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Supplementary Figures 

 

Supplementary Figure 1 | A transmission electron microscope (TEM) of SnSe. 

The SnSe sample (~200 nm wide) is observed by transmission electron microscopy 

(TEM) under a 200 kV beam. An interlayer distance of 1.325 nm is observed and the 

diffraction image indicates a high quality crystal structure. 

 

 

 

 

 

Lattice distance: 1.325 nm



 

Supplementary Figure 2 | A TEM cross-section of an oxidized SnSe flake. In order 

to investigate the oxidation process, a cross-section of another 40 nm wide oxidized 

SnSe sample is observed under TEM with 250 kV voltage. The SnSe crystal shows 

two 10 nm amorphous layers sandwiching the interlayer SnSe. TEM cross-section 

was prepared by the exfoliation of the SnSe flake on a SiO2/Si substrate followed by 

Pt capping and focused ion beam (FIB) milling.  

 

 

 

 

 



 

Supplementary Figure 3 | A forming curve for SnOx/SnSe/SnOx heterostructure. 

The forming voltage is 6.7 V.  
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Supplementary Figure 4 | I-V characteristics for vertical conductivity of pristine SnSe.  

Very good I-V characteristics are shown with just 500 Ω resistance without resistive switching 

effects. 
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Supplementary Figure 5 | Reverse sweep immediately after the forward sweep. (a) The 

first sweep; (b) The second sweep. For unipolar RRAM, the filament formation (set) is due to 

the E-field driving the oxygen ions to form a pathway of oxygen vacancies. And the filament 

rupture (reset) is due to the Joule heating breaking the filament. Moreover, in the reset process, 

there is a competition between the filament growth and the filament rupture process. In 

Supplementary Figure 5a, during the forward sweep, one set and two resets are observed, 

which belong to state-III. In the reverse sweep, the device sets again at 3.5 V, which indicates 

the competition mechanism also being present in the reset region. During the reverse sweep, 

since the device is already in the off-state, therefore the Joule heating is not obvious. The 

influence of E-field is dominant, which can cause a set to occur again in the reverse sweep. 

Supplementary Figure 5b shows another sweep. Since the device is initially in a 

low-resistance state, only two resets were observed in the forward sweep. In the reverse 

sweep, the set is observed again, which confirms the competition mechanism in the reset 

region.  
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Supplementary Figure 6 | The fitting of resistive switching curves. The original 

data from the manuscript main text along with three more measurements 

demonstrating the Ohmic law at low voltage bias and Child’s law at high voltage bias, 

which is a proof of SCLC theory. 
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Supplementary Figure 7 | The reset voltage vs. film thickness. As compared with 

the set voltage vs. thickness plot in Fig. 2f, the reset voltage vs. thickness plot has 

larger voltage distributions. This is due to the dynamic and competing effects between 

filament growth and filament rupture during the reset process1. In general, the 

1st-reset voltage is located around 7 V and the 2nd-reset voltage is located around 8 V. 

The 100 nm thick sample shows slightly smaller reset voltages, which could be 

explained by the thinner SnSe with a smaller resistance. The error bars in y-direction 

are calculated based on the set voltage in 100 cycles for each device. The error bars in 

x-direction are calculated based on the thickness variations from AFM results for each 

SnSe flake 
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Supplementary Figure 8 | Temperature measurements of SnSe RRAM. The 

double set and reset behaviors at (a) 300 K, (b) 294 K and (c) 77 K along with a focus 

on (d) the double set process at 300 K. Also shown are (e) the on resistance vs. 

temperature after the double set at 300 K and (f) the ln(1/R) vs. 1/KT plot showing an 

activation energy of 11 meV based on the slope. As shown in panel (b), the double set 

and reset behaviors at 294 K shows slightly larger set and reset voltage than that of 

300 K. To understand the filament type inside the SnOx, temperature measurement is 

performed for a fully oxidized 25 nm SnOx device. The device was pre-set to low 

resistance state (“on resistance”) under room temperature (panel (d)) and then the 

“on-resistance” was measured under different temperatures. The error bars in panel (e) 

are calculated from the I-V measurements in two times. It shows that the on-resistance 

increases with decreasing temperature (panel (e)), which indicates a semiconducting 

filament instead of metallic filament. Further fitting of the slope shows the activation 

of oxygen ions energy around 11 meV (panel (f)), which is a reasonable value as 

compared to previous HfOx-based RRAM with an activation energy from 4 meV to 40 
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meV. Such activation energy implies that the oxygen ions need 11 meV thermal 

energy to enable the jumping from one oxygen vacancy to another nearby vacancy. 

 

  

Supplementary Figure 9 | The control sample using Pt as top electrode. In order 

to fully exclude the influence of metallic filament from the top electrode on the 

double jump phenomenon, a control sample using Pt as top electrode is fabricated. Pt 

is always regarded as a noble electrode in oxide-based RRAM. As shown in 

Supplementary Fig. 9, the double set and reset behavior can also be reproduced in 

such a control sample. This is strong evidence that the double set and reset behavior is 

dominated by SnOx/SnSe/SnOx heterostructure instead of SnOx/electrode interface. As 

the Pt is unable to preserve oxygen, the number of switching cycles are limited. 

Moreover, Pt has a higher work function, which results in Schottky emission and 

larger set and reset voltage. Although there were reports for the migration and 

nucleation of Pt filament, the required E-field is around 5 MV/cm. In our case, taking 

into account the set voltage around 6 V and SnOx thickness of 10 nm on both sides 

with SnSe in the middle, the E-field can be lower than 3 MV/cm, which is insufficient 

to drive the Pt ions. 
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Supplementary Figure 10 | I-V performance for different top electrode metals. 

There is no considerable difference between the SnOx/Cr/Au and SnOx/Au devices. 

The Cr is only a 3nm thick adhesion layer and is quite conductive. Moreover, the 

switching mechanism is SCLC related filament change inside the SnOx instead of 

Schottky emission at the interface between metal and oxide. Such 3 nm adhesion Cr 

layer cannot influence the switching behaviors. 
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Supplementary Figure 11 | The experimental and simulation results at 77 K. 

Since the temperature (T) is also taken into account, the model can be also used at 77 

K. The double set and reset behaviors can be reproduced at 77 K by simulations. The 

simulated values of set and reset voltage are quite similar to the experimental results, 

which is a good proof of the correctness of the model. 
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Supplementary Figure 12 | States of the Markov chain in SnSe-RRAM. The 

reason why we use three states is that three states can greatly reduce the complexity of 

peripheral designs. If three states (I, II, III) are utilized, the sum of the times required 

for abrupt jumps in current can distinguish them (state-I: jumping 2 times, state-II: 

jumping 4 times and state-III: jumping 3 times) and furthermore, the hardware 

implementation is relatively straightforward. But if five states are used, more shifters 

and comparators (in case of 010 and 121, as different judgment constants N are 

Initial After set After reset

States of Markov chain

State I: One set and one reset

State II: Two sets and two resets

State III: One set and two resets
Two sets and one reset



needed), more logic judgment conditions (in case of 021 and 120, as set part and reset 

part are both needed to distinguish them) are required, which make the hardware 

resource consumption not optimized. 

 

 

Supplementary Figure 13 | Operating mechanisms comparison. (a) The 

conventional RRAM mechanism. The gap distance is only influenced by the previous reset. 

The residual filament is influenced by the entire switching history. (b) Our SnOx/SnSe/SnOx 

RRAM mechanism. The switching state belonging to state-I, state-II or state-III is only 

influenced by the previous reset conditions.  
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Supplementary Figure 14 | The software approach resource consumption. (a) The 

register transfer level (RTL) of the top-level design. (b) The RTL of the random 

number module. The role of this module is to initiate the software Markov chain 

RTL: top-level design

RTL: random number module RTL: Markov module

a

b c

Simulation outputd

e Resource usage

Total transistors: 
50*274=13700



under a certain probability. The probability used in the software is the same as that 

extracted from the device (Fig. 4f) in order to make a fair comparison. The common 

pseudo-random number algorithm used here includes a 14-bit shift register and two 

exclusive-OR (XOR) operations. This is due to the fact that a 14-bit number can reach 

the minimum accuracy required for transfer probability and two XOR gates can 

guarantee the random property of a pseudo-random number. (c) The RTL of the 

Markov module. In order to achieve a Markov chain, we use finite-state machine 

(FSM) and define three fixed-probability random numbers as three states. For saving 

the register resource, we map the current state (cr_state) and next state (nx_state) to 

the same registers. As the sum of total transfer probabilities from given state to other 

states is 1, we can in order split sequence 0,1,2,…, 214-1 into 3 parts, the number of 

each part is equal to transfer probability multiplied by 214. Therefore the condition of 

state transfer can be simplified to judge which part the random number generated by 

random number module belongs to. (d) The simulation of fixed probability random 

number output. (e) The resource usage report. This report is generated after 

synthesizing and fitting the design to Altera Cycle II FPGA (EP2C35F672C8). From 

the report we can see that the design consumes 50 logic elements (LEs) and 16 

registers. According to the datasheet of EP2C35F672C8, we find the structure of LEs 

and estimate the total transistor number of LE in a conservative way, which is about 

274. As 16 registers are included in 50 LEs, we will exclude the resource consumption 

in this part. Therefore the total number of transistors required to achieve the proposed 

design is about 13700.  



 

Supplementary Figure 15 | Calculation process for probability.  
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Supplementary Tables 

Supplementary Table 1. The uniformity of the sequence generated by five devices. 

Five devices are analyzed with similar probability distribution. All the devices show 

the relation of P (state II)>P (state-III)>P (state-I) and the total discrepancy when 

compared with the theoretical values are all below 4%, which prove the stable states. 

 

 

 Probability of 

state I 

Probability of 

state II 

Probability of 

state III 

Total 

discrepancy 

comparing 

to 

theoretical 

values 

Original 

device in main 

text #1 

0.3186 0.3481 0.3333 3.46% 

Additional 

device #2 

0.3085 0.3601 0.3314 1.38% 

Additional 

device #3 

0.3042 0.3790 0.3168 2.87% 

Additional 

device #4 

0.3070 0.3692 0.3238 0.94% 

Additional 

device #5 

0.3066 0.3709 0.3225 1.25% 

 

 

 

 

 

 

 

 



Supplementary Table 2. Percentage probability of each state transfer. 

State transfer Percentage 

ii 0.1359 

iii 0.0786 

iiii 0.0995 

iii 0.0883 

iiii 0.1415 

iiiii 0.1329 

iiii 0.0866 

iiiii 0.1441 

iiiiii 0.0926 

Total 1.0000 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 3. NIST testing results. 

 



 



 



 



 

 

 

 

 

 

 

 

 

 

 



Supplementary Discussions 

The discussion of Fig. 3 and simulation method 

The abrupt breaking of the CF is mainly attributed to the Joule heating effect. When 

the Joule heating is strong enough, the CF will be broken in to multiple segments. 

Therefore, the effective length of the broken CF is calculated as the part of the CF 

which is connected to one boundary of SnOx layer. Meanwhile, within the relaxation 

time of Joule heating, the relatively high temperature will accelerate the movement of 

oxygen ions and this will make the CF grow from the effective broken length. 

After two sets at LRS, “V-V1” will approximately be equal to “V2” and less than V/2 

because the SnSe layer will occupy some voltage potential. The Joule heating 

generated along the CF will be the major reason of the reset behavior in metal-oxide 

RRAM2. The strength of Joule heating has a positive correlation with the product of 

current and voltage across the RRAM. When both CFs are formed across the two 

SnOx layers, a high current will traverse both RRAMs. As the voltage increases, Joule 

heating effect is high enough to break the CF in the upper layer. This causes the 

voltage in the upper layer to increase and the voltage in the lower layer to decrease 

suddenly. Current will consequently decrease and Joule heating will weaken. Due to 

the relatively high electric field existing in the upper layer, the filament will grow 

towards the top electrode. When the voltage and total current become high, a 

competition will occur between the CF breakage caused by Joule heating and the CF 

forming induced by electric field. Initially, the Joule heating dominates over the effect 

caused by the electric field and causes the filament to be broken again before the 



filament can form. Then the electric field makes the CF grow again. As the voltage 

and current are continuously increased, the CF begins to grow near the top; however, 

the Joule heating is so strong that both filaments break. If we continue to increase the 

voltage, the Joule heating will be more significant and strongly dominate over the 

effect of the electric field. As a result, the upper filament will break twice and it’s very 

hard to make the device set again after increasing voltage to a higher level. 

The driving force for CF in equation (14b) is Joule heating. The detail of Joule 

heating effect is discussed above. The temperature contains an exponential term, 

which indicates that high temperature leads to high speed of CF forming and rupture. 

But we also have to consider the free parameters -- when the Joule heating is strong 

enough, for unipolar RRAM, the sign of s will be reversed and become the negative 

value, which drives the RRAM from low resistive state to high resistive state. 

The equations used in the simulation are mainly composed of two parts: (1) Current 

calculation with a fixed CF at certain time point, and (2) the CF length determined by 

electrical field and Joule heating varying with time. In the current calculation part (1), 

as the metal oxide (SnOx) is used as a resistive switching layer, the CF made of 

vacancies and electron tunneling model inside the oxide layer is used to analyze its 

dynamic behavior. According to Ref. 3 and Ref. 4, Equation 9(a) and 9(b) are used to 

calculate the tunneling current in the gap between the top electrode and top part of CF 

in the insulation layer. As the CF length (l) is a function of time (t), we can expand the 

function ( )l t t  by Taylor formula at the point t t , which is:  

2 3 4''( ) '''( )
( ) ( ) '( ) ( ) ( ) (( ) )

2! 3!

l t l t
l t t l t l t t t t o t              (1) 



During the simulation, t  is very small and the order of t  higher than one can be 

neglected, therefore ( )l t t  can be written as equation (13). As to the speed of 

filament growth (
dl

dt
), it is mainly determined by the “drifting” speed of leading ions, 

which is further related to the time taken for the ions to hop over an energy barrier. 

The mathematic model is shown as Equation 14a5. However, if h-l is very small, the 

filament speed calculation will cause non-physical results and overestimate the 

growth speed. Meanwhile, other processes such as metal atom oxidization rate will 

dominate it when the gap is tiny enough. Therefore the growth speed of CF can be 

rewritten as Equation 14b4. 

 

Calculate the theoretical probabilities and validation of the Markov chain 

Equation (1) is the definition of the Markov chain, which means that the probability 

of the current state is only dependent on the last state and is irrelevant to the other past 

states. In our device, there are three stages and nine stage-transfer conditions(i->i, 

i->ii, i->iii, ii->i, ii->ii, ii->iii, iii->i, iii->ii, iii->iii). After careful analysis of the data, 

we find that all nine stage-transfer probabilities will be convergent to nine steady 

values as the cycles increase (Figure 4d). This means that all transfer probabilities 

between the current stage and the last stage is constant and not variable with other 

past stages. Based on Simpson’s law of large numbers6, for any given positive real 

number  , which can be chosen as close to zero as possible, the sequence of state 

variable satisfies the following equation: 



1

1
lim 1

n

i
n

i

P a
n

 




 
   

 
           (2) 

Where P(.) is the probability and   is the expectation. From the law, we can see that 

if the experimental testing number ( n ) is large enough, the expected probability is 

equal to the convergence value we have obtained. In our device, ˆ m

jip  can be written 

as  

0 0 0 0

1 1 1

0

1

( | , ) ( | , )

ˆ =

( | )

m m m

i
m k k i
ji m

k

I i j i j I i j i j a

p
n n

I i i

  



   

 
  


    (3) 

And 1 (1 ) 0ji ji jip p p       , Therefore ˆlim m

ji ji
m

p p


 . As the ˆlim m

ji
m

p


 exists 

and is constant for all transfer stages, this chain is a Markov chain and ˆ m

jip  can be 

regarded as the theoretical transfer probability from stage i to j if the m is large 

enough. In order to eliminate the random fluctuation of ˆ m

jip , we averaged the last 30 

ˆ m

jip  to use as 
jip  and mismatch error is calculated between the ˆ m

jip  and 
jip . As to 

the error rate of the fixed-probability random number, due to state transition matrix 

can be obtained via above calculation of
jip . The theoretical probabilities of three 

random numbers can be acquired via equation (7) in the manuscript. These values are 

calculated according to the mathematical property of the Markov chain but not 

extracted from the experimental data directly. 

From Figure 4d, we can see that the percentage of all states transfer is convergent to a 

constant value, which is equal to theoretical value of percentage according to 

Simpson’s law of large numbers discussed above. This constant value can be extracted 

from the Figure 4d and the percentage of each state transfer (Cji) can be written as 



table 2. 

In Markov chain, the sum of transfer probability from certain state to all other state 

(including itself) is definitely equal to 1, which means: 

1ji

j

p        (4) 

For Cji, it’s equivalent to the possibility which the current stage is j and last stage is i, 

which means that 
1( , )ji n nC P X j X i   . Meanwhile, 

jip  can be written as 

1( | )n nP X j X i   . Now taking the Bayes formula, which can be written as,  

1 1 1 1( , ) ( | ) ( ) ( | ) ( | )n n n n n n n n n

k

P X j X i P X j X i P X i P X j X i P X i X k             

and simplifying it, the 
jip  is equal to 

ji

jk

k

C

C
, which is the element of transition 

probability matrix A (Aji). Based on the analysis above, the transition probability 

matrix A is equal to the following matrix. 

0.433 0.250 0.317

0.243 0.390 0.367

0.268 0.446 0.286

A

 
 


 
  

      (5) 

 

The theoretical random number probability is obtained via transition probability 

matrix and the Markov Chain unique property (Equation (7)) (see Supplementary 

Figure 15).  

It is noticed that the transition probability matrix is estimated by the state-transition 

data (such as iii,iiii, iiiii) where the sequence order of states matters. However, 

when figuring out the probability frequency of single states, only the total number of 

the various states is considered (and not the order). Therefore the data used for 

estimating the theoretical value and keeping statistics of a certain state probability 



frequency is different, and cannot simply be regarded as data self-comparison. On the 

other hand, the low error rate can show that our device has good Markov chain 

properties. This is further supported by the fact that the experimental results have a 

good consistency with the probability estimation (as calculated using the unique 

mathematical characteristics of the Markov chain). 

 

NIST test 

We have tried to verify the data for the NIST test. As the NIST test requires a large 

amount of data, therefore, the data has been generated from ~2.2×105 cycles of 

hardware operation using the sawtooth wave test on the SnSe RRAM. What’s more, 

as the NIST test measures the randomness of ‘0’/’1’ sequence under the condition of 

50% generated probability, testing results of the proposed device which contains three 

states cannot directly be used in the NIST test. Therefore, we assign the state III to ‘0’ 

(state I) or ‘1’(state II) according to the following rules: if the frequency number of ‘0’ 

or ‘1’ in the sequence before state iii is less than 50%, the states iii is assigned to it. 

This operation can make sure the final probability of both ‘0’ and ‘1’ is equal to 50%. 

Prior to the NIST test, for the true random number, post-processing is required to 

eliminate the physical effects which causes deviation and correlation in generated 

sequences6. For our post-processing, the resilient function is used to deal with raw 

data. After post-processing, 112941 ‘0’/’1’ random numbers was obtained. The 

bit-stream length is set to 10,000 and group number is 11 on NIST configuration. The 

results are shown in Supplementary Table 3. 



From the NIST result, we can see that apart from the ‘Universal’ and 

‘ApproximateEntroy’ items, all other testable items have passed the NIST test. 

Moreover, for the ‘ApproximateEntroy’ item, it has nearly passed (9/11 is the 

minimum pass rate, whereas our random number is 8/11). The final NIST report 

reveals that the random numbers generated by our devices have overall good 

randomness and the potential to be applied in industry in the future. For the 

‘Universal’ item which did not pass, it is because this test requires a longer sequence 

of bits (the number of minimum bits is 387840). 
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