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Figure S1. (a) Summary of the XPS working condition. 

 

Figure S2. (a) Comparison of electroforming voltages (b) the distribution of electroforming voltages for four 

devices. 

 

Working condition of X-ray Photoelectron Spectrometer 

(XPS) System by ThermoFisher Scientific

❑ Energy resolution : ≤ 0.5 eV FWHM

❑ Sensitivity for narrow scan : 1 MCPS @ 0.6eV or better

❑ Minimum spot size : 30 µm or better

❑ Image resolution : 30 µm or better

❑ Monatomic and Gas cluster ion source (MAGCIS)

❑ Vacuum transfer Vessel / Sample bias module
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Figure S3. (a) Equivalent circuit of three regions and pull-up resistance in a cross array structure. (b) Half-bias 

read scheme with three different cell states. 

The detailed calculation process for read margin was understood by simplified equivalent 

circuits in Figure S3a and determined by the half bias scheme in a N × N crossbar array as indicated 

in Figure S3b. Based on this electrical schematic diagram under the parallel calculation by the 

Kirchhoff equation, the total sneak resistance can be obtained as follows: 

Rsneak =
RLRS

sneak

N − 1
+

RLRS
sneak

(N − 1)2
+

RLRS
sneak

N − 1
 (1) 

The sensing resistance in HRS and LRS are calculated from the followed equation: 

RHRS,   sensing =
RHRS

select × Rsneak

RHRS
select + Rsneak

 (2) 

RLRS,   sensing =
RLRS

select × Rsneak

RLRS
select + Rsneak

 (3) 

The normalized read voltage margin (ΔV) is defined as follows: 

∆V (%) =
Vout,   HRS

Vpu

−
Vout,   LRS

Vpu

=
Rpu

RHRS,   sensing + Rpu

−
Rpu

RLRS,   sensing + Rpu

 × 100 (%) (4) 
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