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Summary   

  4DS has developed a robust ReRAM system, (MOHJO™) based on 
Strongly Electron Correlated Systems such as Pr1-xCaxMnO3 (PCMO) 

 Technology attributes include: low power operation, high-speed 
switching, scalable down to 10 nm and below, high cycle endurance 
and long retention time 

 MOHJO™ is implemented as a back end process atop standard CMOS 
flow 

  MOHJO™ is based on Mott metal-insulator transition driven by filed-
induced non-linear transport of oxygen vacancies across the hetero-
junction  



4DS TEST CHIP 16kb 

Two Full Banks of 8kb Each 

Two mini-arrays  

Die Layout Die Picture 



Cross-Sectional View of Test Chip 

 TEM of core area 
 Base process is a friendly 0.18um 

4 metal layers, 5 via layers for 
ease of implementation, while we 
have single cell data proving 
scaling down to 30nm. 

 Resistor process is entirely 
contained above the top via layer. 

 Resistor process is low 
temperature, metal/via process 
friendly, with no visible or 
measureable negative impact to 
the lower interconnect layers. 



Highly-oriented, Stoichiometric, Crystalline  
Material 
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and the tip is fabricated by etching a metal wire and
attached to one side of the quartz tuner. The attach-
ment is carried out in the environment of nitrogen gas
whose purity is higher than 99.9% to avoid the tip oxi-
dation. The AFM electronics and software are tailored
for the RS measurements. The Pt buffer layer was
used as the bottom electrode while the AFM probe
served as the TE, forming a sandwiched two-terminal
device. Constant contact pressure is achieved by the
control of the server loop of the AFM,[17] and veri-
fied by a contact resistance which remains constant for
several minutes, longer than the time needed for the
repetitive I−V loop measurements. During the I−V
measurement, the Pt bottom electrode is grounded
and the bias is applied on the tips. Typical inden-
tation caused by the point contact is about 1µm in
width and 20 nm in depth. The background noise of
the instrument for the current measurement is within
5 pA. The conductive AFM provides a very flexible
way to change the tip materials and measurement lo-
cations on the PCMO. Six different tips made of Pt,
Ag, Au, W, Ni, and Al wires by chemical etching were
used for the present experiment. All the measure-
ments are performed at room temperature with freshly
made and oxide free tips.
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Fig. 1. (a) XRD analysis of the PCMO thin film. Inset:
the schematic of the point-contact two terminals devices.
(b) High resolution TEM for the PCMO thin film.

Figure 2 shows the I − V characteristics for the
PCMO sandwiched-devices with six tip materials. For
each set of measurement, Vmax is raised slowly until
the I−V hysteresis loops become stable, equivalent to
the “forming process”. The current compliance is set
at 100µA. Each frame contains three complete loops
of bias sweep from 0 → Vmax → 0 → −Vmax → 0 with
Vmax varying between 3.2V and 5.8V for different tip
materials. The I − V curves are quite reproducible
as evident in Fig. 2 and have been repeated in multi-
ple locations. Although all six sets of I − V curves
exhibit hysteresis and bipolar resistive switching, the
I − V characteristics evidently fall into two distinct
groups: group I is of the upper three sets for inert
tip material, Pt, Ag and Au, and group R is of the
lower three sets for the more reactive metal tip, W,
Ni and Al. The most striking feature that differen-
tiates these two groups of devices is the sense of the

hysteresis loop. For group-R devices, the hysteresis
loop is CLK in the positive tip bias but it is CCLK
in the negative tip bias. We shall refer such hysteresis
loop as CLK-loop. For group-I devices, however, the
direction of the hysteresis loop is the opposite, i.e. a
CCLK-loop. Alternatively, for group-R devices, the
negative bias leads to SET (switching from a high re-
sistive state (HRS) to a low resistive state (LRS)) and
a positive bias results in a RESET (switching from
LRS to HRS). For group-I devices, the bias polarity
for SET and RESET is reversed.
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Fig. 2. I − V characteristics of metal-tip/PCMO/Pt de-
vice with six types of tip materials: Pt, Au, Ag, W, Ni and
Al. The compliance current is set at 100 µA. The numbers
indicate the sequence of the bias sweep.

Figure 3(a) plots in the same graph six sets of I−V
from −2.5V to 2.5V tip biases for these two groups
of devices. Figure 3(b) plots the resistance in loga-
rithmic scale of these devices in a small bias region.
From these graphs, we can conclude that the resis-
tance of the HRS of group-R devices is on the order
of 1MΩ, much greater than the resistance of HRS of
the group-I devices ranging from 15 kΩ to 33 kΩ, and
the resistance of LRS of group-R falls between the
resistances of HRS and LRS of the group-I devices,
ranging from 6.7 kΩ to 25 kΩ. This observation sug-
gests that there exist qualitatively different conduc-
tion mechanisms between the HRS of group-R and all
other states.

Alternating-current conductance measurement is
a powerful tool for revealing carrier hopping or
trapping/de-trapping characteristics in conducting
disorder solids.[18] The hopping barrier can be deduced
from Jonscher’s relation[19] σ(f) = σdc(1 + [f/fH ]γ)
(1 > γ > 0) and the Arrhenius relation fH =
f0 exp(−EH/kBT ), where σ(f) is the ac conductance,
σdc is the dc conductance, and EH denotes the hop-
ping barrier and can be determined by the character-
istic frequency fH beyond which the ac conductance
increases quickly. This technique has been used to in-
vestigate the conduction mechanism of metal oxide[20]
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and the tip is fabricated by etching a metal wire and
attached to one side of the quartz tuner. The attach-
ment is carried out in the environment of nitrogen gas
whose purity is higher than 99.9% to avoid the tip oxi-
dation. The AFM electronics and software are tailored
for the RS measurements. The Pt buffer layer was
used as the bottom electrode while the AFM probe
served as the TE, forming a sandwiched two-terminal
device. Constant contact pressure is achieved by the
control of the server loop of the AFM,[17] and veri-
fied by a contact resistance which remains constant for
several minutes, longer than the time needed for the
repetitive I−V loop measurements. During the I−V
measurement, the Pt bottom electrode is grounded
and the bias is applied on the tips. Typical inden-
tation caused by the point contact is about 1µm in
width and 20 nm in depth. The background noise of
the instrument for the current measurement is within
5 pA. The conductive AFM provides a very flexible
way to change the tip materials and measurement lo-
cations on the PCMO. Six different tips made of Pt,
Ag, Au, W, Ni, and Al wires by chemical etching were
used for the present experiment. All the measure-
ments are performed at room temperature with freshly
made and oxide free tips.
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Fig. 1. (a) XRD analysis of the PCMO thin film. Inset:
the schematic of the point-contact two terminals devices.
(b) High resolution TEM for the PCMO thin film.

Figure 2 shows the I − V characteristics for the
PCMO sandwiched-devices with six tip materials. For
each set of measurement, Vmax is raised slowly until
the I−V hysteresis loops become stable, equivalent to
the “forming process”. The current compliance is set
at 100µA. Each frame contains three complete loops
of bias sweep from 0 → Vmax → 0 → −Vmax → 0 with
Vmax varying between 3.2V and 5.8V for different tip
materials. The I − V curves are quite reproducible
as evident in Fig. 2 and have been repeated in multi-
ple locations. Although all six sets of I − V curves
exhibit hysteresis and bipolar resistive switching, the
I − V characteristics evidently fall into two distinct
groups: group I is of the upper three sets for inert
tip material, Pt, Ag and Au, and group R is of the
lower three sets for the more reactive metal tip, W,
Ni and Al. The most striking feature that differen-
tiates these two groups of devices is the sense of the

hysteresis loop. For group-R devices, the hysteresis
loop is CLK in the positive tip bias but it is CCLK
in the negative tip bias. We shall refer such hysteresis
loop as CLK-loop. For group-I devices, however, the
direction of the hysteresis loop is the opposite, i.e. a
CCLK-loop. Alternatively, for group-R devices, the
negative bias leads to SET (switching from a high re-
sistive state (HRS) to a low resistive state (LRS)) and
a positive bias results in a RESET (switching from
LRS to HRS). For group-I devices, the bias polarity
for SET and RESET is reversed.
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Fig. 2. I − V characteristics of metal-tip/PCMO/Pt de-
vice with six types of tip materials: Pt, Au, Ag, W, Ni and
Al. The compliance current is set at 100 µA. The numbers
indicate the sequence of the bias sweep.

Figure 3(a) plots in the same graph six sets of I−V
from −2.5V to 2.5V tip biases for these two groups
of devices. Figure 3(b) plots the resistance in loga-
rithmic scale of these devices in a small bias region.
From these graphs, we can conclude that the resis-
tance of the HRS of group-R devices is on the order
of 1MΩ, much greater than the resistance of HRS of
the group-I devices ranging from 15 kΩ to 33 kΩ, and
the resistance of LRS of group-R falls between the
resistances of HRS and LRS of the group-I devices,
ranging from 6.7 kΩ to 25 kΩ. This observation sug-
gests that there exist qualitatively different conduc-
tion mechanisms between the HRS of group-R and all
other states.

Alternating-current conductance measurement is
a powerful tool for revealing carrier hopping or
trapping/de-trapping characteristics in conducting
disorder solids.[18] The hopping barrier can be deduced
from Jonscher’s relation[19] σ(f) = σdc(1 + [f/fH ]γ)
(1 > γ > 0) and the Arrhenius relation fH =
f0 exp(−EH/kBT ), where σ(f) is the ac conductance,
σdc is the dc conductance, and EH denotes the hop-
ping barrier and can be determined by the character-
istic frequency fH beyond which the ac conductance
increases quickly. This technique has been used to in-
vestigate the conduction mechanism of metal oxide[20]
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Typical Device Hysteresis is Asymmetric 
RESET Operation SET and Read Operation 
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Advantages of Asymmetric Hysteresis 

l 

  Extra low power operation on the reset side and low power operation 
on the set side. 

  Low power operation enables a bulk or block erase optional feature. 
  Low power bulk erase is also a highly desirable feature in security applications 

where the data may need to be wiped out quickly. 
  The bulk erase is a feature and not a requirement as in many current 

nonvolatile memories.  

 Both the Set (Program) and Reset (Erase) operations can be 
performed on a byte by byte basis. 
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Typical Cycling Data  

 The cycling for this type of memory is very stable, with good results up to 10^9 using 
dumb cycling. With a smart algorithm including verify and field modification much 
higher endurance is expected 



More than 10 year Data Retention at 85 0C 
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T (0C) T (K) Relaxation Constant 
(sec) 

27 300 1.4	
  X	
  109 
50 323 9.4	
  X	
  108 
85 358 5.8	
  X	
  108	
  	
   
90 363 5.5	
  X	
  108 
130 403 3.6	
  X108 
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Typical Read Disturb Data 

• The graph shows the disturb of the reset condition, due to the asymmetrical hysteresis 
of this material the read is always done in the set direction so the worst case disturb 
would be of reset data shown here with no noticeable read disturb at 10^12 reads 



Scalability data down to 30 nm  
(projected < 10nm) 
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MOHJOTM IS NOT BASED ON 
FILAMENTARY PROCESS 

12 



Forming is not Required for 4DS Resistors 

13 



4DS ON State Resistance is Area Dependent 

14 



4DS ON Resistance is  a Weak 
Function of Compliance Current 

15 



OXIDATION OF TOP ELECTRODE 
(TE) IS SEEN IN MOHJOTM 

16 



Clock wise and Counter Clock wise Loops 



Ca is an Acceptor in PCMO 

 CaPr
x     == CaPr

’  +  h. 
 MnMn

x 
 + h.   == MnMn

. 

-------------------------------------------- 
CaPr

x  +  MnMn
x  == CaPr

’ + MnMn
. 
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Oxygen Vacancy is a Donor  

 VO
x     == VO

..
 +  2e’ 

 2MnMn
. 
 + 2e’  == 2MnMn

x 

-------------------------------------------- 
Vo

x    + 2MnMn
.  == VO

.. + 2MnMn
x 
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Variation of I-V for various TEs 



PCMO 

Gibbs Free energy of oxidation of TE is important 



Oxidation of reactive Top Electrodes (TE) 



Phys. Rev. B 80, 235113 (2009)	


Oxygen Migration 	


1. Interface Oxidation-Revealed by TEM	


1. Oxygen migration->Change Band structure and Fermi Level	




In situ TEM Observation of Oxygen Vacancy 
Motion 

E 



CHANGES IN MANGANESE 
OXIDATION STATES ARE SEEN 
IN MOHJOTM 

25 



Figure 1!a" shows the Al-deposition thickness depen-
dence of Al 2p core-level PES spectra for Al/PCMO struc-
tures. At the initial stage of Al deposition, a broad peak,
derived from Al oxide, is observed. Its peak position shifts
toward higher binding energy in the Al thickness of 1–4 Å,
and is finally saturated at 75.5 eV. Above the Al-deposition
thickness of 4 Å, a sharp peak derived from Al metal appears
at the lower binding energy side. The chemical shift between
Al oxide and Al metal is approximately 2.7 eV, indicating
that the chemical state of the Al oxide formed at the interface
is close to Al2O3.13 With a further increase in the Al deposi-
tion, the intensity ratio of the Al oxide peak to the metallic
peak decreases, and finally no oxide peak is observed at the
Al deposition thickness of 40 Å. These results indicate that
the deposited Al metal is oxidized only in the interface re-
gion through the redox reaction between the Al metal and
PCMO films.

Assuming the redox reaction at the interface, the PCMO
films should be reduced as a counterpart of Al oxidation. In
order to investigate how the chemical states of Mn ions
change at the Al/PCMO interface, we have investigated the
change in Mn 2p core-level spectra for Al/PCMO interface
as a function of Al thickness. The results are shown in Fig.
1!b". Satellite structures indicative of the existence of Mn2+

states14 is clearly observed after Al deposition, suggesting
the reduction of Mn ions at the interface. Furthermore, for Al
deposition above 4 Å, an additional sharp peak indicative of
Mn metal appears at the lowest binding energy. The simul-
taneous appearance of the metallic peak in Al 2p core level
strongly suggests the diffusion of Mn ions to Al electrode
!formation of Mn–Al alloy" during Al deposition.15

In addition, a significant peak shift of Mn 2p core level
from 641.7 eV before Al deposition to 643.0 eV after Al
deposition is also observed, the direction of which is oppo-
site to the chemical shift expected from the reduction of Mn
ions. The peak shift may be originated from the chemical
potential shift !!"" of PCMO films associated with “electron
doping” due to oxygen deficiency, since other core levels
such as the Ca 2p core level !not shown" also show almost
the same shift of 1.1–1.3 eV. The !" of Pr1−xCaxMnO3 is
approximately proportional to its filling x as !"=−x eV
!Ref. 12". Assuming that the shift is originated from the
chemical potential shift, the valency of Mn is evaluated to be
!2.0+"– !2.2+", which is consistent with the observation of
Mn2+ satellite structures.

These results indicate that redox reactions !the oxidation
of Al metal and the reduction of Mn ions in PCMO films"
occur at the Al/PCMO interface during the Al deposition on
the PCMO surface. Such a redox reaction between the de-
posited Al metal and perovskite oxide seems to be common
phenomena.8,16 However, in sharp contrast to Al/PCMO, the
redox reactions are not observed at the Pt/PCMO interface
that does not show any RS characteristics, as shown in Figs.
1!c" and 1!d".

The difference in the valencies of Mn ions for the two
interfaces was further confirmed by XAS measurements. Fig-
ure 2 shows the Mn L2,3 XAS spectra for Al/PCMO, Pt/
PCMO, and PCMO films. For the PCMO film, the XAS
spectrum indicates the mixed valency of Mn ions between
3+ and 4+,17 which is consistent with the fact that the Mn
ions of PCMO have a nominal valency of 3.3+. As expected
from Mn 2p spectra in Fig. 1!d", almost the same shape is
observed for the Pt/PCMO structure, indicating that the va-
lency of Mn ions in PCMO remains unchanged even after
the deposition of Pt. On the other hand, the shape of the XAS
spectra dramatically changes after the deposition of Al: the
sharp peak derived from Mn2+ states is dominantly observed
at the photon energy of 641 eV.17 The detailed analysis of the
XAS spectra reveals that the valency of Mn ions is almost 2+
in the interface region. Comparing this with the I-V charac-
teristics of electrode dependence of the RS behavior, we con-
clude that the redox reaction at the electrode/oxide interface
is responsible for the RS behaviors.

The RS mechanism of metal/PCMO interfaces has been
explained by the following two scenarios: the modulation of
the Schottky barrier at the metal/PCMO interface7 and the
change in the current through the interfacial transition layer.8

The results of the present study strongly suggest that the
interfacial transition layer is the key to understanding the RS

FIG. 1. !Color online" Al-deposition thickness dependence of !a" Al 2p and
!b" Mn 2p core-level PES spectra for Al/PCMO and Pt-deposition thickness
dependence of !c" Pt 4f and !d" Mn 2p core-level PES spectra for
Pt/PCMO.

132111-2 Yasuhara et al. Appl. Phys. Lett. 97, 132111 !2010"

No interaction with noble  metals  

R. Yasuhara, et al., APL 97, (2010) 



Both Oxide Formation and  
Oxidation State Changes are Seen  

27 l 

R. Yasuhara, et al., APL 97, (2010) 



Metal Oxide 
Heterojunction P-N Junction 

Gibbs Energy Fermi energy 

Space vacancy formation  Space charge formation 

Ion migration Drift of electrons/holes 

Temperature sensitive Temperature sensitive 

Field dependent Field dependent 



METAL-INSULATOR TRANSITION 
IS SEEN AT THE INTERFACE IN 
MOHJOTM 

29 



4DS Oxides are Correlated Electron Systems 

 Resistivity modulations in the 
bulk can be induced by: 

  Magnetic field 
  Electric field  
  Charge particle bombardment 

 Resistivity modulation in the 
bulk is attributed to the Metal 
to Insulator transition 

30 D.  Lampis, Ph.D. Thesis 



Spectro-Microscopy Image and NEXAFS  
(Near Edge X-Ray Absorption Fine Structure) 

31 
H.S. Lee et al., Sci. Rep. 3, (2013) 1704. 

Conduction band edge for LRS = 528 eV   
Conduction band edge for HRS = 528.7 eV 

Mott gap  = 0.7 eV 



Metal Oxide Heterojunction Operation (MOHJOTM) 

Metal oxide-1 
Low Gibbs Free 
Energy 

Metal Oxide-2 
Higher Gibbs 
Free Energy 

Hetero-junction 

Oxygen Vacancy 

Depleted  

Regeneration of oxygen 
vacancies  

Oxygen 
vacancy 

oxygen 

Oxygen-Vacancy 

recombination  
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Technology – Key Attributes 

LOW  
COST 

•  Produced using  +1 to 4 mask steps 
when combined with standard CMOS 
process (as compared to +16 to 20 
mask steps for FLASH) for the memory 
core. 

•  Scalable and repeatable proprietary 
wafer process for mass production. 

LOW  
POWER  

•  Low voltage operation and low current, 
making it attractive for a variety of 
applications 

LOW  
TEMPERATURE 

•  The memory is formed in the back end 
metal layers with a proprietary low 
temperature process. 

HIGH SPEED 
•  Fast Read/Write 

SCALABILITY 
•  Tested at 30nm, projected down to 

10nm and below. 

EXISTING FAB 
EQUIPMENT / 
PROCESSES 

•  Simple integration into fabs, process 
steps utilizes established fabrication 
equipment and processes. 

•  Proprietary process is implementable 
as customized modules on existing 
fabrication tools. 

DENSITY 

•  High density: 4F2 with diode/6F2 with 
transistor 

LONG CYCLE 
LIFE 

•  10^9   

RELIABILITY 
•  10 year data retention 

CMOS 
COMPATIBLE 

•  Process is CMOS compatible. 

4DS’ MOHJOTM  memory is high speed, non-volatile, low power, low cost and is able to be 
produced using existing semiconductor manufacturing equipment 
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