
Recent Progress of Phase Change Memory (PCM) and Resistitve 
Switching Random Access Memory (RRAM) 

H.-S. Philip Wong^*,  
SangBum Kim^+, Byoungil Lee^, Marissa A. Caldwell#, Jiale Liang^, Yi Wu^, Rakesh Jeyasingh^, Shimeng Yu^  

^Dept. of Electrical Engineering and Center for Integrated Systems, Stanford University, Stanford, CA 94305, USA 
#Dept. of Chemistry and Center for Integrated Systems, Stanford University, Stanford, CA 94305, USA  

+Present address: IBM Thomas. J. Watson Research Center, Yorktown Heights, New York, USA 
*Email: hspwong@stanford.edu 

 
Abstract—The increasing demand for high-capacity non-
volatile memories in the electronic portable and media 
applications has required continuous scaling of the 
conventional FLASH memory technology beyond 
perceived limits. At the same time, system designers 
envision the use of novel memory technology may 
revolutionalize the organization of the memory hierarchy 
of processors and the design of SoC and SiP. This has 
resulted in the exploration of many alternate memory 
technologies like PCM, RRAM, STTRAM. In this paper 
we discuss some of our recent works on understanding the 
various aspects of PCM and RRAM.  

Keywords-component: Non-volatile memory, PCM, RRAM, 
Scaling. 

I. INTRODUCTION 
The amount of information storage in a hand-held device is 
increasing exponentially with the increase in the functional 
capabilities of such devices every year [1]. We need to store a 
large amount of information in a smaller device and there is 
also a need to access these data in a short time. This has 
resulted in the replacement of magnetic hard-drives with high 
storage density FLASH memories as solid-state drives for 
laptops and other hand-held applications. However the 
challenges faced in reliably scaling the FLASH technology 
beyond 2x nm and the desire to reduce the access time has 
resulted in the exploration of many alternative technologies 
including PCM and RRAM [1]. These technologies do not 
seem to pose any fundamental limits in scaling the device 
dimensions down to single-digit nanometer dimensions [6] 
and are highly competitive in terms of their speed, endurance, 
and retention properties to meet the demands of the future 
electronics industry [2][20]. However there are a number of 
issues that are yet to be addressed [2][7][8] in these 
technologies especially in terms of understanding their physics 
of operation and improving their reliability to enable large-
scale integration of these memory devices. In this paper, we 
focus on some of the key aspects of PCM and RRAM such as 
understanding their physical mechanism of switching, 
reducing the power consumption, and also their use in other 
alternate applications that are beyond the conventional 
memory applications.  

II. PHASE CHANGE MEMORY 
Phase change memory (PCM) is one of the most promising 
emerging memory devices. It has the potential to combine 
DRAM-like features such as bit alteration, fast read and write, 
and good endurance and Flash-like features such as non-
volatility and a simple structure. PCM is expected to be a 
highly scalable technology extending beyond scaling limit of 
existing memory devices [3]. Prototypical PCM chips have 
been developed and are being tested for targeted memory 
applications [4][5][9]. However, a complete understanding of 
the fundamental physics behind PCM operation is still lacking 
because the key material in PCM devices, the chalcogenide, is 
relatively new for use in solid-state devices. Evaluation and 
development of PCM technology as successful mainstream 
memory devices require more study on PCM devices. The 
following section focuses on some of our recent works on 
understanding the key aspects of phase change memories such 
as the reset resistance drift, thermal disturbance, and the 
conduction mechanism. 

 
Fig. 1.  Microscope image of micro-thermal stage. Pt heater is integrated on 
top of the lateral phase change memory (PCM) cell. The inset 3D figure 
shows the MTS heater overlapped region over narrow phase change material 
programming region. After [12]. 

A. Understanding Resistance Drift and Thermal Disturbance 
using Micro Thermal Stage 

One of the major challenges for PCM is the drift in the 
resistance value in its reset state that makes it difficult to be 
used in multi-level applications. This drift behavior is highly 
temperature dependent and hence there is a need to study the 
nature of the drift by controlling the cell temperature [10]. 
Conventional approaches of using the hot-chuck to control the 
temperature have speed limitations due to the large thermal 
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Fig. 2. (a) Reset resistance and (b) RRESET drift coefficient 
after reset programming for various annealing temperatur
 

 
Fig. 3(a) RRESET for various delay time for annealing (dA). 
pulse is 600 µs at 65 ˚C. (b) RRESET drift coefficient calc
The RRESET drift coefficient dramatically changes dur
annealing for small dA. After [12]. 
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case is believed to follow Poole-Frenkel mechanism. Further 
experiments on measuring 1/f noise at different temperatures 
and different programmed resistances can give us additional 
information on the nature of traps and the conduction 
mechanism. Measurement of the Random Telegraph Signal in 
PCM cells will also help reveal the relaxation times of the 
fluctuation process that causes the 1/f noise [18].  

III. RESISTIVE SWITCHING RANDOM ACCESS MEMORY  
Metal oxide resistive random access memory (RRAM) is 

one of the most competitive candidates for future non-volatile 
memory applications due to its simple structure, fast switching 
speed (~10 ns), great scalability (<30 nm), and compatibility 
with current CMOS technology [19][20]. The mechanism of 
resistive switching phenomenon in metal oxides has been 
widely attributed to the formation/rupture of conductive 
filaments (CFs) which may be associated with the migration of 
oxygen vacancies or metal precipitates [21]. Many reports 
show that the electrode/oxide interface property would affect 
the switching modes [22]: if a noble metal such as Pt, Ru is 
used as the electrode, usually the unipolar switching (reset 
occurs at the same polarity as set) is observed; if an oxidizable 
metal such as Ti, TiN, TaN is used as electrode (reset occurs at 
the opposite polarity as set), usually the bipolar reset is seen. It 
has been suggested that the unipolar reset is a Joule heating-
driven process, while the bipolar reset is a field-driven ion 
migration process. The key challenges hindering RRAM from 
large-scale manufacturing includes poor switching and 
resistance uniformity, relatively large reset current, and a lack 
of a clear physical picture of the switching mechanism. 
Significant parameter fluctuations exist in the switching 
voltages and the resistances, including temporal fluctuations 
(cycle to cycle) and spatial fluctuations (device to device). 
Furthermore the requirement of high current density selection 
devices [20] to provide for the large peak reset  current during 
the switching process imposes great challenges for large array 
integration [23]. Recent work in the literature show HfOx to be 
the most attractive RRAM material [24-26]. We further explore 
the switching properties of HfOx and AlOx based RRAM to 
achieve low power, reliable and fast switching devices.  

  

Fig. 5 (a) Typical I-V characteristics of the HfOx/AlOx bi-layer sample and 
HfOx single layer sample. (b) Distribution of set/reset voltages obtained by 200 
DC sweep cycles. Better uniformity in the bi-layer sample. 

A. HfOx/AlOx bi-layer RRAM: improved switching uniformity, 
multilevel storage capability and energy-efficient 
programming scheme 
RRAM devices of TiN/HfOx/AlOx/Pt stacks with 0.5×0.5 

µm2 active cell area were fabricated [27]. 5 nm AlOx and 5 nm 
HfOx was deposited by atomic layer deposition (ALD) method. 
Fig. 5(a) shows the DC sweep I-V characteristics of the bi-
layer sample and the single HfOx layer control sample. Bipolar 

switching behavior is shown probably due to the TiN oxygen 
reservoir effect. Fig. 5(b) shows less dispersion of the set/reset 
voltages in the bi-layer sample than those in the single-layer 
samples obtained by 200 DC sweep cycles. Besides the 
switching voltages, the resistances in either high or low 
resistance states are also more tightly distributed in bi-layer 
samples as compared to the single-layer samples. These results 
suggest that materials engineering by stacking oxides multi-
layers may help improve switching uniformity. To explore the 
multilevel storage capability in RRAM, we found that it was 
possible to modulate the resistance states during the reset 
process by varying the reset voltages.  

 
Fig. 6 The resistances distribution of four levels in the HfOx/AlOx bi-layer 
sample. “00” was achieved by +2.5 V/50 ns pulse, and “01”, “10”, “11” were 
achieved by -2.3 V/ 50 ns, -2.6V/ 50 ns, -3 V/50 ns pulses, respectively.  
Fig. 6 shows possible 2-bit storage potential for the bi-layer 
sample. The resistance distribution of one set state and three 
reset states were obtained by varying the reset pulse amplitudes. 
The intermediate states during the reset process were achieved 
by partially rupturing the CFs. Besides the programming 
scheme by varying the reset pulse amplitudes, there are other 
feasible methods to achieve multilevel states. For example, the 
two equivalent pulse programming schemes [28] can give the 
same resistance modulation capability: one is to linearly 
increase the reset pulse amplitudes; the other is to 
exponentially increase the reset pulse width. The two schemes 
are equivalent because of the observed voltage-time 
relationship in the switching dynamics: the oxygen ion 
migration velocity exponentially depends on the applied 
electric field [28]. 

 

Fig. 7 shows the simulated reset time and reset energy versus the applied 
voltage according to our developed oxygen ion migration model [27]. 
Both schemes can achieve the target multilevel resistances. 
Therefore, we came to a question which programming scheme 
is better? We performed the transient current response 
waveform measurement to evaluate the energy consumption of 



these two schemes: to obtain the same target resistance (~50 k
Ω) from an initial resistance (~10 kΩ), a shorter and larger 
pulse (-2.3 V/50 ns) would consume 7.4 pJ while a longer and 
smaller pulse (-2 V/500 ns) would consume 60.9 pJ [28]. Fig. 7 
shows the simulated reset time and reset energy versus the 
applied voltage according to an oxygen ion migration model 
[28]. We can see that with the increase of voltage, the reset 
time and reset energy exponentially decreases, and sub-pJ 
energy consumption is achievable in RRAM operations. The 
programming scheme with varying pulse amplitudes is an 
energy efficient scheme for future high-speed RRAM arrays 
for multi-bit application. 

 
Fig. 8 (a)Al/AlOx/Pt RRAM using ALD AlOx with 1μA programming current. 
(b) Resistance ratio is about 8. The HRS has very high resistance. 

B. Al2O3 based RRAM using Atomic Layer Deposition (ALD) 
with 1µA RESET Current 
One challenge for the RRAM device is power consumption. 

Most RRAM devices reported in the early literatures show 
typical switching current in the order of mA or hundreds of μA. 
Using ALD grown oxide for Al/Al2O3/Pt, Wu et al. [29] have 
demonstrated exceptionally low reset current of ~1μA as 
shown in Fig 8. The low switching current substantially 
increases the LRS resistance to several hundreds of MΩ and 
this can potentially allow for ultra-large scale memory arrays 
without selection devices because the sneak leakage currents 
are significantly reduced due to the high LRS resistance. 

IV. CONCLUSION 
In this paper, we reviewed some of the recent work on phase 
change and resistive change memories. The key challenge 
facing the PCM is in the reduction of its reset current and 
mitigating the effect of drift. Understanding the physical 
mechanism of switching and drift can go a long way in 
making reliable multi-level PCM arrays. For RRAM, the 
major challenge lies in improving the uniformity in the device 
switching behavior and understanding the physical mechanism 
involved in switching.  
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