy–oxy-
gen  pair  VO–/0,  defined  as  E1)  and  0.436  eV  (from  divacancy

V2
–/0,  defined  as  E5)  below  the  bottom  of  conduction  band

are  most  important  for  tuning  carrier  lifetime.  As  shown  in
Fig.  10,  the  lighter  proton  contributes  less  E5 defects  when
compared  with  the  He  irradiation.  This  phenomenon  is  ex-
plained  by  the  fact  that  the  light  projectiles  (e.g.,  protons  or
electrons)  produce  fewer  complex  defects  (e.g.,  interstitials
and  vacancies),  which  subsequently  neighbor  with  impurit-
ies and form vacancy-impurity complexes. Meanwhile, the diva-
cancies are more probable to give birth under heavy ion irradi-
ation[69].  Moreover,  as shown in Fig. 10, E1 and E5 both exhib-
it  pronounced  thermo-stability,  presenting  their  possible  use
as majority carrier life-time manipulators.

The  exploration  of  tuning  life-time  in  silicon  p–n  type

 

 

Fig. 10. (Color online) Majority carrier DLTS spectra of P+PN–N+ diode measured after (a) He+ irradiation and (b) H+ and isochronal 40 min anneal-
ing at 220 and 350 °C, rate window 260 s–1 [69].

 

Fig.  11.  (a)  Current  reverse  recovery  characteristics  of  diodes  irradi-
ated by 500 keV (3 × 1014 cm–2) and 4 MeV (2 × 1013 cm–2) electrons (sol-
id  thin)  and  H+/He2+ ions  (fluence  5  ×  1012 /  5  ×  1011 cm–2 ,  thick
solid/dashed);  (b)  current  (solid)  and voltage (dashed)  reverse recov-
ery characteristics of the unirradiated diode and diodes irradiated by 4 MeV
(2 × 1013 cm–2) electrons and H+ ions (fluence 5 × 1012 cm–2)[73].

Table 2.   Survey of deep level electron traps identified in proton and
He irradiated silicon[69, 72].

Level Bandgap
position (eV)

Capture cross
section (cm2) Identity

E1 EC – 0.167 σn = 4 × 10–15 VO(–/0)+Ci–Cs
 (–/0)

E2 EC – 0.213 σn = 1 × 10–14 ? (H-related)
E3 EC – 0.252 σn = 7 × 10–15 V2

=/–

E4 EC – 0.312 σn = 4 × 10–15 VO–H
E5 EC – 0.436 σn = 3 × 10–15 V2

–/0

E6 EC – 0.463 σn = 2 × 10–16 H-related (V2H)
E7 EC – 0.507 σn = 6 × 10–17 ? (H-related)
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device has been performed in the past  decades.  As  shown in
Fig.  11,  when the irradiation project  range is  placed in  differ-
ent  depth  (e.g.,  the  anode  side  of  the  junction  inside  (out-
side)  of  the  space  charge  region)  and  the  N  base  side  of  the
junction,  their  distinct  contribution  works  on  the  lifetime  of
the  p–n  device[73].  Due  to  the  nature  of  produced  electron
traps, it is expected that an optimal manipulation would hap-
pen when the projects range locates in the N base. This expect-
ation was subsequently verified in many studies. As shown in
Fig.  11,  with both irradiation with proton and alpha particles,
the  measured  reverse  recovery  waveforms  of  irradiated
devices  indicate  that  the  sloping  lifetime  is  obviously  re-
duced by irradiation and furthermore results  in  the speed-up
of the switch-off process[67, 69, 72, 73].

The  trade-off  that  happens  in  SiC  devices  is  also  inevit-
able  in  Si:  the  fast  switch-off  process  is  always  accompanied
with  the  sacrifice  of  forward  voltage  and  current  leakage.  Of
all  generated  defects,  E5 is  always  treated  as  the  charging
role who is responsible for the leakage, which is attributed to
its location in the middle of the bandgap[74]. As a result, the ir-
radiation  with  lighter  ions  (e.g.,  protons  or  electrons)  is  pre-
ferred  due  to  the  less  presence  of  E5 defects  to  balance  the
trade-off between the dynamic benefit and static sacrifice. Af-
terwards,  solving this  challenge by modifying the other func-
tion  part  in  the  device  (e.g.,  a  novel  electrode)  was
explored[75−77]. The aim is to improve the ohmic contact by us-
ing  a  very  low  resistance  electrode  at  the  anode,  which  can
partly  compensate  the  sacrificed  static  characteristics  in-
duced  by  irradiation.  According  to  studies  from  Vobecky et
al.,  replacing  the  conventional  aluminum  or  Ti–Ni–Ag  elec-
trode by platinum-silicide compound at the anode region out-
standingly  improves  the  drawback  of  raised  leakage  current
and  forward  voltage.  Actually,  such  a  PtSi  electrical  contact
could  be  achieved in  a  number  of  ways,  such as  the  conven-
tional  platinum  diffusion[78] or  the  proximity  gettering[79].  As
shown in Fig. 12, it is easy to note that according to the com-
parison  between  devices  with  PtSi+Al  and  Al+Al  electrodes,
the  leakage  current  of  device  involved  with  PtSi  contact  was
largely  suppressed,  which  is  even  comparable  with  the  value
of  un-irradiated  device.  Most  importantly,  the  charge  carrier
life-time  remains  constant,  which  means  that  the  novel  elec-
trode does not negatively affect the dynamic properties. In ad-

dition to the reverse current,  the drop of the forward voltage
is  also  partly  cured  by  the  involvement  of  PtSi  anode  elec-
trode.  As  displayed  in Fig.  13,  this  trade-off  phenomenon  is
nicely  elaborated  by  forward  voltage  drop  versus  turn-off
losses in both low (1 A/cm2) and high (50 A/cm2) current dens-
ity  cases:  upon  increasing  the  irradiation  energy,  the  turn-off
loss  reduces  meanwhile  the  forward  voltage  drop  increases.
However,  it  is  worth  noting  that  by  employing  the  PtSi  an-
ode,  the  drop  of  voltage  remains  constant,  although  the
turn-off  loss  decreases  till  2.2  and 10  mJ  under  the  current
densities of 1 and 50 A/cm2, respectively. For the double Al an-
ode samples,  the voltages  start  to  dramatically  raise  at  4  and
80  mJ  which  are  two  and  eight  times  higher  than  the  values
of  PtSi  anode-equipped  sample.  By  considering  the  absolute
value  of  voltage  drop,  the  compound  anode  also  shows  out-
standing performance, in which the PtSi device irradiated un-
der highest fluence presents similar voltage drop level (around
1.1 V in both low and high current density cases) as in unirradi-
ated  devices  using  Al  electrodes,  as  shown  in Fig.  13.  There-
fore,  it  can be concluded that the employment of  such novel
anode  would  improve  the  static  performance  in  SiC  based
devices.

Finally,  it  is  worth  noting  that  herein  we  only  reviewed
the application of ion beams in two types of functional materi-
als  and  semiconductor  devices.  The  ion  beam  only  provides
an avenue for modifying Fermi level in materials, and it could

 

Fig. 12. The reverse I–V curves measured at 30 °C of the unirradiated
and  not  annealed  device  (Untreated),  the  irradiated  double  Al  elec-
trode devices with He energy of 11 MeV and dose of 1 × 1010 cm−2 (He
irradiation),  and  the  PtSi  +  Al  electrode  devices  with  He  energy  of
10 MeV and doses of 1 × 1012 and 1 × 1013 cm−2, both annealed at 700
°C for 20 min (Pt gettering)[76].

 

Fig. 13. Trade-off between the ON-state voltage drop at 100 A and the
turn-OFF losses measured at (a) VDC = 500 V, JF = 1 A/cm2 and (b) JF =
50 A/cm2 for  unirradiated and helium irradiated devices whose elec-
trodes  are  PtSi  and  Al.  The  irradiation  energies  are  5.8  MeV  (open
squares)  and  10  MeV  (open  circles)  for  the  sample  with  PtSi  anode
and 7.1 MeV (solid squares) and 11 MeV (solid circles) for the sample
with Al anode[75].
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be  expanded  in  any  other  materials.  It  could  be  utilized  as
long  as  various  new  functional  materials  are  developed;  for
example  the  ion  beam  modification  is  recently  employed  in
very hot 2D materials[80, 81] and semiconductor quantum com-
putation fields[82−84]. In particular, for some novel semiconduct-
ors  or  corresponding  p–n  devices  (e.g.,  Ga2O3 which  recently
became  attractive  because  of  its  ultra-wide  bandgap  charac-
teristic)[85−88] the  ultra-high  bandgap  allows  for  huge  sacri-
fice space for static performance. Therefore, it leaves lots of po-
tential  to  improve  the  dynamic  performance  by  irradiation.
Consequently,  material  modification  by  ion  beams  in  more
novel functional materials can be expected. 

4.  Summary

In  summary,  the application of  light  ion (proton or  alpha
particle)  or  electron  irradiation  in  modulating  the  properties
of both novel functional materials and PIN power devices has
been  systematic  reviewed.  By  properly  employing  the  irradi-
ation-induced  defects,  which  generally  act  as  carrier  traps,  it
is  possible  to  precisely  tune  the  carrier  concentration.  This
compensation  can  be  used  to  study/tune  some  properties
that  are  determined  by  the  carrier  concentration  (e.g.,  the
Curie temperature, magnetization as well  as uniaxial magnet-
ic  anisotropy in  dilute  ferromagnetic  semiconductors  or  elec-
trical-transport  properties  in  topological  materials).  The  com-
pensation reduces the carrier’s life-time, which directly contrib-
utes  to  improving  the  dynamic  performance  of  Si  or  SiC
based  PiN  power  devices,  although  several  static  perform-
ance  parameters,  including  the  forward  voltage  and  current
leakage,  are  somehow  sacrificed.  Nevertheless,  this  trade-off
has  been  well  played  to  fulfill  different  application  require-
ments.  Considering  the  explosion  of  novel  functional  materi-
als  and the energy revolution,  it  is  believed that  the light  ion
irradiation  technique  will  find  favor  in  both  fundamental  re-
search and industrial applications. 
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