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Appendix A Numerical strategy

The electrothermal process taken place in a RRAM consists of ion migration, current transport, and thermal conduction.
The electrical simulation can be performed by solving the ion transport equation and current continuity equation, i.e.

1o}
V- (,u(T)nDE - D(T)VnD) = % + RG (A1)
V- (c(T)VV)=0 (A2)
where V is the voltage, T is the local temperature, E = —VV is the electric field, p (T) is the temperature-dependent

mobility, np is the ion concentration, and RG is the generation/recombination rate. o (T) is temperature-dependent
electrical conductivity, and for the doped H fO2, we have [1]

o(T) =00 (np)exp (—%) (A3)

where kp is the Boltzmann’s constant and F 4¢ is the activation energy for conduction. oo (np) is the pre-exponential factor,

and it is ion density-dependent. The ion diffusion coefficient D(T) is temperature activated according to the Arrhenius
law [1]
D(T) = Doexp (_Eﬂ) (A4)
kT
where Dg is the diffusion coefficient at Top = 300K.
The thermal analysis is conducted by solving the following governing equation
=k (T)V*T+Q (A5)
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where C},(T) and k(T') are the temperature-dependent heat capacity and thermal conductivity of the materials, respectively.
A nonlinear thermal conductivity model for HfOx is specified as [2]

kpro = kmfroo (np) (L + X (T —To)) (A6)

where A = 0.01 is the linear thermal coefficient. g ro0 (np) is the thermal conductivity at To = 300K, and it is a function
of doping concentration [3].

It is worth noting that material parameters in (A1), (A2) and (A5) are temperature-dependent, thereby providing links
between electric and thermal fields during electrothermal co-simulation. The material parameters used here are summarized
in Table Al.
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Table A1 Physical parameters of the involved materials

Comp. Materials Physical parameters
kpt = T1L.6W/(m - K)
Pt opt = 8.9 x 1065/m
B/W Line Cpy =131.4J/Kg - oC
PGEC [4,5] kpg = 0.5W/(m - K)
opt = 6.8 x 1065/m
ket £q.(6)
CF HfO2 ocr : Eq.(3)

Cpr =445J/Kg - oC
Koz = 0.5W/(m - K)
Dioxide HfOo ooz : Bq.(3)
Cox = 445J/Kg - oC
ksin = 0.02W/(m - K)
High « Insulator Siz Ny [6] ogin = 1.0 X 107105/m
Cgin =T10J/Kg - oC
ks = 11.TW/(m - K)
os = 2.07 X 1065/m, on — state

Selector oly-Si
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Figure A1 Hierarchical structure of the developed parallel simulator.
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Figure A2 The control volume cell w; around vertex v; for triangle meshing grid.

Figure A1 outlines the hierarchical structure of the in-house developed parallel simulator. As stated in the figure, the
geometric model, as well as input information, is loaded at first and then the JANMIN evenly divides the whole model into
distributed patches using the METIS software package [7]. After that, each patch is assigned to one process according to
the inherent workload distribution scheme. To balance the workloads and dynamically minimize the number of successive
subdomains allocated to each process, massage passing interface (MPI) parallel programming scheme is utilized. On each
patch, the ion transport equation and current continuity equation are solved and subsequently, the heat generation rate is
calculated as the source in heat conduction equation. During this process, the FEM is employed to discretize the current
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continuity and heat conduction equations, while the FVFE-SG method is implemented for the ion migration governing
equation [8]. A HYPER-PCG solver is utilized to solve the system matrix equation on each patch.

Following, the implementation of the FVFE-SG method over control volume cell w; shown in Figure A2 are addressed
below. The governing equation (A1) is integrated over the volume cell w;

1
7/ v.7d9:/ @dmr/ RdS) (A7)
Q Q Q;
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The Divergence theorem is applied to the left-hand side of (A7) to obtain its weak form, i.e.

1/ (7.%’)515:/ 8iost/ hdS+/ RdS) (A8)
qJQ; Q; ot 'y Q;

K

where Ow; is the boundary of w;. By involving the standard Lagrangian basis N, the particle density within each mesh
element can be expanded as

n= > nmpmNm+ > npm(t)Nm (A9)
mEQN ;UL N mel p
where limits,,cq,,,ur, denotes that the vertex vy, is in the interior of calculated domain or on the Neumann boundary,
limits,er,, denotes that the vertex v, belongs to the Dirichlet boundary, and np, ,(t) is the time-dependent Dirichlet
boundary value at the vertex vy,. As shown in Figure A2, the control volume cell around the vertex v; is composed of five
parts belonging to five different mesh grids. To describe the problem more clearly, the integration over the part in mesh
cell 4;;, will be elaborated in the following.
With the consideration of the upwind effect, the current density 7 described in (A8) should be modified to SG formulation
at each edge of the mesh cell. The SG formulation along the edge e;j is expressed as

7.
where a;j is the Reynolds number along the edge e;7, and it can be calculated by a;; = pin Eijlij/(2Dn). 135 is the length of
edge e;j, and E,j is the electric field intensity on edge e;j. As mentioned above, the edge current is no longer perpendicular

to the adjacent segment of boundary dw; in the proposed FVFEM-SG. To get the outward norm, the Nedelec edge basis
space is employed to interpolate the upwind edge current in (A10) to the center of adjacent segment of boundary dw; by

- %& (np,j [coth (ai;) + 1] — np; [coth (ag;) — 1]) (A10)

7= 3 ‘7@(‘1?/,,”, (A11)
emp€E(Ajo)

By substituting (A9)-(A11) into (A8), the integration over the area A;j, N Q; can be obtained as

Z 8nD,m (t) / N dQ
ot AjjoN;

meAijo
nEi'
_ Z “72J (np,; [coth (ai;) 4+ 1] — np,; [coth (az;) — 1]) - / me . dS
empE€E(Aijo) D009
= —/ hdS — / RdQ (A12)
'n Aijony

Although the second term in the left-hand side of (A12) is over the edges, it operates on the node degree of freedoms.
Therefore, (A12) can be further simplified by rewriting the second term as double sum, i.e.

Z anD,m (t) / N dQ
ot ADijoMs2;

melijo
E
B Z nD,p Z U”TLPM (coth (amp) - Ump) : / me .7 dS
me;; . 2 AjjoNOR;
o enpeB(Au0)
= —/ hdS —/ RdAQ (A13)
I'n Aj0NQ;

where omp = —1 if emp is oriented from vy, to vp, and omp = 1 if emp is oriented in the opposite direction. By calculating
(A13) at all vertices in the mesh cell §;jo, the matrix form of (A13) can be derived as

19}
[Me] 2 Anp} — [Ke]{np} = {fe} (A14)
where K is the upwind stiffness matrix and its element can be calculated by
E —
K= S omp™ ™2™ (coth (amp) — omp) / Wy - dS (A15)
2 AijondQy

emp€E(Aijo)

M. is the damping matrix and its element can be calculated by
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M.y = / N9 (A16)
AyjoNQ;
fe is the column vector and its element can be calculated by
fei= —/ hdS —/ RAQ (A17)
Iy AjoNQ;

Using the backward difference with respect to time, (A14) can be discretized as

(Me] = At[Ke]) {np}iyar = [Me]{np}, + At {fe} (A18)

where §; is the time step for time evolution. The system equation for the problem domain can be obtained by summing
(A18) over all elements as

(IM] = At[K]){np}iyar = [M]{nD}, + At {f} (A19)
where K is the system upwind stiffness matrix, and M is the system damping matrix. This procedure can be easily extended
to solve 3-D problems by replacing the control volume in Figure A2 with the control volume composed of tetrahedron inner
center, inner center of surface triangular, and center of edge in 3-D mesh cells. For steady-state case, the time-dependent
term can be removed,

—[K]{np} = {f} (A20)
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Figure A3 Measured and simulated I-V and R-V characteristics of RRAM cell with 14 nm CF diameter and 20 nm CF
height. The voltage is increased according to a triangular sweep with 1.1V/s ramp rate.

To assess the internal simulator, the electrothermal characteristics of a 1R RRAM cell with CF diameter of 14 nm and
height of 20 nm is simulated and the results are compared with measured data presented in [3]. As shown in Figure A3,
the calculated and measured data match well.

Appendix B Dimensional parameters of CGVRRAM array
The dimensional parameters of the proposed CGVRRAM cell and array are listed in Table B1.

Table B1 Physical parameters of the involved materials

Parameter Definition Value
Webar Dimension of vertical bar 60 nm
Wiine Width of word line and bit line 176 nm
Riine Height of word line and bit line 20 nm

hs Height of selector 40 nm
Weell Width of RRAM cell 40 nm
heell Height of RRAM cell 90 nm
hey Height of CF 40 nm
Tef CF radius 4 nm
ten Thickness of channel 10 nm
tgins Thickness of gate insulator layer 3 nm
Wgetd Width of cross-gate line 20 nm
hgetd Height of cross-gate line 20 nm
Wyap The space between memory chains 30 nm

htins Thickness of the insulator gap layer 20 nm
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Appendix B.1 Electrothermal characteristics of CGVRRAM array

The reset process of a CGVRRAM cell is activated by applying a triangular voltage pulse with 1V/s ramp and 0.5V
amplitude to the top boundary of the poly-Si channel. The temperature and ion density distributions of the cell at t = 0.5s
are illustrated in Figure B1, where the ion density at the hot spot is extremely low.
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(a) Temperature and (b) ion density distributions in the CGVRRAM cell at ¢ = 0.5s.
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Figure B2 (a) Temperature and (b) ion density distributions of the CGVRRAM array with SiOz dielectric components
at t = 0.5s; (c) temperature and (d) its ion density distributions with Sig N4 dielectric components at ¢ = 0.35s.

Then, the electrothermal characterization of the CGVRRAM array composed of 18 units (i.e., 72 cells) is conducted.
Similarly, two cases are considered where SiO2 and Si3 N4 are used as dielectric components, respectively. The temperature
and ion density distributions of the CGVRRAM arrays in two cases are shown in Figures B2. It is found that the thermal
crosstalk effects in both cases are acceptable, as they have negligible influences on the electrical performances of the victim
cells.
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Figure B3
Si3 N4 dielectric components.

(a) The maximum temperature and (b) cell resistance of programmed cells in both arrays with SiO> and

After that, the impacts of wgqp on the maximum temperature and cell resistance are investigated, as shown in Figure B3.
It is found that the maximum temperature in the CGVRRAM array with SiO2 dielectric components increases slightly
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with the increasing wgqp, and it becomes almost unchanged when SiO2 is replaced with Si3N4. The cell resistances in two
cases are stable, as shown in Figure B3(b), indicating that the gap between memory chains has small influence on electrical
and thermal performances of the CGVRRAM array. In the other word, the integration density of the proposed CGVRRAM
array can be improved by reducing the wgqp reasonably.

As technology scaling is always desirable due to lower cost for unit storage space, the electrothermal characteristics of
scaled CGVRRAM arrays with Sizg N4 dielectric components are also examined. It is assumed that the scaling factor sweeps
from 1.0 to 2.0. The temperature and ion density distributions in the CGVRRAM arrays with different scaling factors are
shown in Figure B4 and Figure B5, respectively. It indicates that the thermal crosstalk effects in all cases are acceptable,
as they have negligible influences on the electrical performances of the victim cells.
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Figure B4 The temperature distributions in CGVRRAM arrays with different scaling factors at t = 0.35s. (a) Scoe = 1.0,
(b) Scoe = 1.5, and (c) scoe = 2.0.
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Figure B5 The ion density distributions in CGVRRAM arrays with different scaling factors at ¢t = 0.35s. (a) Scoe = 1.0,
(b) Scoe = 1.5, and (c) Scoe = 2.0.

Appendix C Electrothermal simulation of RRAM Array

Geometrically, crossbar structure consisting of single resistor (1R) cell or single selector-one resistor (1S1R) cell is one
of the common RRAM array architecture, as shown in Figure C1. In Figure Cl(c), a crossbar RRAM (CRRAM) array
consisting of 54 1S1R cells (4 x 4 x 3)is shown, and for convenience, the cells in the array are marked by zyz(%; j; k), where
i,j=1,2,3,4,and k =1,2,3.

PIXOTT

(a)

Figure C1 3-D views of (a) single resistor cell (1R), (b) single selector-one resistor cell (1S1R), and (c) crossbar RRAM
array (CRRAM).



Da-Wei WANG, et al. Sci China Inf Sci 7

In the highly integrated RRAM array, thermal crosstalk effect between adjacent cells would influence the cell performance
and reliability. Here, the electrothermal properties of RRAM cell and array are studied using the internal simulator, with
the geometrical parameters listed in Table C1 [9-11] and physical parameters given in Table Al adopted. As shown in
Figure C1(c), the top and bottom surfaces of the RRAM array are attached with cap layers, while To = 300K is assigned
to the outer boundaries of the cap layers.

Table C1 Physical parameters of the involved materials

Parameter/Entity CF/Oxide Selector Bit/Word Line
ine = 40
Radius/Width(nm) Tef =5 Wselector = 40 Whine
liine = 60
Height(nm) hcf =40 hselector = D0 hine = 30

Appendix C.1 Electrothermal characteristics of 1S1R cell

The electrothermal characteristics of the 1S1R cell shown in Figure C1(b) are simulated. In the simulation, the selector
is modeled as a cylinder. For selectors in the ON and OFF states, the equivalent electrical and thermal parameters are
deduced from the I-V curve and materials of MOS device [12]. A triangular voltage pulse with 1 V/s ramp and 0.5 V
amplitude is applied to the top electrode. The maximum temperature and cell resistance of the 1ISITR RRAM cell as a
function of biasing voltage are plotted in Figure C2, with their 3-D distributions shown in Figure C3.
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Figure C2 The maximum temperature and cell resistance of the 1SIR RRAM cell as a function of biasing voltage.
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Figure C3 (a) Temperature and (b) ion density distributions of the 1ISIR RRAM cell at different times.

It can be seen in Figure C2 that the cell resistance stays almost unchanged before the biasing voltage exceeds 0.2 V. After
that, the cell resistance increases with an increasing growth rate with the biasing voltage. The ion density distributions
shown in Figure C3(b) indicate that the ion density of CF starts to corrode at 0.2 V, and the break point widens with
biasing voltage. Moreover, a drop in the maximum temperature is observed in Figure C2. This is mainly because the hot
spot in the RRAM cell moves toward the top electrode as the biasing voltage increases. As the hot spot reaches the top
electrode, the heat dissipation rate becomes greater than heat generation rate, thereby leading to a sudden drop in the



Da-Wei WANG, et al. Sci China Inf Sci 8

thermal resistance. The relationship between the heat generation rate and heat dissipation rate becomes inverted as the
biasing voltage exceeds 0.33 V, and the maximum temperature starts to increase.

Appendix C.2 Electrothermal characteristics of CRRAM array

Further, the thermal crosstalk effect in a 4 x 4 x 3 CRRAM array is investigated. In the real cases, the geometry of the
CF's can be affected by the manufacturing process. Here, the effect of the major to minor axes ratio (abrqtio) of the elliptic
cylindrical CF on thermal crosstalk is examined. In all simulations, the cross-section area of CF's is invariant, and only the
cell zyz(2;2;2) is programmed by a triangular voltage pulse with 1 V/s ramp and 0.5 V amplitude. The 3-D temperature
distributions of the CRRAM arrays with abyrqtio of 1, 2, and 3 are plotted in Figure C4. It is evident that the victim
cells sharing electrode with the programmed cell are mostly influenced. Figures C5(a) and C5(b) show the temperature
profiles along the symmetry axes of cells zyz(2 : 3;2 : 3;1 : 3) at t = 0.35s. It is evident that the cells zyz(2;2;3) and
2yz(2; 3; 2 : 3) exhibit much higher crosstalk temperatures than other victims, which is due to low thermal resistance of the
sharing electrode. Moreover, it is found that the maximum temperature in CRRAM array increases as ab.qtio increases.
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Figure C4 3-D temperature distributions in the CRRAM arrays at ¢ = 0.35s. (a) abratio = 1; (b) abratio = 2; (c)
abratio =3.
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Figure C5 Temperature distributions along the symmetry axes of cells zyz(2: 3;2: 3;1: 3) at t = 0.35s. (a) zyz(2;3;1:
3), and zyz(3;2: 3;1: 3); (b) xyz(2;2;1 : 3).
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Figure C6 3-D ion density distributions in the CRRAM arrays at ¢ = 0.35s. (a) abratio = 1; (b) abratio = 2; (c)
ab'ratio =3.

Figures C6(a)-(c) illustrate the ion density distributions in the CRRAM arrays with different abrqtio, where the ion
density distributions of cells adjacent to the programmed cell are highly distorted, especially the cells sharing word line
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with the programmed one. This is consistent with the temperature distributions in Figure C4. The resistances of the
RRAM cells zyz(2 : 3;2 : 3;2 : 3) are depicted in Figure C7. It is evident that the cell resistances increase as abratio
increases. The main reasons are: (i) higher cell temperature and (ii) larger ellipse perimeter in cell with larger abrqtio. It
can be concluded that the carrier diffusion of the CF with larger ab,qtio is more susceptible to the temperature variation.
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Figure C7 RRAM cell resistances in the CRRAM array at ¢t = 0.35s.

Appendix C.3 Thermal resistance architecture

To mitigate the thermal crosstalk, an improvement in array architecture is proposed. Here, high thermal resistance layers
(e.g., Siz N4 thin films) are inserted between adjacent cells to stop heat transfer between them. That is, each cell in the
array is coated with a high resistance box. Moreover, the bit/word lines are replaced by the phonon glass and electron
crystal (PGEC), which possesses both low thermal conductivity and high electrical conductivity [4,5].
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Figure C8 3-D temperature distributions in the CRRAM arrays (a) with high thermal resistance box at ¢ = 0.12s and
(b) with no high thermal resistance box at t = 0.4s.
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Figure C9 Temperature profiles along symmetry axes of cells zyz(2:3;2:3;1: 3).
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Figures C8(a) and C8(b) show the simulated temperature distributions in the CRRAM arrays with and with no high
thermal resistance box, respectively, and the temperature profiles along the symmetry axes of cells zyz(2 : 3;2 : 3;1 : 3)
are extracted and plotted in Figure C9. It is found that the implementation of high thermal resistance box can effectively
suppress thermal crosstalk as well as programming voltage. This implies that the proposed design is beneficial to low power
applications. Figures C10(a) and C10(b) show the ion density distributions in the CRRAM arrays with and with no high
thermal resistance box, respectively. It is evident that the ion densities of the victim cells in the proposed design are rarely
affected, while they are distorted to varying degrees in the original one.
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Figure C10 3-D ion density distributions in the CRRAM arrays (a) with high thermal resistance box at t = 0.12s and
(b) with no high thermal resistance box at ¢t = 0.4s.
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