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ABSTRACT: Phase-change memory (PCM) is an important
class of data storage, yet lowering the programming current of
individual devices is known to be a signiﬁcant challenge. Here
we improve the energy-eﬃciency of PCM by placing a
graphene layer at the interface between the phase-change
material, Ge2Sb2Te5 (GST), and the bottom electrode (W)
heater. Graphene-PCM (G-PCM) devices have ∼40% lower
RESET current compared to control devices without the
graphene. This is attributed to the graphene as an added
interfacial thermal resistance which helps conﬁne the generated
heat inside the active PCM volume. The G-PCM achieves programming up to 105 cycles, and the graphene could further
enhance the PCM endurance by limiting atomic migration or material segregation at the bottom electrode interface.
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P

hase-change memory (PCM)1−5 has been one of the
leading candidates of emerging nonvolatile memories,
mainly due to its great scalability down to the single-digit
nanometer regime.6−11 PCM has superior performance
compared to mainstream NAND Flash, with cycling endurance
up to 109 demonstrated12,13 and faster switching speed of less
than 10 ns.14 The phenomenon of resistive switching in PCM is
based on the reversible phase transition of chalcogenide alloys
between low-resistance crystalline and high-resistance amorphous phases,1 caused by current-induced Joule heating.
Because crystallization (for SET) and melting (for RESET)
of the phase-change material occurs at relatively high
temperatures (around 150 °C15 for crystallization to the fccphase Ge2Sb2Te5 (GST) and over 600 °C16 for GST melting),
relatively high programming (RESET) currents remain a
challenge for PCM. Although reduction of IRESET down to
the μA range has been demonstrated using individual carbon
nanotube electrodes,7,8,10,11 a more scalable approach to
energy-eﬃcient PCM is needed.
For a given technology node, the strategy for reducing the
programming current of PCM falls into two complementary
categories: materials engineering and thermal engineering.
Examples of materials engineering include the use of GeTe/
Sb2Te3 superlattices for interfacial17 and charge-injection18
PCMs, as well as the use of nanocrystalline doped GST.19
Thermal engineering aims to achieve PCM heating with
minimal current by increasing the thermal resistance and
thermal conﬁnement of PCM. The early invention of the
conﬁned PCM cell structure20 was a prototypical approach of
© 2015 American Chemical Society

thermal engineering, and the use of thermally conﬁned TaN/
TiN bottom electrode (BE) in the conventional mushroom
structure21,22 has also been eﬀective. For the PCM to be more
energy-eﬃcient, the Joule heating should be restricted inside a
small volume of the phase-change material and heat loss by
thermal conduction to the surroundings needs to be minimized.
One approach to achieve this has been to engineer the interface
between the phase-change material and the metal heater.23−25
For example, PCM with a semiconducting fullerene ﬁlm (∼30
nm C60) inserted at the interface between GST and metal
bottom electrode24 has shown up to ∼70% reduction of IRESET.
However, such interfacial ﬁlms with a relatively large thickness
(∼10 nm for TiO2,23 about 30 nm for C60,24 and over 100 nm
for WO325) may not be an ideal solution because they
introduce series resistance24 and may degrade the PCM
reliability.23
In this work, we demonstrate the use of graphene as an
atomically thin interfacial thermal barrier between the PCM and
the heater electrode. Although graphene has a large in-plane
thermal conductivity,26 the out-of-plane heat ﬂow across'monolayer and few-layer graphenes is strongly limited by its weak
van der Waals interfaces.27−29 In fact, the cross-plane thermal
resistance of graphene is estimated to be equivalent to that of
∼25 nm of SiO2 but with subnanometer thickness,26 depending
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Figure 1. (a) TDTR (time-domain thermoreﬂectance) measurements of the ratio of the in-phase (Vin) and out-of-phase (Vout) components of the
reﬂected probe intensity, comparing the ﬁlm stacks (see Figure S1) with and without the graphene. The inserted graphene layer leads to a slower
thermal decay, thus indicating that it adds a signiﬁcant amount of thermal resistance in the out-of-plane direction. (b) Simulated RESET
programming current of the G-PCM as a function of ratio between the graphene width and the bottom electrode width (DG/DBE). IRESET is
normalized to that of the conventional PCM. Also see Figure S2.

Figure 2. (a) Schematic representation of the G-PCM device fabricated in this work. The top electrode voltage (Vtop) is applied to the Pt/Ti top
electrode, and the larger area W via, which connects the smaller e-beam patterned heat plug through the bottom electrode underneath, is electrically
grounded. Two diﬀerent types of PCM devices are fabricated with diﬀerent graphene sizes (DG) as a comparison (inset). DG is set at 1 μm, equal to
DGST for the control sample, while DG varies with the eﬀective contact diameter (DG = DBE) for the G-PCM. (b) Cross-sectional HR-TEM image of
the G-PCM device in the high-resistance state (HRS) with typical resistances of a few MΩ’s and the eﬀective contact size (the diameter of the
columnar W heater plug) ∼ 100 nm. The TEM cannot resolve the subnanometer thick graphene; thus, its location is shown by an arrow at the aGST (amorphous GST) interface with the W-plug. See Figure S5; some physical damage to the graphene is observed after the 10 nm GST ﬁlm is
sputtered on top.

on the adjacent materials.30 Consequently, we insert a graphene
layer at the interface between GST and metal (W) bottom
electrode to conﬁne heating of the PCM and form a novel
graphene-PCM (G-PCM) device structure. The interfacial
graphene layer is patterned by electron-beam lithography
(EBL) to be as small as the eﬀective contact area of the PCM.
About 40% reduction in RESET current of the fabricated GPCM structure is achieved with minimal increase in electrical
contact resistance of the graphene, and high programming
endurance is also maintained. This study demonstrates a
practical electronic application of graphene as a thermal barrier
for heat-sensitive devices and systems such as PCM.
In order to understand the thermal eﬀect of the graphene
layer, we ﬁrst investigated the out-of-plane thermal resistance of
Al (80 nm)/GST (10 nm)/graphene/SiO2 (285 nm)/Si stacks
by employing the time-domain thermoreﬂectance (TDTR)
technique (see Figure 1a). TDTR is a well-established pump−
probe technique, capable of measuring the cross-plane thermal
conductivity of nanometer-thin ﬁlms and thermal conductance
per unit area across interfaces of particular interest27 (see
Supporting Information, Section 1 and Figure S1). Compared
to control test structures without the graphene in the stack, the
TDTR measurement with the graphene exhibited a slower

thermal response (Figure 1a), corresponding to an increased
thermal boundary resistance (TBR). The inserted graphene
layer and its interfaces added a TBR of 32 ± 10 and 44 ± 3
m2K/GW for graphene interfaces with as-deposited (amorphous) and annealed (fcc-crystalline phase) GST ﬁlms,
respectively, at room temperature. These values are remarkable,
demonstrating how a subnanometer thin graphene can serve as
an eﬀective thermal barrier. This cross-plane TBR of the
graphene is equivalent to the thermal resistance of a much
thicker layer of 10−15 nm GST, while occupying negligible
volume within an overall PCM bit.
Using the measured TBR values for the graphene and its
interfaces, we also performed an electro-thermal COMSOL31
analysis (see Figure 1b and Supporting Information Section 2)
to assess how eﬀective the graphene is as a thermal barrier in
the practical PCM device structure. Temperature proﬁles were
simulated for typical mushroom-type PCM structures, except
that graphene of diﬀerent sizes (of area DG2, where DG is the
dimension of the graphene) were inserted at the interface
between the GST and the metal (W) heater. We compared the
impact of diﬀerent dimensions of the graphene interfacial layer
in Figure 1b, in terms of the normalized RESET-programming
current. Because the graphene has >100× higher in-plane
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thermal conductivity than out-of-plane,26 its width aﬀects the
heating eﬃciency of the PCM cell. When the graphene covers a
larger area, the eﬃciency in heating up the thin GST ﬁlm (10
nm) becomes lower due to heat ﬂow along the graphene lateral
direction. It is therefore necessary to limit the inserted
graphene layer in the PCM into a much smaller region than
that of the GST layer on top. By doing so, one can more fully
utilize the beneﬁts of the graphene as a thermal barrier in the
out-of-plane direction while minimizing the heat lost along the
in-plane direction. The temperature proﬁle in Figure S2
suggests that when the graphene is patterned as small as the
W heater underneath (DG ≈ 215 nm), the hottest region inside
the active GST volume can reach as high as its melting
temperature (Tmelt = 900 K in the simulation) with the lowest
RESET current applied.
Based on the observations made in Figure 1a and b, we
fabricated the novel G-PCM device structure (see Figure 2a
and b), where the interfacial graphene thermal barrier enables
an energy-eﬃcient PCM design, as follows (see Figure S3 for
the details of device fabrication). The 30 nm W layer is ﬁrst
electron-beam (e-beam) evaporated to serve as the bottom
electrode, followed by 30 nm of SiO2 by plasma-enhanced
chemical vapor deposition (PECVD). The 100 kV EBL is then
applied to pattern the nanoscale via, and the subsequent
processes of dry-etching the dielectric layer and ﬁlling via holes
with e-beam evaporated W are precisely calibrated such that the
surface of the W plug is nearly ﬂush with the oxide surface (<10
nm) after lift-oﬀ (see Figure S4 for the top view SEM image of
the e-beam patterned vias). A graphene layer purchased from
Graphene Supermarket32 is then transferred using a typical poly
(methyl methacrylate) (PMMA) scaﬀold33 and patterned by
EBL to be as small as the bottom W heater electrode, i.e., DG =
DBE. The 10 nm GST is sputtered directly on top of the
graphene layer (see Figure S5 for Raman data for graphene),
followed by a TiN adhesion layer (10 nm), a Ti layer (10 nm),
and Pt (30 nm) top electrode. As shown in the inset of Figure
2a, a control sample is separately prepared with the graphene
patterned into a much larger area of DG = DGST and compared
with the optimal design of the G-PCM with DG = DBE.
The typical threshold switching behavior of the fabricated GPCM devices is presented in Figure 3 for a DC current sweep.
Here G-PCM devices with DG = DBE = 100 nm are compared
with control PCM devices without graphene that have various
bottom electrode contact sizes (DBE). For both G-PCM and
PCM, the large conductivity increase occurs at the voltage
above the threshold point (VT ∼ 5.5 V), accompanied by a
well-known voltage snap-back. The threshold switching is the
key electrical process which enables current-induced phase
change to occur in PCM devices. The fabricated G-PCM device
shows similar DC threshold switching as the control PCM
device of the same size (100 nm) without the graphene. One
diﬀerence is that device-to-device variation of the low-resistance
state (LRS) resistance (RLRS) after SET seems larger for the GPCM device. RLRS of the G-PCM device varies from about 50 to
200 kΩ for the eﬀective contact size of 100 nm, while that of
the control PCM device of the same size ranges from 40 to 50
kΩ. Since the LRS resistance of the PCM is the sum of the
resistances of the heater element (columnar W-plug), the
phase-change material (GST), and various interfaces, the
diﬀerence in the distribution of RLRS between the G-PCM
and the PCM is attributed to the imperfect graphene interfaces.
It is noteworthy that we successfully minimized the electrical
contact resistance of graphene by (1) keeping the PMMA

Figure 3. SET threshold switching characteristics of fabricated PCM
devices with diﬀerent BE sizes of 200, 100, and 50 nm, and G-PCM
devices with DG = DBE = 100 nm. Device-to-device variation in the
low-resistance state (LRS) of G-PCM indicates that imperfect
graphene interfaces (ostensibly arising from PMMA residues after
graphene transfer and from the GST sputtering process) should be
carefully treated to minimize the electrical contact resistance of
graphene.

support layer fresh before graphene transfer and (2) optimizing
the conditions for PMMA removal after graphene transfer, and
for e-beam resist removal after graphene patterning. Additionally, other approaches may be implemented to further reduce
contamination of the graphene surface.34−37
Next, in order to explore the potential advantage of the GPCM in achieving lower RESET current (IRESET), we compared
the R-I (resistance vs current) switching characteristics of three
diﬀerent PCM devices fabricated in Figure 4: G-PCM with DG
= DBE, PCM without the graphene, and control sample with DG
= 1 μm. We ﬁrst consider the typical R-I behavior of the
conventional PCM device without the graphene. Programming
currents with small pulse amplitudes (<0.5 mA) lead to the

Figure 4. RESET current reduction in the G-PCM device (with
patterned graphene), compared with control samples without the
graphene and with a wider graphene layer (DG = 1 μm). The switching
curves were obtained by applying a 10 ns/100 ns/10 ns (rise time/
duration/fall time) voltage pulse with increasing voltage amplitude to
the PCM top electrode, and monitoring the waveform through the 50
Ω internal resistance of the oscilloscope. All three types of PCM
devices considered had the same bottom electrode size (DBE = 200
nm). About 40% decrease of IRESET in the G-PCM compared to the
PCM without graphene, points to the enhanced conﬁnement of heat
by the inserted graphene layer at the interface. The G-PCM device
with the smallest contact resistances (i.e., the smallest RLRS,
comparable to that of the traditional PCM) was used in the pulsed
switching experiment. The cycle-to-cycle distribution of IRESET for the
200 nm G-PCM is shown in Figure S7.
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Figure 5. (a) Pulsed write/erase endurance characteristics and (b) cycle-to-cycle resistance distributions of the PCM control devices (without
graphene) fabricated with varying BE sizes, DBE = 200, 100, and 50 nm. (c and d) Similar plots for the G-PCM devices with patterned graphene, DG
= DBE. For electrical switching, voltage pulses of 1 μs/100 μs/1 μs and 10 ns/50 ns/10 ns were applied for SET (write) and RESET (erase),
respectively. Both types of devices can be switched up to 105 cycles, with an on/oﬀ resistance ratio between 30 and 100.

series resistance of the graphene and its interfaces, the control
sample would also have led to a smaller IRESET than the
traditional PCM, as it also had the interfacial layer of graphene.
Since the larger graphene in this control sample conducts more
heat in the in-plane direction than the EBL patterned graphene
in the G-PCM, it heats a larger GST volume on top, canceling
out the advantage in IRESET reduction.
It should be noted that the G-PCM device used for the
pulsed switching experiments in Figure 4 (and the one in
Figure 5) had RLRS comparable to that of the PCM device
without graphene. This is important, as the minimal electrical
contact resistance due to graphene can rule out the possibility
of increased Joule heating, and conﬁrms our reasoning of
graphene-assisted heat conﬁnement as the physical source of
the reduced IRESET in the G-PCM.
Another key challenge in utilizing low thermal conductivity
thin ﬁlms (thermal conductivity in the range of 0.4−1.7 W m−1
K−1 for TiO2, C60, and WO323−25) to engineer the interface
between the phase-change material and the metal heater is the
need to maintain the endurance of the integrated PCM device.
Endurance characteristics have not been tested in many
previous studies using interfacial thin ﬁlms24,25 or only a
limited and degraded number of switching cycles have been
reported.23 The diﬃculty arises from the fact that the thin ﬁlm
inserted at the phase-change material interface with the metal
heater could participate in physical interactions (atom
intermixing or alloying) with the adjacent phase-change
atoms, as the interface is very hot during programming. In
this regard, Figure 5, which displays the endurance characteristics and the resistance distributions for both PCM (Figure 5a

initial annealing of the active amorphous volume of the GST
and the consequent decrease in the cell resistance. As the
current increases and approaches the value of IRESET, the meltand-quench of the critical volume results in an increase of the
cell resistance, and the RESET transition occurs. The measured
IRESET of about 2 mA for the 200 nm control PCM without
graphene is in agreement with a trend line1 of the linear
relationship between the RESET current and the eﬀective
contact area of the PCM (see Supporting Information Figure
S6 for the measured IRESET values as a function of the PCM
bottom electrode size, for both PCM and G-PCM). It is
signiﬁcant that the PCM devices fabricated in this study require
relatively low programming current densities (JRESET) of <7
MA/cm2 (see the inset of Figure S6). Carefully designed PCM
cell structures have been programmed typically at JRESET ∼ 10
MA/cm2.1
Compared with the control PCM without graphene, the GPCM exhibits 40% smaller RESET programming current, IRESET
∼ 1.2 mA, although it has the same eﬀective contact diameter,
DBE ≈ 200 nm (see Figure S7 for the cycle-to-cycle distribution
of measured IRESET). As shown by our earlier measurements
and simulations (Figure 1), this occurs because the interfacial
graphene layer (patterned by EBL as small as the W heater
plug) limits the generated heat from being dissipated through
the plug into the bottom electrode of the PCM. The critical
role of the inserted graphene layer as an eﬀective thermal
barrier is also supported by the fact that IRESET of the control
sample (with DG = 1 μm, see Figure 2a) is similar to or a bit
larger than that of the conventional PCM. If the observed
IRESET reduction in the G-PCM resulted in part from added
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and b) and G-PCM (Figure 5c and d) devices, is of great
importance in verifying a functional G-PCM device. First, the
G-PCM device shows excellent electrical performance, as
compared with earlier studies using other thin ﬁlms.23−25 We
achieved good programming endurance of up to 105 cycles in
the G-PCM, along with tight cycle-to-cycle resistance
distributions and on/oﬀ resistance ratios of ∼30, ∼60, ∼100
for devices with DBE ≈ 50, 100, and 200 nm, respectively.
Second, it is interesting to note that the G-PCM did not exhibit
any degradation in the memory window. The LRS resistance
did not change even after the graphene insertion, owing to the
minimal electrical contact resistance of graphene.
In general, the main cause to the endurance failure of PCM is
the physical movement and segregation of phase-change
atoms.38,39 Graphene-inserted PCM may lead to higher
endurance as compared to conventional structures because
the graphene serves as a physical barrier40,41 between the phasechange material and the metal heater, preventing atomic
migration or material segregation that could occur at this
interface during repeated programming cycles. However, in this
work we did not observe improved endurance in devices with
graphene at the interface; the endurance was limited to 105
cycles for both PCM and G-PCM devices for unidentiﬁed
reasons which will be the focus of future work. Nevertheless,
our study suggests that graphene is a good candidate for an
interfacial material to improve the thermal eﬃciency of the
PCM and possibly increases the endurance of the PCM as well.
As an added advantage, the inserted graphene layer gives no
degradation in electrical performance of the PCM while
improving the thermal eﬃciency.
In summary, we have found that graphene is a uniquely
suited material for interfacial thermal engineering of the PCM,
as it is atomically thin and chemically inert due to strong sp2
carbon bonds. We experimentally demonstrated that grapheneinserted PCM devices consume less programming current
(using lower power), with the best results obtained when the
graphene was patterned to the same width as the bottom
electrode. These devices showed 40% lower RESET current
compared with traditional PCM devices of the same eﬀective
contact size, while still maintaining fast switching speed of sub50 ns (for RESET), high programming endurance of up to 105
cycles, and good on/oﬀ resistance ratio between 30 and 100.
The reduced IRESET is attributed to the thermal boundary
resistance of graphene and its interfaces, leading to improved
thermal eﬃciency of the device by restricting heating within the
active programming region of the PCM.
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1. Details of the TDTR (time-domain thermoreflectance) measurements
We performed TDTR measurements [1]-[2] on the stack of Al (80 nm)/GST (10 nm)/graphene/SiO2 (285
nm)/Si structures (Figure S1) to assess the impact of the graphene inserted at the interface between GST
and SiO2. Our TDTR setup is built around a 9 ps mode-locked Nd:YVO4 laser source which emits pulses
at 1064 nm wavelength with a repetition rate of 82 MHz. The pump beam is amplitude modulated at a
frequency fmod = 4 MHz, and converted to 532 nm with a periodically poled lithium niobate crystal. The
Al capping layer of the test structure acts as an optothermal transducer, converting pump optical pulses
into heat that travels through the film of interest. The thermal decay profile due to this downward
diffusion of heat is measured by monitoring the reflectivity of the top Al layer using time-delayed probe
pulses (0 to 3.5 ns).
We measure the in-phase (Vin) and out-of-phase (Vout) components of the reflected probe intensity
demodulated at fmod using a lock-in amplifier. In these experiments, the pump and probe beams are
focused onto the sample with 1/e2 spot diameters of 10 μm and 6 μm, respectively. We fit the time-series
of -Vin/Vout data (Figure 1a) to a three-dimensional (3D) thermal model that numerically solves the heat
conduction equation taking into account effects due to pulse accumulation and radial spreading [3]-[4].
We perform measurements on samples with and without the graphene inserted at the GST/SiO2 interface.
Using data from control samples without the graphene, we extract the thermal conductivities of the GST
film in the as-deposited amorphous and fcc annealed (at 160 ºC for 1 hour) crystalline states. These values
are ka = 0.21 ± 0.02 and kc = 0.33 ± 0.03 (Wm-1K-1) for the amorphous and fcc crystalline GST,
respectively, in reasonable agreement with reported values from literature [5]-[6].
The known thermal parameters at room temperature are assumed in the fitting as follows.

2




Thermal conductivity of Al: 110 (Wm-1K-1)
Thermal conductivity of SiO2: 1.38 (Wm-1K-1)
Specific heat of GST: 1.2 × 106 (Jm-3K-1) [7]

Having measured the thermal conductivities of the GST films, we then extract the thermal boundary
resistance (TBR) at the GST/graphene/SiO2 interface by measuring the samples with the inserted
graphene; the TBR is found to be 32 ± 10 and 44 ± 3 (m2K/GW) for graphene interfaces with as-deposited
(amorphous) and annealed (fcc crystalline) GST films, respectively, at room temperature. These values
indicate the increase in overall TBR introduced by the graphene (i.e., the two different interfaces of
GST/graphene and graphene/SiO2 are not distinguishable). TBR for the initial GST/SiO2 interface
measured for fcc-phase GST in our previous work [8] is 24 ± 10 (m2K/GW), and thus inserting the
graphene (doubling the number of interfaces) increases the effective TBR to be more than doubled.

Pump Laser
Detector
Probe Laser

graphene
Al (80 nm)
GST (10 nm)
SiO2 (285 nm)

Si Substrate
Figure S1. Films stacks for TDTR measurements. GST and aluminum (Al) were DC-sputtered and
evaporated using a shadow mask, respectively.

2. 3D finite-element (COMSOL) simulation
The thermal and electrical physics of the phase-change memory (PCM) devices are modeled with threedimensional (3D) finite-element simulations, to generate temperature profiles inside the mushroom-type
PCM structure. The out-of-plane electrical resistivities of graphene interfaces are set such that the
graphene-inserted PCM (G-PCM) is calibrated to the experimental value of RLRS (resistance in lowresistance state). A constant current is driven as a simulation input to the top electrode, and the Jouleheating is used to determine the heat generation throughout the structure. The heat flow is modeled using
Fourier's law, with thermal conductivities of relevant materials as listed in the following (in Wm-1K-1).



SiO2: 1.38, W: 50, TiN: 10, Pt: 30, GST (amorphous): 0.2, GST (crystalline): 0.4
Graphene: 1000 (in-plane)

It should be noted that for a 30 nm e-beam evaporated Pt film, the thermal conductivity of 30 Wm-1K-1 is
used in the simulation, instead of the value for a bulk Pt [9].
Additionally, the TBRs are added for graphene interfaces, using the data obtained from the TDTR
measurements described above. The simulation taking the effect of increased TBRs by graphene
interfaces into account (Figure 1b) predicts almost exactly what we have measured (~40% reduction in
IRESET).
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Temperature profile of G-PCM
TiN

GST

SiO2

900 (K)

Pt/Ti graphene
750

SiO2

W plug
W
SiO2/Si

600

30 nm

*graphene is as small as W plug
(DG = 215 nm, Dplug (B.E.) = 200 nm)

450

300

Figure S2. Temperature profile of the G-PCM where the graphene (DG ~ DB.E.) is placed at the interface
between the GST and the W heater plug. As heat is confined and isolated by the thermally resistive
graphene layer at the interface, the maximum temperature of GST as high as its melting temperature (T melt,
~ 900 K) is achieved with minimal RESET current applied.

3. Process flow for fabricating the G-PCM device
(a)

PE-CVD SiO2 (30 nm)

(b)

W via

SiO2 (30 nm)/W (30 nm)

SiO2/Si

W (30 nm)

SiO2/Si
graphene

TiN/GST

(c)

(d)
SiO2 (30 nm)/W (30 nm)

SiO2/Si
Pt/Ti

SiO2 (30 nm)/W (30 nm)

SiO2/Si
graphene (by EBL)
(d)

(e)

SiO2 (30 nm)/W (30 nm)

SiO2 (30 nm)/W (30 nm)

SiO2/Si

SiO2/Si

Pt/Ti

Control sample

(e)
TiN/GST

SiO2 (30 nm)/W (30 nm)

G-PCM

SiO2/Si

Figure S3. (a) First, a 30 nm-thick SiO2 layer is grown by the PE-CVD technique at 300 ºC on top of the
e-beam evaporated W substrate. The 30 nm W underneath serves as a bottom electrode (B.E.) that
connects the W heater plug in the active device region to the larger-area W via. (b) The 100 kV e-beam
lithography (EBL, JEOL 6300 FS) patterns the sub-200 nm via holes, by using the ZEP 520A positive ebeam resist. The subsequent dry-etching of the SiO2 is made by an ICP (inductively coupled plasma) etch
system in CHF3 and Ar atmosphere. The ZEP e-beam resist is removed by lift-off, after the e-beam
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evaporated W fills up the nano-sized via hole. The process of filling the via with e-beam evaporated W
metal is precisely calibrated such that the surface of the metal plug is nearly flush with the oxide surface
(< 10 nm gap) after lift-off. (c) 1 × 1 inch pieces of single-layer (3 Å) graphene film (purchased from
Graphene Supermarket [10]) are then transferred onto the substrate. (d) For the control sample, a stack of
TiN (10 nm) / GST (10 nm) films is in-situ deposited in an ultra-high vacuum (UHV, base pressure of <
10-8 Torr) sputtering chamber, and it is patterned to be about 1 µm2 by either dry-etching or lift-off
techniques. (e) The O2 plasma etches out the graphene outside the active region. The top electrode is 10
nm Ti (above the TiN), followed by 30 nm Pt on top. For the G-PCM sample, as shown in (d) and (e)
highlighted in red, the transferred graphene layer is directly patterned by the EBL using the ma-N 2403
negative tone e-beam resist. To keep the graphene surface relatively clean after the e-beam resist removal,
we deposit GST followed by TiN capping by in-situ sputtering, then the Ti and finally Pt layers for the
top electrode by e-beam evaporation.
Graphene transfer process
One side of the graphene sample (on a copper substrate) is first spin-coated with a PMMA solution
(molecular weight of 950k g/mol and 2% by volume dissolved in Anisole) and carefully cured at 120 ºC
for 60 secs. The coated PMMA layer serves as a physical support. The graphene on the back side is
removed by O2 plasma for 30 secs at 50 W (otherwise, the backside graphene will hinder the Cu etch
process). The copper substrate under the graphene film is then etched out in an Iron (III) Nitrate (Sigma
Aldrich) solution (0.05 g/ml). The sample is left in the solution for at least 12 hours to completely
dissolve away the copper layer. The transfer process onto the device is finally done in deionized water,
and the PMMA layer on top of the graphene is removed with heated Acetone (soaking for about 2 hours).
It is important to keep the PMMA layer fresh for complete removal of PMMA residue and consequently
minimizing the electrical contact resistance of graphene.

4. SEM image of the e-beam patterned W plug and via

Figure S4. Scanning electron microscope (SEM) top-view image of the e-beam patterned W plug and via.
The two small features at the top indicate the nano-sized via holes (ranging from 200 nm down to 50 nm),
which are filled up with the e-beam evaporated W to act as a heater plug in the PCM cell. The larger W
via at the bottom is directly connected to the bottom electrode underneath, which is grounded for
electrical measurements. Image is taken at 5 kV acceleration voltage in the FEI Nova NanoSEM 450.
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5. Raman spectroscopy data

Figure S5. Raman spectroscopy of graphene for (a) before and (b) after the 10 nm GST is sputtered on
top. The technique of Raman spectroscopy is a well-established characterization tool used to analyze a
variety of carbon materials including graphene [11]. The graphene samples (both without and with the
GST) were measured using a WiTec 500 AFM/micro-Raman Scanning Microscope (with wavelength of
532 nm). In (a), the ratio of 2D to G peak intensities is about 1.2, suggesting a good coverage of the
graphene and possibility that our sample is a mix of monolayer and bilayer, and the low D to G ratio
further indicates that the graphene film used in this study had a low defect level. In (b), the increased D to
G peak ratio suggests some physical damage to the graphene after the 10 nm GST film is sputtered on top.
However, the stack of GST/graphene/SiO2 maintains the G and 2D band character of graphene.
6. Reset current trend

Figure S6. Measured RESET current (IRESET) as a function of the effective contact diameter of the PCM,
shown together with the (dashed) trend line from ITRS 2009 [12] and literature [13]. Our measured data
points (symbols) follow the general trend line with reasonable agreement, for both traditional PCM (solid
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black square) and G-PCM (hollow red star) devices. The G-PCM gives a benefit of about 40% reduction
in RESET programming current and energy. The inset shows that G-PCM devices in this study can be
programmed at relatively low current densities of < 5 MA/cm2.
7. Cycle-to-cycle distributions of measured RESET current

Figure S7. Cycle-to-cycle distributions of measured IRESET for PCM devices of varying sizes and the GPCM with 200 nm contact width. The fabricated G-PCM device shows a clear reduction in RESET
current, compared with the PCM of the same size; IRESET for the 200 nm G-PCM is 1.45 ± 0.18 mA, with
a distribution that does not overlap much with that for the conventional 200 nm PCM device.
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