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Opening thoughts

Emerging issues in semiconductor plasma etch processing for next generation semiconductor devices
Bottleneck for predictable modeling of semiconductor plasma etch processing

Introduction to our 3D feature profile simulation for plasma processing

Development and applications of 3D feature profile simulator in plasma etch processing

Development of Plasma Reactor Modeling and Bulk Plasma Database, Verification of Modeling works
Hash map based 3D multiple level set algorithm

Ballistic transport module using GPU platform

Surface chemical reaction modeling for plasma etching process

Unified algorithm :bulk plasma, plasma-surface interaction, ballistic transport, charge-up and
3D moving algorithm

Case studies using unified 3D feature profile simulation
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Emerging issue in semiconductor plasma etch processing
for next generation semiconductor devices

=  Worldwide unit sales (millions)

1.000

3D VHIE ERE F0|

= Emerging Issues in High Aspect Ratio Contact Hole Etching

2009 " 2010 © 2011

2013

Hg: Hel A5 SMAHIES

2014

2016

201444 20154

Year

207

(K= HSoto| M Z2t0l)

a

Manufacturing fazEes .
—_ ey Enegcsy
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BitLne T T = 1 bit/cell
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 Capacior 2-Gbit |
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S I I
S ~| 64G |
= | I
8 S~ 128G
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Emerging issue in semiconductor plasma etch processing
for next generation semiconductor devices

Mask morphology Clogging

Tilting Multi hole
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Bottleneck for the predictable plasma process simulation

Current research status

. . . Mark@.&ushner's&Group,MModeling®fEr/C,F 5/ O, discharges,d.Bppl.Phys.2L07,233097 2010)
® Modeling and simulation research has

made impressive progress toward both Hugelatabasel Multiscale/Multiphysics
improving our fundamental o R
. - e . 3 +
und_erstandlng of qnd providing design ' \e-Te-/ cF o s s = s
assist for new equipment and progress o «=CF = oFf EAE N 1
MG Y & : @ W mY) —
- + N\—_

° . . . . F CiFs M = — rusiet
In spite Qf huge contributions in crttos, ooy D .
academic researches, there are no AN T .
realistic and predictable modeling and Y. ) Rad?us(cm) s
simulation tools of equipment and & o Wi ) 8102 M€, o Chargg
processes for plasma process due to S P : = L ‘ ‘ "
the complexity and difficulty. o CFf( - ‘E' —— e ;

it 0 i I

* Requirements to achieve the A /\Eh_mN_{Fa ¢ [Tt o], =420 o e
predictable simulation tools for plasma SO e o B Ra!i?us - n e
processing 2 e 4 NN L, Aril;, No Charging

i ;
- More completely populated bulk and i
Q

surface chemical reaction database
(CxFy/CxHxFy/Ar/O2/Additives) L

- More robust coupling of Ralici'us(cm)

electromagnetic and plasma transport N T

phenomena

- Fast computational algorithms

[ MPI, GPUs ]

=
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Toward development of the realistic and predictable plasma simulator

® Itis expected that the process
difficulties of plasma etch increase
exponentially from now.

® A plasma consortium in Korea was
launched to develop the predictable and
realistic plasma simulator since 2009.

Ntilq,m,‘% Bulk plasma datapase
Il and Zero-D bulk simulator

Particle-In-Cell based
reactor simulation.

KRISS Plasma diagnostics

SEEERaEe

Surface reaction database
and feature profile simulation

KWcck  Commercialized software
BIM/EH/A [ K-SPEED ]

® This group has been funded by Korean
government, Samsung, and SK-Hynix

Goal®fhisBvorkl]

A i 4
/

Cost/G-Bit
\4
’,ﬁ! = AN

¢ 3

san|noyjiq ssalouad

v

1990s Present Future

AomidBimulation(] Particl-in-CellBased?

ReactorBcaleBimulation?

m

3DMNanoBcaleBimulationd

Reliability & Performance . .
{DomesticTommercialBoftware]A[T

Input parameters
Geometry of dry etcher,
Process conditions [Power, Pressure, Gas flow rate & Material Inform.]
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K-SPEED : 3D Feature Profile Simulator

BEST PRACTICE Conference

Bulk plasma simulator

,y SPATIALLY AVERAGED PLASMA SIMULATOR
9 CONTROL PANEL

@ Simulator Status
- source power

’\ CURR pressure:
20.0 mTorr
500.0/0.0 W PuseSw.
13.56e6 Hz @

20 SCCM .
CURR electron density:
0.0 ¢cm?®
electron temperature:
0.0 BV Graph ax

Puise SW HHEH L

L] 100.0/0.0 W 13.5606 Hz @
L] 0.0/0.0 W 0.0Hz @
° 0.0/0.0 W 00Hz ®

bias power

Sowce | Odput | Transieat Oubst

RFSW.

[rme |Message

Lo | Fsidsal  Parama

lougr |
ax

©®® KSPEED

V ] & N
Property Browser

| Global Plasma

|

Modules

MG | BT | sk | LS |

3D Feature profile simulator

File Edit View Window Help

a &

Surface Groups

Property |Value

Ready

Geometry Viewer

X7
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Brief introduction to bulk plasma simulation

In NFRI

Zero-D bulk plasma simulation — K-SPEED

Categorles of bulk plasma simulation Assumption : 1) Mass transport to the reactor walls is assumed to be infinitely fast,
2) The chemical reaction rate coefficients are independent of reactor conditions.

3) The flow through the reactor must be characterized by a nominal resistance time

___________ External
—_— * Circuit
There area !
lots of charged /F\ Mass conservation and gas phase species equations
particles (e, 1) ( Plasma |
and neutrals L d(pV) M K
with various =i -+ YA, Lk uli
velocities ! m=l k=l
““““““ / j Electron energy equation for plasma systems
Boundary
Condition | a‘T dj e S
xi’vi ’ f(X,V,t) ’ n(x,t),u(x,t),ﬂ(x,l) pI[ e dt __T di - }ecpe(Te_T€]+weH€“pE[T_TP)
. . . . . . . . . . 1
Particle Simulation Kinetic Simulation Fluid Simulation - e - 0 + e
* Super-particles * Distribution function * Average fover velocity space Casenerey quatlon forpsa ssters SURFACE BULK
one super-particle= 107 _ o Contin {—. Ly, AL ] T,  gowtetchrate
(one supe-p ) » Solve Boltzmann’s Equation C"%"““"y &. Mal-kl5 PR Site fractriron,Zk composition
» Newton-Lorentz equation 4V, =S, K k w ok Site density, ),
q ﬂf +VXK+ 4E ﬂf ﬂf it =i Eyk(hk 'hﬁ']_ 4 E ?,{ﬂh -1 4, Ehm Pt = Choss = Qe
%mV:F=q(E+V B), ®“ B om ‘Hv . -Momentumconservatloneq/ k=l k=l el kel
+ oison'sequation + Eulerian rids Drift-diffusion approximation Surface species equations
_ -. _ * Energy conservation eq. /
v EVV(W) r(x,t) * Heavy computation ' i(imfﬂk]#m”k& k= Af[m)...., K(m); m=1... M
+ Less assumptions ‘ » Many assumptions are used. dt
* Less assumptions
* Basy computation 9

* Heavy computation
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Use the zero-D bulk simulation to
develop and test bulk plasma chemistry
database instead of the higher level
simulation.

Consider the power adsorption and
sheath dynamics from the conventional
models of ICP, CCP and pulsed plasma.

Investigate main reaction paths of
etchant gases inside bulk plasma based
on the density functional theory and
published data (Swarm analysis or
cross section data).

Verify the calculated or published data
of bulk plasma database through
comparison of plasma diagnostics as
functions of plasma conditions.

- Plasma densities

- Radical and ion densities

Combine with 3D feature profile
simulation to support the input variables
(neutral/ion flux, electron/ion energy
distribution function)

Plasma Chemistry DB

-» Plasma Database
Collision cross section
Ionization rate
Dissociation rates
Recombination rate ...

= Chemical Database
Chemical reaction rate

-» Material Database
Secondary electron emission

Sputtering yield
Etch rate

Deposition rate
Implantation depth ...

Plasma Simulator & Programs

- Reactor Parameters

Reactor Geometry
Working Gas
Power

Pressure

Biased Power ...

= Plasma Parameters
Plasma Density

= Plasma Source Simulator Radical Density

TCP/ICP, CCP

Static Potential
Ion Energy
Sheath Potential

I Surface & Profile Simulator

TCP/ICP, CCP

=» Other Simulation Code

NFa/Ar, NF3/Og, Ar, Clp, Clo/Ar, BCls/Cla/Ar, CF4,CF4/O5/Ar,
SiH4/Ox/Ar, HBr/Ar, SFg, SFe/Ar

2CFs L

FoOF] O ol 130N .
o) T
COF — BG BOE . REOE. ROE . RKG. ARG RAC

) KCEF
L G
CUKCR o
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Plasma diagnostics to verify bulk plasma simulations

With KRISS and CNU

Plasma density and temperatures Radical and ion densities
[Langmuir probe and cutoff probe] APMS (Appearance potential mass spectroscopy)

C /A

Lagnir pdoeadCidf pdoe
 6xto” & 10" )
<I <' = 10 mTorr <
E | ru B = 5
mTorr mTorr

2( R —&—30 mTorr 3 " ~ 2>
2o > 110 2 gé'
g 0 1t g §
g ¢ 1.0x10 s 2
°
c 40" T gox0” 5
0 < o
o E -
§ £ 60x10" §
9 1] w
m 3x10|0 i i i i 1 m 4'0x1010 " A A i i

50 600 700 800 900 500 600 700 800 900

Power (W) Power (w)
FOA/IQ FCI/F2/HO/A/Q -

e — 45x10" e —————— <
< oxg" ® 4.0x10°} | - 1om7 g
£ 910 —+—10mTorr D 4.0x10 el 20m-|- S

—e— 20 mTorr < 10 m
Saref 4-onTon £ 30°F 4 sgmr 2
2 300" @
n x10 [
2 2 25x10" ]
0 g0 7
5 0  2.0x10" s
:‘ 0 10 i‘-'
o 510" T 1.5x10 o
£ S L oeto® 2
O 4x10" 0 1.0x10 w TR b 1 13T 1
ﬁg o g 5.0x10° Mass spectrum (AM.U.)

X'
R N . . N - 0.0 M M M M M M
500 600 700 800 900 w 300 400 500 600 700 800 900 Fig. procedure schema measuring _
P (W) gas species or fons using a QMS
Power (W) ower [
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Development of 3D feature profile simulation

In CBNU

® Use the output results (incident

neutral/ion fluxes, electron/ion EEDFs)
of zero-D bulk simulation for 3D feature
profile simulation toward the realistic
plasma etch simulation.

We developed the object-oriented
numerical codes which were composed
of moving algorithm, ballistic transport
algorithm (neutral/ions) and surface
reaction algorithm.

Distribute the brute force computation
loads of ballistic transport module to the

Bulk Plasma | Sheath Dynamic

1§

Moving Algorithm
Computation of profile evolution

Ballistic Transport Algorithm
Evaluation of neutral reemission
[ion reflection term

Extension/ Fast Marching Algorithm
Extension of efch & depo. rate
(Upwind entropy satisfying scheme)

Surface Reaction Algorithm
Etch & Depo. rate model

Computation time of neutral transport in single time step

GPU platform. 60— . . . :
L < 50- °
- Based on only CPU computation, it will £
take few weeks for a high aspect ratio £ 4
contact hole etching simulation. The S 30
computation time can’t meet the E 20 °
industrial requirements. In addition, the § /
charge-up simulation or multi-hole 2 10 °
pattern simulation will take few months © 4l oo/
normally.
. 0 5 10 15 20

Aspect Ratio
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¢ Consider neutral transport to compute

the localized incoming neutral flux
(etchant or polymer precursor radicals)
in an arbitrary position of nanoscale
feature.

The incoming neutral flux in an arbitrary
position can be calculated by the
incoming flux from the plasma source
and the reemission flux from the other
position.

Deterministic Approach : The semi-
analytical equation of neutral transport
can be obtained by assumption of
Maxwellian distribution. This equation
can be solved by numerical recurrence
relation. However, it is well known that
the brute force computation time is
required normally to compute the
geometry factors such as view factor
and visibility factor.

-Numerical recurrence relation

Neutral transport inside nanoscale feature in 3D feature profile simulation

. [ S,(QUG,Q)cosY , cos¥ "

fofie i Eichproduct  Neutrl

¥ Reactant
P lon
Mask 0

3

nt+l

GR,N:ZWkG;GS:W W+W[G, + G, = WGy, + G, + G,
k=1 k=1

S 2

Re- emission
or Adsorpfion

Depositon

Si Substrate

Y; :Visibility factor, S, - sticking ooefficient, - distance between point i and
t;  Coordinates of point number | with an assodiated segment length |,
Y oly o) - angle between theling connecting P and Q and surface normal -ng-ng)
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Neutral transport inside nanoscale feature in 3D feature profile simulation

Mask etch for deep contact hole etching

Multibounce algorithm for sputtered polymer flux

1) Mask Etching

réﬂtailf with Incidence lon Angle Dependence

ching 2) Polymer Etching r, o
) \gith ln_t:jden(:fe lon Angle Dependence L.(p)= 7]91 cos(6—¥)cb +

- eposition o B

Polymer Radicals from Plasma I [1-S. O, (Q)cos¥) cost,

Pol 4) Re-deposition of profile 2r

E?cmer Sputtered Mask Material

ng 5) Re-deposition of [n, (¢, —t)[n, -(t, ~,)n]]
Sputtered Polymer Material Q,= e, 7 Y, 1, [1-S,]
J i

Polymer  6) lon reflection of

Deposition ~ Mask and Polymer Surfaces
Max Value : 4 \ / SﬁCkiﬂg Coeff. 0.8
Max Value : 8 / /
Max Value : 12 \\ \ /, Sticking Coeft 0.1
.\ \\
i
\\\\\\
MASK ———
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lon transport inside nanoscale feature in 3D feature profile simulation

Consider ion transport to compute the

Monte Carlo based simulation

!ocall_zed incoming ion flux (e_t_chant or ) [ Photon bundie emission®Mc) |
inertion ) in an arbitrary position of C —==
o - ‘
nanoscale feature. A Sampling I Movement of photon bundle ]
The incoming ion flux in an arbitrary £ & i vty [Compuio the angie weight
s n & — | fraction based on the angle
position can be calculated by the o 1. BT ot i e aeing vaig wivd
incoming flux from the plasma sheath £ Tt \%M, the surface normal of source
and the reflected flux from the other 2 | P | ey —
position. - 1\ e . Wr&"l Computef:::‘ l;::lrl:ellled flux ‘
C BARE NI Ton Energy Distribution :
L. . . 0
The_ incident ion IED or IAD via sheath R ' Source to surface  Surface reflection
region can be taken by bulk plasma GE) l St ey (anplng 0
simulation. =i fure,
) o Direction Vector v
Monte-Carlo Approach : The semi- o Geerte Dietion Vctors
analytical equation of ion transport is N Iiden Al

not available. In general, the charge-up
simulation requires the brute force
computation to compute the ion
trajectory affected by the electrical field
inside nanoscale feature.

The number of Incident Tons

15
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Charge-up simulation of electron and ion transport inside nanoscale feature

. . lon  Electron
® The generation of the abnormal profiles, such .

as bowing, etch stops and twisting, has been e k03 W[\ | Etchstop

R . : AN onnnn
reported in high-aspect-ration hole etching. In GRSt ‘ H . ¥ (4]
particular, twisting is one of the severest ! I\ A

. . . . lon 1 L
problems in nanoscale device fabrication. Sheath '[! ~Etectron shading
Recently, some researches pointed out that the beee Nt ceecee
abnormal profiles such as twisting profiles are .| 12 Photo-
caused by the distortion of the ion trajectory. °| 9 Resist| Twisting

¢ lons are accelerated into holes by the ion . |

sheath, while electrons cannot go into holes Bowin ey | i
due to their isotropic velocity distribution. Due to l '} ‘ J‘l | ’
this “electron shading effect”, the bottom of \ | \ l.‘ ' 1‘ ‘
contact holes is positively charged, which || ‘. | “‘\ ‘ H - | HIHE
affects the ion trajectory significantly. Single Time Step : Total few hundreds FARHLEIR TR YA ‘

* The phenomena is still one of the controversial e S L

topics due to its inherent complexity such as the 9D Poisson Equation Particle Moving ! 00ur
. Few Min. (Multi CPUs) Few Min. (Multi CPUs)
unknown charge-up behaviors of polymer

passivation layer or oxide. To avoid this effect,
we need to precisely control charge

CPU based computation can't meet goal of engineering software

accumulation on the wafer surface. Japanese Journal of Applied Physics 49 (2010) 04DB14 REGULAR PAPER
o L . .

This S|mu_|at|0n also reqU|reS_ the br_Ute force Prediction of Abnormal Etching Profile in High-Aspect-Ratio Via/Hole Etching

computation to compute the ion trajectory and Using On-Wafer Monitoring System

electrical field.

Hiroto Ohtake, Seiichi Fukuda, Butsurin Jinnai, Tomohiko Tatsumi', and Seiji Samukawa*
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Charge-up simulation of electron and ion transport inside nanoscale feature

® Take the electron and ion EEDF from
bulk plasma simulator, and generate
particle by MC approach.

® Launch and trace the individual
electron and ion particles. The surface
charge density is computed by the
arrival fluxes of electron and ions.

® Consider the charge redistribution to
avoid the highly localized charge
buildup.

® Apply the boundary element
method(BEM) for the numerical
solution of the electric field integral
equation.

¢ Develop fully GPU code for
computation of BEM, electron and ion
trajectory.

Sheath lower boundary

]
|
|
|
== =0 e Mirror line Mirror line
|
|

Particle generation from

incident ion and electron EEDF

g Consider the electron
a7=0 and ion trajectory

Compute the surface
charge density

= e oary ) :

- pPs
¥
Plasma D a,,

(Material 1)

£

7
A
Dielectric material a, D
(Material 2) &,

any - (D2 = Dy) =ps
Dz —D1n = ps

ps €
Ein=—"+=Ep (+Dyy=2Ep,)
£ &

Ein— 2 (ifEyy—0)
€1

29 2
Egp= Vo =—— ==
1

Compute the electric field

|

Check the convergence

original  sigma =interval * 0.2 sigma = interval * 0.5 sigma =interval * 1

-

—

interval
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GPU computation for ballistic and charge-up simulation

Ray@racing@lgorithmBwith®HashinapbasedataBtructure 120 : : . . .

Pt ecinn 1004 A/ |

Fint
‘

. /
— Reytracing . 80, / o -
/ forionspecies il [alslimia m A |
1 1 17 T 1 | . » :m"uo 07| 108] 109 2] s Q-
/ inside 30 feature "ttt Vi =] A 0 0
L L @ (] T 60+ ) -
I O islnwlolusluinlel Gpysps Wemory | ( 1 8 ) :
| GPUStepl (o ws s || |m ) fos: : N
T - % processing da (%. 40- . ] i
, | A
I (v |
i Copy th reslt o 201
Memary ot
fmcpu 0 T T T . T T
e U] S AR1 AR5 AR10  AR15  AR20
o I (Gefoee 630 ﬂ 7
lon transport
ﬁ 200 . . . . .
) L
St View factor 180 - s
computation 160- ]
for radical Processing flow 7 140 ] / ]
) ~—reemission on CUDA o 1201 . 7
Vol =)
o 100 i
3
L 80 -
Core clock 1002 MHz n 60 . ]
Picture Boost Clock 1089 MHz -
NVIDIA GeForce GTX TITAN X B M 401 7
GPU momouzonio  MemoryBus ot 204 ]
CUDA Cores 7] Memory 1268 GDDRS
TMUs 192 Bandwidth 336 GB/s 0 ! . : : :
AR1 AR5 AR10  AR15  AR20

Aspect ratio 18
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Surface reaction for 3D feature profile simulation

/ inff) ionff) iorff inf) \

® We develop global two-layer model for Steady-state

flurocarbon/hydroflurocarbon plasma, Passivation |2§
in order to consider the plasma etch a7 A -
under the existence of the steady- Mixed layer g8 RENNT hye[ ... 5
state polymer passivation layer. TR SRR AR ";'WTI M""I | 000 000 Vieder
TS RS R e q . 0;:]
® The thickness of the steady-state Aaiesie () Novaese [5‘;‘;] pie
passivation layer can be computed by Pepstor ot

our two-layer models.

| B EEERNIURNERER
§.5.0.0.0.5.5 V.0.0.0.V.0.5.5.0

® The ion energy loses during
penetration of the steady-state
passivation layer. The penetrated ions
can take part in oxide etch at the
mixed layer.

lobell Two-LeyerModelfor Gy Cligly /Ar/0s plasme-suriacsreacion

do,

e [ioYa(1-6,) 5528, =0

® In our model, the detailed kinetic
models were used for computation of
etch rate with assumption of the
modified Langmuir-Hinshelwood

. ST o / o, Les\t ! . 2l
mechanism.  “x\ / meer«l+mmm),MD—MMﬂM—ﬂﬁMEm—HmﬂW—I)

I Yp(z=0)

d
— [L(E)] =Tp Sp(1-84) +Tp S50~
ot T Yp(rLE)

d (fip\'P) Tip YMOMixed Layer™0

® The key parameters such as reaction
rate coefficients, incidence ion angular
dependence, and sticking coefficients
can be obtained by Molecular = 2.0x Age”LO (VEe 2O — By o) (1- By e Layer)
Dynamic and fitting experimental data.

EY = Y5(1 - Bpygp)
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Case study | : Fluorocarbon/Ar/O2 CCP Plasma

Bulk plasma simulation using Zero-D simulator 3D feature profile simulation
Neutral/lon Flux, lon IED & IAD -> Bowing and necking formation
= 10 CF;
RF power ol 4000 0.004
| ,
J_ SR Qg w0l 3500 -§ 0.0035
; g 10" 4 3000 - 0.003
w 2500 & 0.0025
5
plasma C4F6 A A" C3F3 C2F6 C2F4 CF4 CF3 CF2 CF F2 F C é 2000 F A 0.002
species "
[ e o I ) e S S E— g
| . Uiso -t 0.0018
. 00 8:::
1 i 1000 0.001
% : 0.006 00 i 0.0005
= 0.004 0 0

3
s . 4 500
S o
|
-10-5 0 5 10
000 1
I angle (degree)
)
0

0 S0 1000 1500 2000 2500 3000 3500 4000 4500 000
energy (V)
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Case study | : Fluorocarbon/Ar/O2 CCP Plasma

Etch Rate

100042
EM

Reference Material

2.000e+00
E] 5

R ARERRRRRRRRRR RN
[a=)
[,

0.000e+00

T. F. Yen et al., Microelectronics Eng., 82 (2005) 129

=

trrrrr o boroorr
]
E=l

-2.054e+(02

lon Flux

6.666e+15
e+15

e+l4
e+

]
13
g+12
e+ll
10

e+9

oo

e+

]

]

]

]

]
le+
]

]
le+7
]

e+6

6.500e+04

Neutral Flux
4,000e+16
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Case study | : Fluorocarbon/Ar/O2 CCP Plasma

Reference Material Etch Rate lon Flux Neutral Flux
2.000e+00 4,000e+02 7.388e+15 2021e+17
E E E]e% let17
266
le+14
—15 r F i
F : Eleld _letls
F o _le+]2
= E ~le+l] [
E : le+10 zle®
- —_-266 - o
_:0‘5 g —Ele+9 i
[ =le+s L let1d
E'532 E]e+7 E
0,000e+00
HoMell 3.850e+06 0009a+12

G.Y. Yeom etc, J. Vac. Sci.
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Case study | : Mask pattering issue under FC/Ar/O2 CCP Plasma

Incidence Reemitted  Sputtered Incidence  Total Total
Polymerflux Polymerflux polymerflux ionflux  jonflux  etchMate

Initial top view

Final top view
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Case study Il : Large area simulation
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Case study Il : Oxide etch stop & Continuous nitride etch

OxideM

Nitridef ..
ANEEES

Etch stop / FC plasma

25



BEST PRACTICE Conference

Product Lifecycie Management

Case study IV : Charge-up simulation

[—onra]
Single time step : few hundreds hours 3 £
H i
1000 times
3D Poisson Equation Particle Moving B R Papg—
Few Min. (Muti CPUs) Few Min. (Mutti CPUs) I e

Surkace Charge Density (nC/nm)
& = B

CPU based computation can't meet goal of engineering software

Single time step : few hundreds min.

1000 times

3D Poisson Equation Particle Moving
[GPU] [GPU]

Few seconds Few seconds
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Case study V : Pulsed fluorocarbon plasma
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Extractor electrode "
Tilt & rotation .
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+25° wafer tilt

400V-100V
Only primary etching a

No wafer tilt
K Sugiura, JJAP, 48, 0SHD02, 2009

400V-100V % * Reduce sidewall redeposition using

XL multi-step ion beam etching

S Chun, JAP, 111, 07C722, 2012
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