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1.  Methods of CNT Device Fabrication 

 Carbon nanotubes (CNTs) were grown by chemical vapor deposition (CVD) using a mixture 

of CH4 and C2H4 as the carbon feedstock, and H2 as the carrier gas at 900 
o
C. The flow rate of 

CH4 to C2H4 was kept large to grow predominantly single-walled CNTs. Fe (~2 Å thick depo-

sited by e-beam evaporation) is used as the catalyst for CNT growth. The catalyst was deposited 

on ~70 nm thick SiO2 and highly p-doped Si wafers. Patterned catalyst islands are formed using 

photolithography and lift-off. Prior to growth, the catalyst was annealed at 900 
o
C in Ar envi-

ronment to ensure the formation of Fe nanoparticles, from which the CNTs grow. The nanotubes 

were contacted with Ti/Pd (1/40 nm) electrodes defined using photolithography. The electrode 

separation on our test chips is varied from L ~ 1-5 μm, although the exact CNT length is not es-

sential for low-power GST switching, with the CNTs 

being much more conductive than GST. 

 

 

Fig. S1. The schematics of the initial CNT devices that 

are used in this work, before nanogap formation. Semi-

circular electrodes are used for tighter control of CNT 

length (1-3). 

 

 

 

2. GST Thin Film Deposition & Characterization 

GST thin film deposition is done in high vacuum using an ATC 2000 custom four gun co-

sputtering system (AJA International), with a deposition rate at 0.4 Å/s at 12 W DC power. De-

position at this rate ensures that there is only minimal damage to the CNT from the sputtering 

process (3). The sputtering target Ge2Sb2Te5 was purchased from ACI Alloys Incorporated. Thin 

film thickness is characterized with X-ray reflectivity measurement using Philips Xpert Pro XRD 

system on control samples. By probing diffraction intensities at glancing angles of incidence, we 

are able to confirm the GST thin film thickness is 10.0 ± 0.4 nm (Fig. S2A).  

We have also performed atomic force microscopy (AFM) measurements on our samples be-

fore and after GST deposition (Fig. S1B and S1C, respectively). The measured RMS surface 

roughness of our devices only increased minimally from ~0.3 nm to ~0.5 nm (3). 

3. Three-Dimensional Finite Element Modeling 

We have developed a comprehensive 3D finite element (FE) model accounting for the elec-

tro-thermal interactions in our devices using COMSOL Multiphysics. In the simulation, an elec-

trical model is used to predict the voltage and current distribution in the device; while a thermal 

model is employed to predict the temperature distribution. The two are coupled via Joule heating 

and the temperature dependence of material properties. The modeling schematic for the CNT-

PCM device is consistent with the actual device structure and is shown in Fig. S3A. 

In the electrical model, the Poisson and continuity equations are solved to obtain the voltage 

and current distribution in the device: ∇∙[σ(x,y,z,t)∇V] = 0. The electrical conductivity of GST, 

σGST, depends on its phase, temperature and in the case of amorphous GST (a-GST), the electric  
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Fig. S2. (A) X-ray reflectivity measurement of sputtered GST thin film using control samples. 

The control sample is fabricated by sputtering GST directly onto highly doped Si substrate 

immediately after the removal of the the native oxide layer by wet etching. The measurement 

confirms the GST thin film thickness is 10 nm. (B) and (C) AFM images of CNTs before and after 

GST deposition, indicating the GST thin film is highly conformal with minimal roughness. 

 

field, as shown in Fig. S3B. At T > 150 ºC, the a-GST transforms into the face centered cubic 

(fcc) crystalline phase (c-GST), with a sharp drop in resistivity. When T > 350 ºC, GST trans-

forms into hexagonal closed pack (hcp) phase, with another (smaller) decrease in resistivity. The 

temperature dependence of GST resistivity (Fig. S3B) is numerically incorporated in our model 

and based on experimental results from Lankhorst et al (4). 

The electrical conductivity of the CNT σCNT is calculated based on a model developed by 

Pop et al (5): σCNT = (4q
2
/h)∙(λeff/A), where q is the elementary charge, h is Planck's constant, λeff 

is the effective carrier mean free path, and A = πdb  is the cross-sectional area of the CNT, where 

d and b (~0.34 nm) are the diameter and wall thickness of the nanotube respectively. The nano-

tube conductivity is temperature and position dependent through the effective mean free path λeff, 

which can be calculated using the Matthiessen's rule as: λeff
-1

= λAC
-1

+ λOP,ems
-1

+ λOP,abs
-1

. 

On all external boundaries, electrically insulating boundary conditions are applied, except 

across the electrodes, where a constant current flow is assumed. Electrical contact resistance is 

simulated on interior boundaries between GST/electrodes (~ 150 kΩ), CNT/electrodes (~ 50 kΩ) 

and GST/CNT (~100  kΩ). 

In the thermal model, the transient heat equation is used to obtain the temperature and GST 

phase in the device: ∇∙[k(x,y,z,t)∇T] + Q = Cv(∂T/∂t), where k is the thermal conductivity, T is 

the temperature, Q = I
2
R is the Joule heat generation and Cv is the volumetric heat capacity. The 

thermal conductivity of GST (kGST) depends both on temperature and phase (Fig. S3C) as de-

scribed by Lyeo et al (6). Table 1 summarizes the main material properties used in this work. 



  SOM-4 

Adiabatic thermal boundary conditions are 

used on all exterior boundaries except the bot-

tom of the SiO2, where a constant T = 293 K is 

assumed (convective cooling by air and radia-

tion loss are insignificant). At interior bounda-

ries, thermal boundary resistance (TBR) is ap-

plied to model the heat fluxes and temperature 

gradients at the interfaces. The TBR is modeled 

by adding a very thin thermally resistive layer 

at all relevant interfaces, with thickness dth and 

thermal conductivity kth such that the TBR Rth = 

dth/kth. The Pd/CNT boundary is assumed to have a TBR Rth = 1.2 × 10
7
 K/W (7); while a ther-

mal conductance g = 0.17 WK
-1

m
-1

 per CNT length is applied at the CNT/SiO2 boundary (5). All 

other interior boundaries have Rth = 2.5 × 10
-8

 m
2
KW

-1
 which is typical for many systems (8).  

We performed different sets of simulations each with increasing current flow. In each simu-

lation, a constant current pulse was applied for 100 ns. The current-voltage simulation is com-

pared to experimental data for a specific device in Fig. S3D. Blue circles show the experimental 

results of a CNT-PCM device with 2.0 µm CNT length, 2.5 nm CNT diameter, and 70 nm nano-

gap size. As explained in the main text, the voltage snapback behavior is caused by threshold 

switching in GST and followed by a→c phase change due to Joule heating. The FE model cor-

rectly captures these characteristics with the standard material parameters. 
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Fig. S3. (A) Schematic of the 3-dimensional FE model of the CNT-PCM device from COMSOL 

simulations, closely following the experimental layout (Fig. 1 in main text). (B) Temperature de-

pendence of GST resistivity and (C) thermal conductivity. (D) I-V characteristics (experimental 

data and simulations) of a nanotube-PCM device. The CNT length = 2.0 µm, diameter = 2.5 nm 

and nanogap size = 70 nm; GST film is 10 nm thick. The snapback behavior is observed when 

the localized E-field in the gap exceeds the threshold value. 

Table 1. Material properties used in simulation. 

 
k (W/m/K) C (J/m

3
/K) σ (S/m) 

Pd (electrode) 22 2.93 × 10
6
 1 x 10

7
 

SiO2 1.4 1.72 × 10
6 1 x 10

-16 

GST 
kGST(T) as 

in Fig. S3 
1.24 × 10

6
 

σGST(T) as 

in Fig. S3 

CNT 3000 1.10 × 10
6
 
σCNT(T) as 

in Ref. (5) 
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The temperature profile of GST in the CNT gap region before and after the threshold 

switching is illustrated in Fig. S4. In its highly resistive state, the current passing through the 

CNT-PCM device is on the order of 100 nA. At low voltage the Joule heat generated is insuffi-

cient to reach the GST crystallization temperature ~420 K (Fig. S4A). However, once the electric 

field (E-field) in the nanogap reaches the threshold value, the a-GST in the nanogap switches in-

to a conductive state, and the local current density in the GST nanogap increases drastically. At 

this point, sufficient heat is generated to raise the temperature to where the GST changes into its 

stable crystalline phase (c-GST). The bulk GST that is not exposed to high E-field and current 

flow remains in the highly resistive a-GST phase and therefore does not heat up significantly 

(Fig. S4, B and C). 
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Fig. S4. (A) Simulated temperature profile of GST in the nanogap before and (B) after it switch-

es into the highly conductive state. Importantly, simulations show that the GST outside the nano-

gap region remains at relatively low temperature and thus still in the amorphous phase, primari-

ly due to the low thermal conductivity of GST. This is an important feature, which enables the 

very small bit volume addressed here (few hundred cubic nanometers), and the ultra-low power 

operation. (C) Cross-sectional temperature profile of the GST in the center of the nanogap, indi-

cating once again the highly confined current flow and heating region. 

4. Additional Electrical & AFM Measurements 

Electrical measurements were performed with a Keithley 4200 Semiconductor Characteriza-

tion System (SCS), a Keithley 3402 Pulse Generator (PG), and an Agilent Infiniium 50004A os-

cilloscope. The device resistance after applying the SET and RESET pulses is measured with the 

4200 SCS at a 2.0 V DC bias. The SET and RESET current magnitudes were calculated from the 

applied voltage amplitude and the device resistance. Fig. S5 shows a typical waveform. 

 

Fig. S5. A typical RESET pulse waveform. 
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Figure S6 below shows additional electrical and AFM measurements of other the nanotube-

PCM devices. These are similar to those shown in Fig. 2 in the main text, but for devices with 

larger nanogap size, and consequently larger threshold voltage VT. These devices have nanogaps 

of ~100 nm and ~210 nm, and VT = 9 V and 19.8 V, respectively, representative of the general 

scaling trend observed in Fig. 4 of the main text (a→c switching is E-field driven). 
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Fig. S6. Characterization of additional CNT-PCM devices. (A) and (D) I-V characteristics of 

two devices before and after SET. Devices have CNT diameter = 2.5 nm (2.1 nm), CNT length = 

2.2 µm (3.8 µm) and nanogap size = 100 nm (210 nm). SET currents are 0.9 μA (2.4 μA) and 

threshold voltages VT = 9 V (19.8 V). Insets show CNT I-V leading to nanogap formation. (B) 

and (E) are AFM images after nanogap formation. (D) and (F) are AFM images after SET oper-

ation. Note the inset shows the narrow (small volume) conductive GST path created, consistent 

with the simulation from Fig. S4. The scale bars are 0.5 μm. (also see Fig. 2 in main text.) 

5. Comparison of CNT Nanogap Formation in Air and Ar Flow 

 In order to create the CNT nanogaps, we performed electrical breakdown of CNTs both in 

ambient air and under Ar flow. We have also „cut‟ CNTs with AFM manipulation, but the elec-

trical breakdowns offered a much faster route to obtain a wide range of nanogaps (Fig. 4). Of 

course, while the CNT breakdown method is extremely useful here, it would not be the preferred 

route for obtaining nanogaps in a more scalable manufacturing environment. Nevertheless, we 

believe it is useful to present some observations associated with this technique here. 

 First, we note that CNT breakdowns „under Ar flow‟ were done by flowing Ar (which is 

heavier than air) from a small nozzle over the entire test chip while probing. Thus, some dimi-

nished amount of oxygen was still available for CNT breakdown, unlike the breakdowns per-

formed in vacuum in the second panel of Fig. 2C of Ref. (1). There, the CNT break in vacuum 

could lead to SiO2 damage, which was not seen here either in ambient air or under Ar flow. 



  SOM-7 

 Second, we found that nanogaps formed in Ar are always smaller (always <100 nm) due to 

the diminished amount of oxygen, as seen in Fig. 4 (main text) and Fig. S7 (below). This is use-

ful because, as mentioned in the main text, CNT-PCM devices with smaller nanogap size operate 

at lower threshold voltages. 

 We report additional statistics for all devices measured by AFM in Fig. S7. We find no clear 

dependence between nanogap size and CNT diameter (Fig. S7A). In a sense, this is encouraging 

because it suggests that tight control of CNT electrode diameter may not be necessary to make 

very low power devices. Our simulations (Figs. S3 and S4) also suggest this is the case, because 

the resistance of the GST bit always dominates that of the CNT (both in the a- and c-GST phase), 

thus rendering variability in the CNT of less importance. This fact could be important for mass 

production of such electronics where some amount of CNT variability could be tolerated. 

 Figure S7B shows the dependence of nanogap size on CNT length, after both air and Ar-flow 

breakdowns. These data seem to suggest some dependence of nanogap size on CNT length for 

nanogaps created in ambient air. This was also noted in Ref. (9), although at smaller CNT lengths 

(<1 μm) where the CNT temperature profile would be more steeply varying. On the other hand, 

for CNTs longer than ~1 μm the temperature profile is relatively flat (5). Figure S7C shows the 

range of SET currents (~0.5 to 4 μA) across all devices tested where diameter data from AFM 

was also available. Figure S7D compares SET and RESET current for the subset of devices 

where both these and AFM data were available. The RESET current range is ~5 to 8.5 μA. 

 

Fig. S7. (A) CNT nanogap depen-

dence on CNT diameter. Blue cir-

cles indicate devices that were bro-

ken down (‘cut’) in air, red solid 

dots are devices that were prepared 

under Ar flow. (B) The CNT nano-

gap size vs. original CNT length. 

For both devices that were broken 

down in air and under Ar flow, we 

observe that CNTs with smaller 

length tends to have smaller gap 

size. (C) SET current vs. CNT di-

ameter. No clear trend is observed. 

(D) SET and RESET current vs. 

CNT diameter for the same devices. 

 

 

6. Device Scaling Estimates 

Our „best‟ devices in this study have 20-30 nm nanogaps with threshold voltages below 3 V, 

SET currents below 1 μA, and RESET currents ~5 μA. This corresponds to programming power 

below 3 μW (2.6 μW for „best case‟), significantly lower than the nearly ~1 mW programming 

power in conventional PCM devices. We are achieving such record-low power because of the 

extremely low effective bit volumes (hundreds of cubic nanometers) that can be addressed with 

CNT electrodes of few-nanometer diameters. Moreover, the scaling trend in Fig. 4B indicates 
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such devices are highly scalable, and even 

lower (perhaps by another ~10×) switch-

ing power may be possible. 

To understand these limits, we theo-

retically consider 5 nm nanogaps between 

CNT electrodes, which should lead to SET 

switching voltage and current of ~0.5 V 

and 0.2 µA, respectively. The PCM vo-

lumes of such smallest addressable bits 

would be of the order ~20 nm
3
. In addition, 

a comparable volume of the surrounding 

GST and SiO2 will be heated up to ap-

proximately 1/3 of the temperature of the 

GST bit, based on the simulations of Fig. 

S4 and Ref. (7). Here, the three roles of 

the CNT as the smallest low-resistance 

electrodes (~2 nm diameter) and that of 

low thermal conductivity of the GST and 

SiO2 (~1 Wm
-1

K
-1

) and that of the CNT-GST interface thermal resistance are important in limit-

ing the bit volume. This is in accord with experimental observations in Fig. S6 above and Fig. 2C 

in the main text, where only a GST volume of diameter comparable to that of the CNT is ad-

dressed and participates in switching; this fact is also supported by our simulations, see Fig. S4. 

We estimate the absolute lowest limits of programming energy of the smallest GST bits as 

follows. We take GST and SiO2 heat capacity from Table 1 (7), a temperature rise ΔT ~ 150 K for 

the a→c transition (SET) and ΔT ≈ 600 K for the c→a transition (RESET). The programming 

energy/bit is E = ∑CiViΔTi where the subscript i represents the material heated (GST or SiO2) 

and Vi is the respective volume (7, 8). The absolute minimum energy needed to heat up and 

switch such small bits are ESET ≈ 5 × 10
-18

 J (= 5 aJ) and ERESET ≈ 2 × 10
-17

 J (= 20 aJ). 

More conservative (and realistic) estimates can be obtained considering that the shortest 

pulses known to induce switching in GST today are of the order ~2.5 ns for SET and 0.4 ns for 

RESET (11). The switching estimates then become ESET ≈ ERESET ≈ 0.2 fJ, with programming 

power of the order ~0.1 μW. In practice, our sharpest pulses in this work are ~20 ns, limited by 

the Keithley 3402 pulse generator and our pad and cable layout. These lead to switching energy 

of the order ~100 fJ/bit in this work. While these calculations are simple, they are backed up by 

finite-element simulations [Section 3 above, and Ref. (7)], and they serve as useful indicators of 

the energy and power dissipation limits of such devices. 

We compare the RESET current and current density of our devices with that of state-of-the-

art (SOA) technology, as shown in Fig. S8. This figure compares our results with those widely 

available among SOA as summarized by Ref. (10). The typical current density of SOA devices is 

of the order 40 MA/cm
2
 (with a fairly broad spread, from 10-100 MA/cm

2
) as shown in Fig. S8. 

The best RESET current of our devices is ~5 μA (Fig. S7), but the current density varies from a 

maximum at the “tip” of the CNT electrodes to a minimum as the current spreads into the GST 

bit (Fig. S4). With this consideration, our device current density is also in the range ~10-100 

MA/cm
2
, which is consistent with the present SOA. The significant advantage of our device 

geometry comes from the extremely small diameter and good conductivity of the CNT electrodes. 

Equivalent contact diameter (nm)

1 10 100
1

10

100

1000

R
e
se

t c
u
rr

e
n
t 
(μ

A
)

Contact Area (nm2)

0.79 78.5 7853
C

u
rre

n
t D

e
n
sity

 (A
/c

m
2)

105

107

109

1011

1013

this work, with
CNT electrodes

SoA

 
Fig. S8. Scaling of programming current in phase-

change materials (PCM), >0.1 mA in commercial 

state-of-the-art (SoA) [after (10)]. Our results with 

CNT electrodes (this work) show approximately two 

orders of magnitude lower power and reset current. 
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7. Comparison with Critical Nucleus Size in GST 

In this Section we compare our minimum bit sizes (as small as a few hundred cubic nanometers, 

as described in Section 6) with the minimum dimensions imposed by the critical nucleus in GST. 

The crystallization process in GST is nucleation driven. According to classical nucleation theory, 

there is a critical radius rc, below which the crystallization process is energetically not favorable. 

This critical radius rc may be calculated from the interfacial free energy σ and the Gibbs free 

energy difference between the parent and the crystalline phase per unit volume ∆Glc,V, as rc = 

2σ/ΔGlc,V (12). Taking σ = 40 mJ/m
2
 (13), ∆Gc = 1.15 eV and using the relationship ΔGc = 

(16π/3)σ
3
/(ΔGlc,V)

2
 (12), we estimate that the critical radius rc ~ 1.05 nm. The smallest GST bits 

addressed in our experiments are of the order ~10 nm, being approximately an order of magni-

tude greater than rc in any of the three directions. This suggests that smaller volumes of GST 

could be addressed still, with sub-femtojoule switching energy as estimated above. 

8. Subthreshold Measurements of Ultra-Thin GST 

We investigated the temperature dependence of our a-GST subthreshold current to under-

stand the transport mechanism. The subthreshold I-V of a typical CNT-PCM device (here with 

VT = 7.2 V) as a function of temperature in vacuum are shown in Fig. S9. The subthreshold cur-

rent shows an exponential dependence on applied voltage >0.5 V, which is typical in amorphous 

chalcogenides (14), confirming the a-GST transport. To further understand this, we extract the 

activation energy of our a-GST as a function of its applied bias. For any voltage, we plot the 

subthreshold current at different temperatures as a function of 1/kT, as shown in the Arrhenius 

plot in Fig. S9B (also Fig. 2A right inset). We obtain the activation energy as the negative of the 

slope of the linear fit, here EA = 0.396, 0.385 and 0.374 eV for applied bias of 1, 2 and 3 V, re-

spectively. While more work is needed to understand subthreshold conduction in such thin GST 

films (here ~10 nm), these results are similar to Ref. (14) for thicker films. This result is impor-

tant by itself, as it confirms that the conduction mechanism even in the ~10 nm thin a-GST films 

used here is a temperature- and field-activated trap-assisted mechanism. The activation energy 

decreases as the applied bias increases, since the electric field lowers the potential barrier (14).  
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Fig. S9. Temperature dependent subthreshold measurements. (A) Current-voltage of ~10 nm thin 

film PCM in the subthreshold regime (in vacuum, with increasing temperature). (B) Arrhenius 

plot of subthreshold current. Activation energies are extracted from the negative slope of the fit, 

with values of EA = 0.396, 0.385 and 0.374 eV at applied bias 1, 2 and 3 V, respectively. These 

results show that even at ~10 nm GST film thicknesses and sub-50 nm bit dimensions, the subth-

reshold conduction mechanisms are similar to those previously reported for a-GST (14). 
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