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RRAM	  as	  Emerging	  Memory	  

H.	  Akinaga,	  AIST,	  Maturity	  EvaluaSon	  for	  Selected	  Emerging	  Research	  
Memory	  Technologies,	  2010.	  	  

Web	  of	  Science	  CitaSons	  
for	  RRAM	  and	  ReRAM	  	  
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Metal	  Oxide	  M-‐I-‐M	  Memory	  (RRAM)	  

•  Advantages: 
–  Low programming voltage (< 3V) 
–  Material set compatible with conventional  

 semiconductor processing (e.g Ni, Hf, Al, Ti, Ta,…) 
–  Low temperature processing (BEOL-compatible) 
–  High speed and density 
–  Structural simplicity 

•  Key issues to be resolved: 
–  Physics of the resistive switching 
–  Device scaling properties 
–  Device uniformity 
–  Endurance and retention 
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RRAM	  Materials	  Choices	  
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Unipolar	  and/or	  Bipolar	  Switching	  	  
Binary	  oxides/transiSon	  metal	  oxides	  	  	  	  	  	  	  	  	  	  Perovskites	  
	  

	  	  	  	  	  	  Nb2O5	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  TiO2	  	  	  	  	  	  	  	  CuMnOx	  	  	  	  	  	  	  	  	  	  	  	  	   	  SrTiO3	  
	  	  	  	  	  	  	  MgO	  	  	  	  	  	  	  ZnO	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  NiO	  	  	  	  	  	  	  	  	  	  	  CuxO	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  Cr-‐SrZrO3	  
	  	  	  	  	  	  	  Fe2O3	  	  	  	  CoO	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ta2O5	  	  	  	  	  CuMoOx	  	  	  	  	  	  	  	  	  	  	   	  PrCaMnO3	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  HfO2	  	  	  	  	  	  	  	  	  	  InZnO	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  SrLaTiO3	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Al2O3	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  LaSrFeO3	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Unipolar	   Bipolar	  

Reset	  	  
(LRS	  à	  HRS)	  

Set	  	  
(HRS	  à	  LRS)	  

Reset	  	  

Set	  	  

Reset	  	  

Set	  	  
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Models	  for	  Forming	  and	  ResisSve	  Switching	  

S. Yu, B. Lee, H.-S. P. Wong, “Metal Oxide Memory,” in J. Wu, W. Han, H.-C. Kim, A. Janotti 
eds, “Functional Metal Oxide Nanostructures,” Springer 2011. 
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TheoreScal	  Methods	  and	  Analysis	  
First principles calculations: density functional theory	  

Electrons:	  Schrödinger	  equaSon:	  HΨ=ΕΨ	  

Ions:	  Geometry	  opSmizaSon	  

	  Self-‐consistent	  calculaSon:	  total	  energy	  minimizaSon	  techniques	  

Electronic	  Structure:	  VASP	  

Beyond	  LDA,	  GGA	  approximaSons:	  	  	  
	  	  	  =>	  on-‐site	  Coulomb	  correcSons	  	  by	  introducing	  	  Hubbard	  U	  in	  the	  Hamiltonian	  
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Outline	  
 
ON-state Conduction and Filament Formation: TiO2, NiO, HfO2, Al2O3 
 
The Role of Dopants in Switching: TiO2, HfO2 
 
Charge Trapping: TiO2, HfO2, Al2O3 
 
Thermodynamics: Oxygen Diffusion in/out of the Filament: TiO2 
 
Electrode/Oxide Interfaces and Electronic Transport   
 
Multilayer structures 
 
 
Summary 
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ConducSve	  Filaments	  of	  O	  Vacancies	  (I)	  

•  5〜10	  nm	  diameter	  Magnéli	  phase	  of	  conical	  shape	  observed	  between	  the	  
electrodes	  -‐	  electrical	  conducSon	  path.	  

D.-‐H.	  Kwon,	  Nat.	  Nanotech.	  2010	  

TiO2	  
(ru)le/	  
anatase)	

Ti4O7	  
(Magnéli)	

VO-chains	 HRTEM images	

ON	 OFF	
Electrode	

Electrode	

Electrode	

Electrode	

VO	

TiO2 
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Partial charge density	
Vacancy	  ordering	  in	  TiO2	  

Ti	

O	

VO	

•  ConducSve	  filaments	  mediated	  by	  VO	  chains	  -‐	  “ON”	  state.	  

ConducSve	  Filaments	  of	  O	  Vacancies	  (II)	  

VO filament	

K.	  Kamiya	  et	  al.	  	  APL	  2012;	  S.G.	  Park	  et	  al.	  EDL	  2011;	  	  Magyari-‐Kope	  et	  al.	  Nanotechnology	  2011;	  
Magyari-‐Kope	  et	  al.	  J.	  Mat.	  Sci.	  2012,	  Zhao	  et	  al.	  APL	  2013	
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Evf = E(TiO2-x) – E(TiO2) +n/2E(O2) 
E(TiO2-x) : The total energy of a supercell containing oxygen vacancies 
E(TiO2) : The total energy of a perfect TiO2 in the same size of supercell 
E(O2) : The energy of oxygen molecule 
n : The number of oxygen vacancy 

TiO2:	  Stability	  of	  MulS	  Vacancy	  ConfiguraSons	  
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B.	  Magyari-‐Köpe,	  	  S.	  G.	  Park,	  H.D.	  Lee,	  Y.	  Nishi,	  J.	  Mater.	  Sci.,	  2012.	  
B.	  Magyari-‐Köpe,	  M.	  Tendulkar,	  S.G.	  Park,	  H.D.	  Lee,	  Y.	  Nishi,	  Nanotechn.	  22,	  254029,	  2011.	  
S.G.	  Park,	  B.	  Magyari-‐Köpe,	  Y.	  Nishi,	  EDL	  32, 197, 2011.	  
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TiN/HfO2:	  Vacancy	  Filaments	  

•  Monovacancy	  chain	  of	  8	  Vo’s	  

12 D. Duncan et al., MRS 2012 
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NiO:	  VO	  Filament	  ConfiguraSon 
	  

Low VO-VO interaction energy	

Metallic filament along 
the <110> direction	

H. Lee, B. Magyari-Köpe, Y. Nishi, PRB 81, 193202,2010 
S.	  Park	  et	  al.,	  PRB	  77,	  134103,	  2008.	

2 types of Ni atoms:   
 - with 4 Vo (NN) 
 - with 2 Vo (NN) 
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Ti 
Vo Al 

Vo 

O
Hf Vo O

TiO2	 HfO2	 Al2O3	

ConducSve	  Filaments	  in	  TiO2,	  HfO2	  and	  Al2O3	  

K. Kamiya et al., PRB 2013 M. Yang et al., JJAP 2013 
S. Park et al., EDL 2011 
K. Kamiya et al., APL 2013 
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Outline	  
 
ON-state Conduction and Filament Formation: TiO2, NiO, HfO2, Al2O3 
 
The Role of Dopants in Switching: TiO2, HfO2 
 
Charge Trapping: TiO2, HfO2, Al2O3 
 
Thermodynamics: Oxygen Diffusion in/out of the Filament: TiO2 
 
Electrode/Oxide Interfaces and Electronic Transport   
 
Multilayer structures 
 
 
Summary 
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•  Incorporation of Ni, Cu or Sr in a TiO2 substrate reduces the 
formation energy of an oxygen vacancy next to the dopant.  

•  Dopant engineering: lowering the forming voltage and 
switching energy consumptions. 

TransiSon	  Metal	  Doping	  Effects	  in	  TiO2	

L.	  Zhao,	  S.G.	  Park,	  B.	  Magyari-‐Köpe,	  and	  Y.	  Nishi,	  SSDM	  2012,	  APL	  2013	  
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Choosing	  the	  dopants?	
•  Conduc)ve	  filament	  modeled	  as	  oxygen	  vacancy	  chain	  

•  Systems	  with	  different	  kinds	  of	  dopants	  are	  studied	

Valence electron number: a key factor 
in classifying the doping effects 

Dopant	

HfO2 
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Dopant next to a single VO 
Dopants next to a VO filament 

TiO2:	  P-‐type	  and	  N-‐type	  TransiSon	  Metal	  Doping	  	  	  

L.	  Zhao,	  S.G.	  Park,	  B.	  Magyari-‐Köpe,	  and	  Y.	  Nishi,	  APL	  2013.	  
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TiO2: Density of States of Dopants + VO   

L.	  Zhao,	  S.G.	  Park,	  B.	  Magyari-‐Köpe,	  and	  Y.	  Nishi,	  APL	  2013.	  
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Ti like dopants 

N-type dopants 

P-type dopants 

L.	  Zhao,	  S.G.	  Park,	  B.	  Magyari-‐Köpe,	  
and	  Y.	  Nishi,	  APL	  2013.	  

TiO2:	  Band	  Structure	  Effects	  of	  Doping	  
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HfO2:	  Electron	  Density	  of	  States	  of	  VO	  +	  Dopant	  

# of valence d 
electrons 
2 
3 
4 
4 
4 
4 
5 
6 
10 
11	

La	  doping	  -‐	  	  D.	  Liu	  &	  J.	  Robertson,	  APL	  94,	  042904,	  2009	  
N	  doping	  	  -‐	  	  K.	  Xiong,	  J.	  Robertson	  &	  	  S.	  J.	  Clark,	  JAP,	  99,	  044105	  2006	  
F	  doping	  -‐	  	  K.	  Tse	  &	  J.	  Robertson,	  APL	  89,	  142914	  2006	  

L.	  Zhao,	  S.	  Ryu,	  A.	  Hazeghi,	  D.	  Duncan,	  B.	  Magyari-‐Köpe,	  and	  Y.	  Nishi,	  VLSI	  2013.	  
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HfO2:	  Vacancy	  FormaSon	  Energy	  
Dopant	  +	  Filament	

Slide 22 

Dopant	

L.	  Zhao,	  S.	  Ryu,	  A.	  Hazeghi,	  D.	  Duncan,	  B.	  Magyari-‐Köpe,	  and	  Y.	  Nishi,	  VLSI	  2013.	  



Blanka Magyari-Köpe and Yoshio Nishi 
 

 
23 

	  	  	  	  Isosurface:	  0.1	  e/Å3.	 Undoped	

Al	 Si	 Zr	

Ni	W	Ta	

HfO2:	  ParSal	  Charge	  Density	  	  
Dopant	  +	  Filament	

L.	  Zhao,	  S.	  Ryu,	  A.	  Hazeghi,	  D.	  Duncan,	  B.	  
Magyari-‐Köpe,	  and	  Y.	  Nishi,	  VLSI	  2013.	  
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!

!!

HfO2 Doping: Experiments and Theory	
L.	  Zhao,	  S.	  Ryu,	  A.	  Hazeghi,	  D.	  Duncan,	  B.	  
Magyari-‐Köpe,	  and	  Y.	  Nishi,	  VLSI	  2013.	  

8.06 e20 cm-3  

4.03 e20 cm-3  

Undoped	
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Outline	  
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Vacancy	  Diffusion	  Effect	  –	  	  Filament	  Rupture	  

2Vo off 
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•  Strongly localized energy levels  
•  Significantly decreased electron conduction  à increased resistivity. 

Partial charge density 

Ti 

O 

Vo 
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Charged	  Defect	  FormaSon	  Energies	

InjecSon	  of	  electrons	  -‐	   	  induces	  
ordering	  of	  	  vacancies	  -‐>	   	  	  

	  stabilizes	  the	  filament.	  
Electron	  depleSon	  –	  favors	  the	  
formaSon	  of	  isolated	  vacancies	  -‐>	  	  

	  destabilizes	  the	  filament. 

 Applied voltage (Fermi Level Shift)  

“ON” - LRS state “OFF” – HRS state 
TiO2 

B. Magyari-Köpe et al., J. Mater. Sci., 47, 7498, 2012.  
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Charge	  Trapping	  –	  Filament	  Instability	  

K.Kamiya,	  M.Y.	  Yang,	  S.G.	  Park,	  B.	  Magyari-‐Köpe,	  Y.	  Nishi,	  M.	  Niwa,	  and	  K.	  Shiraishi,	  APL	  2012	  
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V0	  Cohesion-‐IsolaSon	  TransiSon	  
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VO-filament favorable	

Isolated-VO favorable	

All  three materials prefer to form VO-filament in q=0 and q=+1 charge states. 	

Cohesion/Rupture	  of	  ConducSve	  Filaments	  in	  	  
TiO2,	  HfO2,	  and	  Al2O3	  

EC (q) =
1
n
{E(VO

q − chain)+ (n−1)×E(bulk)}− n×E(VO
q − isolated)#$ %&

K.Kamiya,	  M.Y.	  Yang,	  S.G.	  Park,	  B.	  Magyari-‐Köpe,	  Y.	  Nishi,	  M.	  Niwa,	  and	  K.	  Shiraishi,	  APL	  2012	  
	  
M.Y.	  Yang,	  K.Kamiya	  ,	  B.	  Magyari-‐Köpe,	  Y.	  Nishi,	  H.	  Momida,	  T.	  Ohno,	  M.	  Niwa,	  and	  K.	  
Shiraishi,	  SSDM	  2012,	  JJAP	  2013	  
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Thermodynamics	  of	  Oxygen	  Ion	  Diffusion	  	  	  
into	  the	  Filament	  	  	  

O	

K. Kamiya, M. Y. Yang, B. Magyari-Köpe, M. Niwa, Y. Nishi, and K. Shiraishi, IEDM 2012. 

Upper maximum of the  
barrier: ~0.6 eV 
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ON	  à	  OFF	

OFF	  à	  ON	

ON	 OFF	

VO
2+	

VO
1+	

Eform	

0 eV	

ON	 OFF	

ON	 OFF	

ON	 OFF	

decreases	  εF	  to	  stabilize	  VO
2+	  

and	  destabilise	  VO
1+.	

increases	  εF	  to	  stabilize	  
VO

1+	  and	  destabilize	  VO
2+.	

If µO is too high, the 
ON-OFF switching 
difficult to  occur.	

ON	 OFF	

VO
2+	

VO
1+	

Eform	

0 eV	

×	

μO	  determines	  the	  switchable	  region	  for	  εF	
The O diffusion during the ON-OFF switching process is further enhanced by 
the applied electric field.  

Oxygen	  Vacancy	  Diffusion	  Barrier	  	  
in/out	  of	  the	  Filament	  

K. Kamiya, M. Y. Yang, B. Magyari-Köpe, M. 
Niwa, Y. Nishi, and K. Shiraishi, IEDM 2012; 
TED 2013. 
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Electronic	  Transport	  TiN/TiO2/TiN	  (II)	  
 
Electron transmission at finite biases:  DFT-NEGF 
(ATK, QuantumWise, energy tolerance = 1e-6 eV, 
8x8x1 k-points 
  
Trap-assisted tunneling effects: modeled by isolated 
vacancies with various hopping distances  (derived 
from nVo)  
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Electronic	  Transport	  TiN/TiO2/TiN	  (II)	  
 3.0nm oxide: perfect TiO2 and isolated vacancies exhibit non-linear I-V, 
while both single and double vacancy filaments are metallic. 

NEGF calculations (QuantumWise ATK) 

Zhao et al., APS 2013 
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Model	  of	  O	  Vacancy	  Filament	  growth	  (I)	  

Hf	

Al2O3	

HfO2	

Electrode	

Electrode	

Al2O3 (VO) + ½(HfO2)	Al2O3 + ½(Hf) 	

Ef = {E(VO )−E(bulk)}+µO

Hf + O2 → HfO2	

VO	  formaSon	  energy	  in	  Al2O3:	  8	  eV	

Heat	  of	  formaSon	  of	  HfO2	  :	  —5.8	  eV	  (per	  one	  O	  atom)	

•  FormaSon	  of	  VO	  costs	  2.2	  eV	  energy	  loss	  even	  when	  
Al2O3	  is	  in	  contact	  with	  Hf	  (Hf-‐rich	  VO	  source).	  

VO	

Al2O3	

Hf	

VO	

K.	  Kamiya	  et	  al.,	  IEDM	  2012;	  TED	  2013	  
M	  Yang	  et	  al.,	  SSDM	  2012,	  JJAP	  2013	  



Blanka Magyari-Köpe and Yoshio Nishi 
 

 
42 

	  	  

0"
1"
2"
3"
4"
5"
6"
7"
8"
9"

10"

Energy'(eV)�En
er

gy
 (e

V
)	

Al2O3	

VO
0	

Hf	TiN	

8	

6	

4	

2	

0	

Band	  Offsets	  TiN/Al2O3/Hf	  

•  Fermi	  level	  of	  TiN	  is	  almost	  the	  same	  as	  the	  VO	  level	  of	  Al2O3	  and	  about	  4	  eV	  
higher	  than	  VB	  of	  Al2O3.	  

•  Fermi	  level	  of	  Hf	  is	  roughly	  1	  eV	  higher	  than	  that	  of	  TiN.	  
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Summary	  
•  A filamentary arrangement of oxygen vacancies may account for 

the higher conductivity observed in oxygen deficient TiO2, NiO, 
HfO2 and Al2O3. 

•  The filament rupture process during the ON-OFF switching can be 
further enhanced/blocked by dopants diffusion into the vacancy 
sites – and the process is strongly enhanced by the applied electric 
field. 

•  Vacancies at the electrode/oxide interfaces influence the 
conductivity and ionic transport. Based on NEGF calculations: the 
electron transport change from a metallic type through the 
filaments to an isolated trap assisted model bears a 10^4 change in 
the ON/OFF ratio. 

•  Multilayer structures – control of the oxygen chemical potential and 
electric field is required  


