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Abstract: In this work, electrochemical metallization memory (ECM) devices with an Ag/AgInSbTe (AIST)/amorphous carbon (a-
C)/Pt  structure  were  irradiated  with  14  MeV  neutrons.  The  switching  reliability  performance  before  and  after  neutron  irradi-
ation was compared and analyzed in detail.  The results show that the irradiated memory cells functioned properly, and the ini-
tial  resistance,  the  resistance  at  the  low-resistance  state  (LRS),  the  RESET  voltage  and  the  data  retention  performance  showed
little degradation even when the total neutron fluence was as high as 2.5 × 1011 n/cm2.  Other switching characteristics such as
the  forming  voltage,  the  resistance  at  the  high-resistance  state  (HRS),  and  the  SET  voltage  were  also  studied,  all  of  which
merely  showed  a  slight  parameter  drift.  Irradiation-induced  Ag  ions  doping  of  the  a-C  layer  is  proposed  to  explain  the  dam-
aging effects of neutron irradiation. The excellent hard characteristics of these Ag/AIST/a-C/Pt-based ECM devices suggest poten-
tial beneficial applications in the aerospace and nuclear industries.
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1.  Introduction

Stringent  specifications  for  next-generation  non-volatile
memory  devices  have  been  imposed  to  overcome  the  ulti-
mate  limits  of  device  physics  and  concomitant  manufactur-
ing  technologies  of  conventional  Si-based  electronics[1−5].
One  promising  type  of  memory  device  employs  electroche-
mical  metallization  memory  (ECM),  which  has  recently  cap-
tured wide attention for its high storage density, fast program-
ming  speed,  and  ultra-low  power  consumption[6−12].  How-
ever,  in  extreme  environmental  conditions  such  as  those  en-
countered in applications for the aerospace industry and nuc-
lear  industry,  such devices  need to  be  strongly  reliable  when
subjected  to  cosmic  rays  and  nuclear  irradiation[13].  Because
of  their  neutral  charge,  neutrons–an abundant  constituent  of
cosmic  rays  and  nuclear  radiation-possess  very  strong  pene-
trability. During impact, neutrons collide with the atomic nuc-
lei  of  materials  with  damaging  consequences  and  thereby
threaten their integrity and ultimately the device structure[14].
Therefore,  thoroughly  investigating   the  effects  of  neutron
irradiation  on  the  resistive  switching  reliability  of  ECM
devices is quite necessary.

Previous  work  on  the  characteristics  of  irradiation-
hardened resistive switching memory devices is mostly based
on  gamma-ray  radiation[15−18].  The  work  demonstrated  that

the ECM devices have a high tolerance to ionizing irradiation,
even  under  total-ionizing-dose  exposures  exceeding  several
Mrad.  However,  for  valence-change  memory,  the  high-resist-
ance state (HRS) is more easily affected by exposure effects, es-
pecially when the scale of the cell is relatively large[19]. The vari-
ous  reports  highlighted  the  significance  of  material  selection
and  device  configuration  concerning  resistive  switching
memory  once applied in  irradiation-based systems.  However,
there  is  little  work  discussing  the  effects  of  neutron  irradi-
ation  on  the  resistive  switching  characteristics  of  ECM
devices.  Taggart  and  colleagues  reported  that  with  increas-
ing neutron fluence the Ag/GeSe-based CBRAM cells  became
irrecoverably  locked  into  their  final  resistance  state[20].  They
attributed  the  malfunctioning  of  memory  cells  to  displace-
ment  damage  effects,  which  create  significant  material
changes  in  the  electrolyte  layer,  greatly  inhibiting  the  mobil-
ity of Ag+ cations[20]. Indeed, Ag could dissolve into the chalco-
genide once the Ag/chalcogenide interface is irradiated[21], res-
ulting  in  a  change  in  resistance  of  the  memory  cells.  The
primary  cause  that  deteriorates  the  reliability  of  resistive
memory still needs to be investigated.

Our  previous  work  had  systematically  evaluated  the  per-
formance  of  Ag/AgInSbTe  (AIST)/amorphous  carbon  (a-C)/Pt-
based  ECM  devices.  These  devices  show  excellent  resistive
switching  uniformity  and  good  cycling  endurance[22].  In  this
work,  we  further  explore  this  highly  reliable  memory  device
to study the effects of neutron irradiation on its switching reli-
ability. The device performance before and after neutron irradi-
ation  was  compared  and  analyzed  in  detail.  The  irradiated
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devices function properly, without notable degradation, in re-
gard to the SET/RESET voltages, endurance, and retention char-
acteristics,  whereas  the  HRS  resistance  was  significantly  im-
pacted after irradiation. Furthermore, an Ag ion diffusion mod-
el is proposed to explain the neutron irradiation effects.

2.  Experimental section

Various  ECM  devices,  each  with  an  Ag/AIST/a-C/Pt  struc-
ture [Fig. 1(a)] were fabricated. The depositions of the a-C lay-
er and the AIST layer were done by RF magnetron sputtering
of pure graphite and AIST (1 : 1 : 1 : 1) targets at room temper-
ature. The thicknesses of the a-C and AIST layers were 20 and
15  nm,  respectively.  Finally,  the  top  electrode  metal  Ag  (50
nm)  was  thermally  evaporated  and  patterned  using  a  shad-
ow mask with a diameter of 200 μm. In addition, these fabric-
ated  devices  were  mounted  and  wire  bonded  into  ceramic
dual in-line packages [see Fig. 1(b)]. The neutron irradiation ex-
periments were conducted at the Institute of Radiation Techno-
logy  of  Northeast  Normal  University.  For  guaranteeing  the
working lifetime of our penning ion source neutron tube, the
yield  of  the  neutron  tube  was  adjusted  to  ~  5  ×  108 n/s.  To
achieve  a  series  of  different  neutron  fluences  [see Fig.  1(c)],
three  packaged  Ag/AIST/a-C/Pt  devices  were  fastened  in
three  different  positions.  These  packaged  memories  devices
were continuously irradiated for seven hours. Through simula-
tion  calculations,  the  total  neutron  fluences  of  the  devices,
here  labeled  D1,  D2,  and  D3,  were  estimated  at  approxim-
ately  2.5  × 109,  2.5  × 1010,  and 2.5  × 1011 n/cm2,  respectively.
A reference device, labeled D0, that was not irradiated by neut-
rons was used in comparisons with results. Then, these irradi-
ated  ECM  devices  were  tested  using  a  Keithley  2636A  source
meter.  The  current  flow  from  the  top  to  the  bottom  elec-
trode is defined as the positive direction.

3.  Results and discussion

First,  we  measured  the  initial  resistance  (IR)  for  15  ran-
domly selected devices from the four packaged ECM devices,
D0,  D1,  D2,  and  D3.  We  found  that  the  IR  of  the  ECM  cells
[Fig.  2(a)]  had  not  changed  significantly  and  remained  in  the
range  from  105 to  107 Ω.  As  the  resistance  of  the  Ag/AIST/a-
C/Pt  devices  mainly  depends  on  the  conductivity  of  the  a-C
film,  we  therefore  deduce  that  the  characteristics  had  not
changed  and  interior  structure  of  the  a-C  materials  had  not
been  damaged  after  neutron  irradiation.  Our  previous  re-
ports  had  shown  that  pristine  Ag/AIST/a-C/Pt  devices  need
a  forming  process.  For  the  four  device  packages  for  this
work,  we  collected  the  forming  voltage  of  each  tested  cell
[Fig.  2(b)].  Clearly,  the  forming  voltage  gradually  decreases
with  increasing  neutron  fluence.  The  forming  process  for  the

ECM devices has three main stages: Ag oxidation, Ag ions mi-
gration,  and  Ag  ions  reduction.  In  general,  Ag  oxidation  oc-
curs  readily  at  the  interface  of  Ag  and  the  chalcogenide  be-
cause  its  activation  energy  is  low[23].  Furthermore,  Danda-
mudi  and  colleagues  demonstrated  that  once  irradiated  the
Ag  atoms  spontaneously  diffuse  into  the  chalcogenide[21].
Therefore, we speculate that when the ECM devices are irradi-
ated, many Ag atoms of the top electrode are oxidized and dif-
fuse into the AIST layer, and even into the a-C layer, which ex-
plains why the forming voltage decreases.

From  the I–V curves  taken  from  the  four  different  ECM
devices  (Fig.  3),  we  see  that  our  devices  still  operate  nor-
mally  even  after  being  irradiated  with  a  total  neutron  flu-
ence  of  2.5  ×  1011 n/cm2.  To  prevent  the  tested  cells  from
hardening, a compliance current of 0.5 mA was subsequently
applied  during  the  SET  process.  To  observe  the  evolutionary
trend  of  the  resistive  switching  memory  clearly,  we  meas-
ured the values of  the characteristic  parameters  from 50 nor-
mal  cycles  for  D0,  D1,  D2,  and D3.  The HRS resistance,  for  in-
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Fig. 1. (Color online) (a) Schematic diagrams of Ag/AIST/a-C/Pt ECM device. (b) Photograph of packaged Ag/AIST/a-C/Pt ECM devices. (c) Three
devices were fastened in different positions to be exposed to different neutron fluences.

 

100

(a)

80

60

105 106

Initial resistance (Ω)

D0

D1

D2

D3

107

40

20

0

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il

it
y

 (
%

)

100

(b)

80

60

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Forming voltage (V)

40

20

0

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il

it
y

 (
%

)

D0

D1

D2

D3

Fig.  2.  (Color  online)  (a)  Initial  resistance  and  (b)  forming  voltage  of
the four types of packaged ECM devices, D0, D1, D2, and D3, respect-
ively.
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stance,  decreases  gradually  from  ~  4  ×  104 to  ~  6  ×  103 Ω
with  increasing  total  neutron  fluence  [Fig.  4(a)],  whereas  the
low-resistance-state  (LRS)  resistance  remains  almost  unchan-
ged.  Furthermore,  the  SET/RESET  voltages  [Fig.  4(b)]  show
either no really obvious variation or the number of subjects is
too small to yield reliable results for reference.

To reveal the variations in the resistive switching paramet-

ers,  we  randomly  chose  15  cells  from  each  ECM  device  pack-
age  to  perform  a  comparative  analysis.  The  cumulative
spread  of  HRS/LRS  values  [Fig.  5(a)]  show  that  the  median
value  of  the  HRS  resistance  indeed  decreases  along  with  in-
creasing  total  neutron  fluence;  this  behavior  is  consistent
with the conclusion from the cycle variations [Fig. 4(a)]. In ad-
dition,  the  cumulative  probability  of  SET/RESET  voltages
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Fig. 3. Typical I–V characteristics of D0, D1, D2 and D3.
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Fig. 4. (Color online) (a) HRS and LRS variations and (b) SET and RESET voltage variations of the ECM devices D0, D1, D2, and D3.
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[Fig.  5(b)]  show  that  the  median  value  of  the  SET  voltage  in-
creases  with  total  neutron  fluence.  Although  the  irradiated
ECM devices functioned properly, the values of the HRS resist-
ance and the SET voltage had however both changed, suggest-
ing  that  neutron  irradiation  may  have  had  an  impact  on  the
material properties of the ECM devices. Knowing that the neut-
ron  beam  penetrability  is  very  strong,  we  write  the  attenu-
ation process as[24]
 

Iout = Ie
−κd

, (1)

where I0 and Iout denote the incident and transmitted beams,
κ the attenuation coefficient  of  the material,  and d the thick-
ness  of  the  material  in  the  transmitted  direction.  With κ of
the  Ag  top  electrode  being  as  much  as  4.04, d is  merely  50
nm. Thus, very few neutrons are absorbed or scattered by the
top electrode during irradiation (<  0.01  %),  implying that  the
AIST  layer  and  the  a-C  layer  are  also  irradiated  with  almost
the  same  neutron  fluence.  The  neutrons  generated  from  our
penning  ion  source  neutron  tube  are  almost  fast  neutrons
(14  MeV),  which  on  impact  with  atomic  nuclei  of  the  irradi-
ated  material  undergo  inelastic  collision.  According  to  previ-
ous reports,  once irradiated, the Ag atoms spontaneously dif-
fuse into a chalcogenide to form Ag ions[21], which directly aug-
ment the Ag ion concentration in the AIST layer.  Therefore,  it
is  highly  possible  that  the  Ag  ions  continue  to  migrate  into
the  a-C  layer  through  inelastic  collisions.  Thus,  the  a-C  film
close to the AIST layer will be doped with Ag ions [Fig. 6(b)].

Figs.  6(b)–(d) illustrate  a  possible  mechanism  that  un-
derscore  the  effects  of  neutron  irradiation  on  resistive  swit-
ching  in  the  ECM  memory  devices.  During  the  SET  process

[Fig. 6(c)], the redox reactions of the Ag atoms take place and
induce Ag-ion migrations into the a-C layer, which then are re-
duced  to  Ag  atoms  on  the  surface  of  the  bottom  Pt  elec-
trode.  With the continuous accumulation of  Ag atoms,  an Ag
conductive  filament  is  formed.  The  LRS  resistance  mainly  de-
pends on the characteristics of this filament rather than the in-
sulating  material  (a-C  layer).  Therefore,  the  LRS  resistance  of
each  ECM  device  remains  unchanged  after  neutron  irradi-
ation  [Fig.  5(a)].  During  the  RESET  process,  the  Ag  atoms  of
the  filament  are  oxidized  and  migrate  back  to  the  top  elec-
trode.  In  general,  the  filament  ruptures  at  the  narrowest
point or at a location with maximum temperature[25−27]. Of in-
terest  is  the  low  thermal  conductivity  of  the  AIST  film,  which
results in low Joule heat diffusion at the AIST/a-C interface[28].
Therefore, the Ag conductive filament can rupture in the area
close  to  the  AIST/a-C  interface  [Fig.  6(d)],  forming  a  tunnel-
ing gap between the filament and the AIST layer.

From  previous  reports,  the  material  characteristics  of  the
gap determine the HRS resistance[29−31].  As mentioned above,
the a-C film near the AIST/a-C interface is doped with Ag ions
during neutron irradiation.  A larger total  neutron fluence res-
ults in a migration of more Ag ions. Hence, the dosage concen-
tration of  Ag ions in the a-C film increases with total  neutron
fluence  as  does  the  HRS  resistance,  which  explains  the  res-
ults  of Figs.  4(a) and 5(a).  In  addition,  the  SET  voltage  gradu-
ally increases with neutron fluence [Fig. 5(b)], the possible reas-
on being that  Ag ion scattering increases  when they migrate
into the a-C layer. Hence, a stronger electric field is needed to
drive  the  migration  of  Ag  ions,  thereby  resulting  in  a  higher
SET voltage[32−34].

 

100

50

0

100

50

0

100

50

0

100

50

0
300 400 104 105500

Resistance (Ω)

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
il

it
y

 (
%

)

(a)

HRS
LRS

100

50

0

100

50

0

100

50

0

100

50

0
−0.2 0.40.30.20.1−0.1

Voltage (V)

C
u

m
u

la
ti

v
e

 p
ro

b
a

b
li

ty
 (

%
)

(b)
V

SET

V
RESET

 

Fig. 5. (Color online) (a) Device-to-device variation of LRS/HRS resistances and (b) SET and RESET voltages. Data was obtained for 15 randomly se-
lected cells.
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Fig. 6. (Color online) Schematic diagrams of (a) the pristine ECM device, (b) the device after neutron irradiation, (c) the SET process, and (d) the RE-
SET process.
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From the discussion above, we can see that the Ag/AIST/
a-C/Pt  ECM  devices  operate  normally  even  during  neutron
beam irradiation.  Aside from the resistive switching paramet-
ers,  retention  performance  is  another  critical  reliability  issue.
From  the  retention  characteristics  of  both  HRS  and  LRS  for
the  four  ECM  device  packages,  D0–D3  (Fig.  7),  the  resistance
values  exhibit  neither  failure  nor  obvious  degradation  over
104 s, despite slight fluctuations in their resistance states, show-
ing  good  potential  retention  characteristics  of  non-volatile
storage.

4.  Conclusion

The  14  MeV  neutron  irradiation  effects  on  the  resistive
switching  reliability  of  Ag/AIST/a-C/Pt-based  ECM  devices
were  investigated.  We  tested  initial  resistance,  forming  volt-
age,  DC I–V curves,  HRS/LRS  resistance,  SET/RESET  voltage,
and  retention  performance  before  and  after  neutron  irradi-
ation at various total fluences. A slight parameter drift was ob-
served  in  the  forming  voltage,  the  HRS  resistance,  and  the
SET voltage, mainly through Ag ion injection into the a-C film
near  the  AIST/a-C  interface.  Our  ECM  devices  still  functioned
properly,  demonstrating  furthermore  a  robust  tolerance  to
neutron irradiation and great  promise in  applications in  both
aerospace and nuclear industries.
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