10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Supplementary Information

Thermally-stable threshold selector based on CuAg alloy for energy-efficient memory

and neuromorphic computing applications

Xi Zhou, Liang Zhao*, Chu Yan, Weili Zhen, Yinyue Lin, Le Li, Guanlin Du, Linfeng Lu,

Shan-Ting Zhang, Zhichao Lu, Dongdong Li*

*email: 1zha02020@zju.edu.cn, lidd@sari.ac.cn



26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

This file includes:
Supplementary Figures 1-11

Supplementary Tables 1-2



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

2.0x10%+ " 9-9-3 g -
w/o selector w/ selector 0_9 S8

53‘

Vread Vread

1.5x10°+

ON state w/o selector"-‘
OFF state w/o selector’,

9

1.0x1075 °

! @ ON state w/selector
)
D

~

OFF state w/selector
ash line: analytical model

E
X
)

K

'

Iread

5.0x107%+

g
A A2
g
2 A2

| i i 0.0 e " "
heas | ; ; ; 1 10 100 1k 10k100k 1M 10M

Array size

R
R
E
N

S
S

<
<--
<

Supplementary Figure 1. a, Schematic diagram of the worst-case read current (/rcad) of the
cross-point array simulated using SPICE (see Methods). The worst-case of the ON state is to
read the cell that is farthest from the power line, and then the other cells are OFF, and the worst-
case of the OFF state is to read the cell that is closest to the power line, and the other cells are
ON. b, Icaq variation with array size with and without selector, where the spheres indicate the
results of simulations using SPICE and the dashed lines indicate the results of simulations using
the analytical model. The simulation parameters are shown in Supplementary Table 1. Without
the selector, it is no longer possible to perform a correct read operation the array size reaches
10 (worst case ON/OFF ratio<2), while the case with the selector is able to allow a larger

integration (>1 M) and operation window.
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Supplementary Table 1. Device parameters for the simulation process include read voltage

(Vread), ON and OFF state resistance (Ron and Rorr) and series resistance (Rsr).

Parameter name Value
Ron 10000 Q
Rorr (W/0 selector) 200000 Q
Rorr (W/ selector) 10" Q
Rs: (between cells) 5Q

Ry (output terminal) 100 Q
Viead 04V
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Supplementary Figure 2. Current—voltage (/-}) characteristics of annealed Ag/Al,03/Ag and

Cu/ALLO3/Cu selectors (400 °C, Ar atmosphere, 1 hour).
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Supplementary Figure 3. a, STEM image of the CuAg electrode. The lattice fringe with an
interplanar spacing (d) of 2.30 A is attributed to the CuAg alloy (111) plane, which is consistent
with XRD results (Fig. 1f). As for XRD results, The (111) interplanar spacings (di11) of Ag, Cu
and CuAg, calculated by the Bragg’s Law! from XRD patterns, are 2.35, 2.08 and 2.30 A,
respectively. b, The EDS mapping and (¢) linear sweep results for Ag and Cu elements in CuAg
electrode. The mean values of the atomic percentages of Ag and Cu are 60.65% and 36.23%,
corresponding to an atomic ratio of about 5:3. The higher Ag content supports why the di11 of
the CuAg alloy is closer to that of Ag. The CuAg prepared by co-sputtering is determined by
XRD as a nanocrystalline alloy (Fig. 1f). The diffraction peak at 39.06° is significantly
broadened with a full width at half maximum (~1.34°). The corresponding crystalline size (D)

is estimated to be ~6.29 nm acquired by Debye-Scherrer equation?.
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Supplementary Figure 4. Structure of the CuAg/SiO2/CuAg selector and some basic
properties of the SiO: interlayer. a, A top view of CuAg/SiO2/CuAg selector, the electrode
linewidths of bottom electrode (BE) and top electrode (TE) are 5 pm. Since the SiO; layer and
the TE are patterned together, the SiO; cannot be directly observed. b, AFM image of the SiO>
film. ¢, XPS spectrum of the SiO, film. d, Cross-sectional STEM image of the
CuAg/Si0,/CuAg selector and corresponding EDS elemental mapping of Ag, Cu, Si, and O.
The green circles mark the diffused Cu and Ag particles, which appear spherical due to

minimized interfacial energy”.
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Supplementary Figure 5. Calibration of the thickness of the SiO: interlayers for
CuAg/Si0,/CuAg selectors. The SiO; interlayers are patterned and tested using AFM to obtain

their thicknesses of (a) 40, (b) 65, (¢) 90, and (d) 120 nm, respectively.
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Supplementary Figure 6. Adjustable threshold voltage (Vi) achieved by varying the
thickness of the SiO: dielectrics. /-J characteristics of (a) CuAg/40 nm SiO./CuAg, (b)
CuAg/65 nm SiO»/CuAg and (¢) CuAg/120 nm SiO»/CuAg selectors. d, Variation of the Vi
with the thickness of SiO; interlayer. For selectors with 40 nm SiO3, it is difficult to maintain
the symmetric threshold switching characteristic as they remain in the ON state after the first
turn-on and are difficult to return to the OFF state (a) probably due to the presence of pin-holes.
While the devices with 65 nm SiO; demonstrate the complete ON/OFF switching process with
an average Vi of 211 mV (b,d). Devices with a SiO; interlayer thickness of 120 nm have a
higher average Vi of 631 mV (c¢,d). These results confirm that the Vi of proposed selectors can

be tuned by adjusting the interlayer thickness.
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Supplementary Figure 7. a, Energy profile of Ag migration in Al>O3, calculated by density
functional theory (DFT) and the nudged-elastic-band (NEB) method. The simulated system
comprises of a supercell of trigonal A1O3 (R3¢ space group) with 48 Al atoms and 72 O atoms.
The DFT simulations are carried out based on the projector augmented-wave (PAW) method*>
and the general-gradient approximation (GGA) with Perdew—Burke-Ernzerhof (PBE)®
pseudopotentials, as implemented by the Vienna Ab initio Simulation Package (VASP)’~1°. The
initial and final configurations with one additional Ag atom introduced as an interstitial are fully
relaxed to obtain the ground state, with electronic relaxation converged to 1x107® eV/atom and
interatomic forces smaller than 1x107* eV/A. The relaxed unit cells are then used to construct
the NEB calculations with the climbing image method (CI-NEB)!'"!3, which allows more

10
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accurate finding of saddle points with fewer images (5 images in this case). Multiple potential
migration paths are calculated and the one with lowest energy is plotted. b, The Al,Os supercell
structures along the Ag migration path corresponding to the migration barrier in (a), relaxed
with the CI-NEB. The Supplementary Table 2 summarizes the migration barriers and Bader
charges for Ag/Ag" in SiO», ZrO> and AlxOs. The results for SiO, and ZrO, are adapted from
the ref. 4. In ZrO,, because the Bader charges of Ag and Ag" are 0.57 e and 0.58 e, and the
valence state of Zr is variable, thus the Ag interstitial always stays as a cation!*. In SiO, and
Al>O3, the Bader charges of Ag (0.16 e and 0.066 ¢) are substantially lower than Ag* (0.72 e
and 0.327 ¢), thus there are two states (Ag and Ag") for the silver interstitial. On the other hand,
the migration barrier results show that the barrier of Ag and Ag" in Al,O3 (2.37 eV and 3.47
eV) is much larger than that in SiO; (0.61 eV and 0.53 eV), indicating that the formation of
conductive filaments in SiO; is easier. In general, the Ag" in ZrO; migrates continuously with
the electric field and is easy to form non-volatile memristors'>. The presence of both Ag and
Ag" in AL,O3 and SiO> makes it easy to form volatile selectors through clustering. At the same
time, the migration barrier of silver in SiO, is much lower, thus the switching speed is faster
and it is easier to form electroforming-free devices. Combined with the results of STEM (Fig.
S4d), metals exist in the form of clusters in SiO>. When a bias voltage is applied, the clusters
on the anode side release metals, and the clusters on the cathode side accumulate metals until
conductive filaments are formed connecting both terminals. When the applied voltage is less
than the hold voltage, the metal in the filament migrates back into the clusters or electrodes due
to the very low migration barrier in SiO, enabling volatile resistance switching. ¢, Schematic
diagram of the conductive filament morphology of CuAg/Al,03/CuAg and CuAg/SiO,/CuAg
selectors in the ON state. For the CuAg/Al,O3/CuAg selector, even though the migration barrier
of metal atoms in Al2Os is large, conical conductive filaments can still be formed in the ultrathin
AlLOs film. For the CuAg/SiO2/CuAg selector, due to the small migration barrier of the metal,

in the ON state, the metal in the electrodes and clusters form connected conductive filaments.
11



173 Supplementary Table 2. The migration barriers and Bader charges for Ag/Ag" in SiO», ZrO,

174  and ALOs. The results for SiOz and ZrO, are adapted from the ref. !4,

Diclectrics Migration barrier (eV) Bader charges
Ag Ag’ Ag(e) Ag" (e)
Si0; 0.61 0.53 0.16 0.72
Zr0; 2.39 2.48 0.57 0.58
AlLOs 2.37 3.47 0.066 0.327
175
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Supplementary Figure 8. Basic characteristics about the TiN electrodes. a, Raman spectra
of the films prepared by sputtering Ti target in different N2/Ar flow ratios at room temperature.
Controlling the No/Ar flow ratio between 0.2/20 and 2/20 enables the TiN films to be obtained.
b, A close view of Raman spectrum of the TiN film with a N2/Ar flow ratio of 0.2/20. A series
peaks (235, 313, 570 cm™!) corresponding to the characteristic vibration modes of TiN'. ¢,
Square resistance (Rsq) of the TiN films deposited at various No/Ar flow ratio. The square
resistance of the TiN films decreases as the nitrogen concentration decreases!’. The thickness
of the TiN TE used in the Pt/SiO2/TiN memristor is ~60 nm with the Rsq of ~49.2 Q/[]1 (N2/Ar
flow ratio = 0.2/20). d, XRD patterns of the SiO»/Si substrate and TiN film (N2/Ar flow ratio =

0.2/20). The peak at 36.80° corresponds to the (111) crystal plane of TiN!8,

13
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Supplementary Figure 9. A demonstration of 3D stacking 1S1R. a, Schematic top views and
side cross-section views of the manufacturing processes of the 1SIR array (some lift-off steps
are omitted). After photolithographic patterning (step 1), electron beam evaporation (step 2)
and lift-oft, 64 rows Ti (5 nm)/Pt (15 nm) BE with a linewidth of 2 um are patterned. Then 64

x 64 sets of circular patterns with 5 pm diameter are obtained by photolithography (step 3). In
14
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steps 4—6, Si0», TiN, and CuAg are deposited (thicknesses of 40, 20, and 10 nm, respectively),
yielding cylinders with diameter of 5 pm after lift-off. The SiO> in step 7 is used for the
dielectric layer of the selector (thickness = 90 nm), while the SiO (thickness = 100 nm)
obtained after steps 8 (photolithography) and 9 (electron beam evaporation) is used to
encapsulate the area beyond the cross-point and prevent contact between the TE (CuAg, step
11) and the intermediate electrode (TiN and CuAg, steps 5 and 6). The step 9 will leave holes
with a diameter of 2 pm. Finally, after steps 10 (photolithography), 11 (co-sputtering) and lift-
off, 64 columns CuAg electrodes (thickness = 270 nm) with a linewidth of 2 um are patterned.
At this point, the CuAg TE make contact with the 90 nm SiO; layer (step 7) through the holes
left by the 100 nm SiO2 (step 9). b, A top view of the 64 x 64 1SIR array, the electrode

linewidths of BE and TE are 2 um.
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Supplementary Figure 10. Output feature map obtained by VMM simulation using one fully
connected (FC) layer with 32 x 32 weight matrix for the theoretical output (left), without

selector (middle), and with selector (right), respectively.
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240  Supplementary Figure 11. Experimental setup for the waveform measurements of selector-
241  based LIF neuron, including a probe station, an Agilent oscilloscope, a Keysight source meter
242 and other components/wiring.
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