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electron transfer processes within bioma-
terials, which are among the most fun-
damental processes in biological systems 
and crucial for various biological energy 
conversion processes. [ 8 ]  Besides these 
values, biomaterials are widely available, 
cost-competitive, light-weight, and capable 
of large area fabrication on fl exible sub-
strates. [ 9,10 ]  As of now, biomaterials have 
been employed in the building of func-
tional solid-state devices such as transis-
tors, diodes, and optical waveguides. [ 9–18 ]  
Recently, the demands of future green 
information storage have triggered the 
development of natural biomaterials based 
memory devices. [ 19,20 ]  Among several 
types of memory, resistive switching (RS) 
memory devices, in which the resistance 

can be switched between a high resistance state (HRS) and a 
low resistance state (LRS) through an applied electrical fi eld, 
have received signifi cant research interest due to its simple 
structure, low cost, and excellent scalability. [ 21–52 ]  Biomaterials, 
such as DNA and protein, have been demonstrated to exhibit 
RS characteristics. [ 53–61 ]  However, the tunability of biomaterials 
based RS devices between nonvolatile and volatile states, which 
plays a vital role in the utilization of RS devices, remains a chal-
lenge with respect to fulfi lling the demands of sustainable elec-
tronic devices. 

 Normally, the RS effect of memory devices can be divided 
into two categories based on volatility, namely memory RS 
(nonvolatile) and threshold RS (volatile). [ 62–65 ]  Memory RS is 
characterized by the preservation of stability in both HRS and 
LRS with the absence of external voltage ( Figure    1  a), while in 
threshold RS, only the HRS is stable when no external bias is 
applied (Figure  1 b). The difference in both types of RS effects 
delivers great diversity and signifi cant advantages in the selec-
tion of RS devices for practical applications. For instance, 
memory RS can realize nonvolatile data storage while threshold 
RS can be employed as a selector to solve the sneak path 
problem in cross-bar for high density memory applications. [ 66 ]  
Therefore, it is of technological importance to control the type 
of RS devices with respect to the two modes.  

 In this work, we report for the fi rst time the fabrication of 
confi gurable RS device based on silk protein. It was found that 
the silk protein based devices exhibit memory RS behavior 
with a high compliance current (100 µA) in the set process, 
and threshold RS behavior with a low compliance current 
(10 µA). In this way, the types of RS manifested by the device 
can be effectively and precisely controlled. Furthermore, both 
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  1.     Introduction 

 Natural biomaterials are of growing interest with respect to 
the fabrication of solid-state electronic devices, as the created 
electronic components are typically biocompatible, biodegrad-
able, sustainable, and even metabolizable. [ 1–7 ]  In addition, solid-
state devices provide an ideal approach for the exploration of 
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types of protein-based devices present functionality of random 
access memory, and read-only memory can be achieved with 
the memory RS effect. This fi nding would provide important 
guidelines for the performance optimization of biomaterials 
based memory devices and the study of the underlying mech-
anism behind the RS effect arising from biomaterials. 

 Silk that comprises two kinds of proteins, namely fi broin 
and sericin, [ 56 ]  was selected as the functional material in our 
RS devices due to the following reasons. First, as silk has 
already been widely studied for applications in electronic and 
optoelectronic devices, [ 12–18 ]  further development in devices of 
different functions would be helpful toward simplifying the 

integrated technology for future silk-based 
electronics. Second, silk is among the most 
representative of proteins that have shown 
RS effect; [ 55,56 ]  hence, development in on-
demand RS devices and understanding of 
the RS effect based on silk would pave the 
way for future improvement of protein-based 
memory technology.  

  2.     Results and Discussion 

 In our fabrication process, the fi broin 
aqueous solution (Figure  1 c,d) used was 
derived from  Bombyx mori  cocoons in accord-
ance with a previously reported procedure. [ 13 ]  
The simple metal–insulator–metal (MIM) 
cell structure (as illustrated in Figure  1 e) 
was employed for investigating the RS effect. 
In a typical experiment, a 50 nm Au fi lm 
with 3 nm Cr adhesion layer was thermally 
deposited on a SiO 2 /Si substrate to act as 
the bottom electrodes. Next, approximately 
120 nm fi broin fi lm was spin-coated onto the 
Au electrodes as the RS layer. Finally, the top 
Ag electrodes with an area of 80 × 80 µm 2  
(Figure  1 f) were thermally deposited and pat-
terned by a shadow mask. 

 The RS characteristics of the fi broin-
based RS device were then investigated. 
 Figure    2  a shows the typical current–voltage 
( I – V ) curves of the fi broin-based device under 
a direct current sweeping mode, measured by 
applying voltage to the top Ag electrode while 
keeping the Au bottom electrode grounded. 
As the voltage sweeps from zero to a positive 
voltage, a sharp increase in current can be 
observed at a certain voltage, during which 
the device switches from HRS to LRS, which 
is denoted as the set process. Interestingly, 
control of the type of RS can be achieved by 
controlling the compliance current ( I  cc ) in 
the set process; for example, memory RS can 
be triggered by setting  I  cc  = 100 µA, while 
threshold RS can be triggered by setting  I  cc  
= 10 µA. For memory RS, without setting the 
 I  cc , the device can be switched back to HRS 

during the sweep from zero to a negative voltage through the 
reset process. In this way, the controlled and reversible alterna-
tion between memory and threshold RS in a single device is 
realized (Figure  2 b).  

 To understand the two types of RS effects, the RS characteris-
tics of the fi broin-based devices were systematically studied with 
different compliance currents in the set process. All devices 
displayed memory RS effect with compliance current between 
100 µA and 10 mA, as seen from the  I – V  curves in  Figure    3  a–1 
( I  cc  = 10 mA), Figure S1a ( I  cc  = 100 µA) and Figure S2a ( I  cc  
= 1 mA) (Supporting Information). It is worth noting that 
resistance of LRS decreases with increasing compliance 
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 Figure 1.    Schematic diagrams of  I – V  curves for the two resistive switching (RS) effects: 
a) memory RS and b) threshold RS. Memory RS manifested as two resistance states without 
applied voltage: low resistance state (LRS) and high resistance state (HRS). Meanwhile, 
threshold RS comprises only HRS without applied voltage. The dashed lines on the RS repre-
sent the set compliance current. c) Structure of fi broin. Top: secondary structure of  N -terminal 
domain fi broin. Bottom: primary structure of fi broin. d) Optical images of the aqueous solu-
tion of fi broin. e) Schematic of the fabricated resistive switching device with a Ag/fi broin/Au 
confi guration. f) SEM image of the fabricated device arrays.
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current, while that of HRS shows no obvious dependence on 
the compliance currents (the device-to-device distributions 
of HRS and LRS resistances are shown in Figures  3 a-2, S3, 
and S4 in the Supporting Information). The HRS resistance 
ranges from 3.5 × 10 8  to 9.3 × 10 10  Ω, while the LRS resistance 
ranges from 18 to 35 Ω, 70 to 147 Ω, and 423 to 3760 Ω under 
the 10 mA, 1 mA, and 100 µA set compliance currents, respectively. 

Under the 10 mA set compliance current, resistance OFF/
ON ratios as large as 10 7  can be achieved (Figure  3 a-2). 
The set and reset voltages range from 1.3 to 3.4 V and −0.5 to 
−1.3 V, respectively (the device-to-device distributions of set and 
reset voltage are shown in Figure S5 in the Supporting Infor-
mation), and they are independent of the compliance current. 
To evaluate the memory performance of the fi broin-based 
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 Figure 2.    a) The  I – V  curves of the RS behaviors of the Ag/fi broin/Au device. The threshold RS, memory RS, and the reset processes were achieved by 
setting the device at different compliance currents. b) Switching between memory and threshold behaviors in a series of cycles. The  R  OFF  and  R  ON  were 
read at voltage of 100 mV in forward and reverse sweeping, respectively. The dash lines represent the average  R  OFF / R  ON  ratio.

 Figure 3.    The RS characteristics of the device under the set compliance current of a) 10 mA, b) 100 mA, c) 10 µA, in which 1) shows the typical  I – V  
curves of the device; 2) shows the device to device distributions of the resistance of HRS and LRS a,b), the resistance during forward and reverse 
sweeping c), the results were obtained under a 100 mV read voltage from 20 devices; and 3) shows the retention characteristics of the device under a 
100 mV readout voltage at room temperature.
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RS device, the retention characteristic was measured under 
100 mV read voltage at room temperature. The resistance of 
HRS was discovered to be very stable, while the stability of LRS 
depended on the set compliance current; LRS retention time is 
about 1100 and 1500 s with 100 µA and 1 mA set compliance 
currents, respectively (Figures S1b and S2b, Supporting Infor-
mation). At a higher compliance current of 10 mA, the reten-
tion characteristic can be further improved with the resistance 
of LRS displaying no obvious change for more than 4500 s 
(Figure  3 a-3). To sum up, we have successfully achieved a high-
performance memory RS device based on fi broin with OFF/
ON ratio of 10 7  and retention time of more than 4500 s, which 
is potentially suitable for nonvolatile random access memory 
applications. More importantly, this study may open the door 
toward optimizing the performance of biomaterial-based RS 
memory devices.  

 The study conducted on the RS characteristics of the fi broin-
based devices at the set compliance current of 100 mA, as seen 
from the typical  I – V  curves in Figure  3 b-1, is also of great 
signifi cance. Similar to that of the aforementioned compli-
ance currents, sweeping the voltage from zero to positive up 
to the set voltage resulted in the device switching from HRS 
to LRS (stage I in Figure  3 b-1), which is sustained in the 
subsequent sweep from zero to a positive voltage (stage II 
in Figure  3 b-1). However, what sets it apart from the afore-
mentioned set compliance currents is that the device cannot 
be switched back to HRS (stages III and IV in Figure  3 b-1), 
which makes it potentially useful for application as a write-
once read-many-times (WORM) memory element. [ 67 ]  The 
device-to-device distributions of HRS and LRS resistances of 
the WORM memory devices range from 1.7 × 10 9  to 1.1 × 10 11  
Ω and 8 to 15 Ω, respectively (Figure  3 b-2), indicating that high 
resistance OFF/ON ratios as large as 10 8  can be achieved in 
fi broin-based WORM memory devices. The achieved OFF/ON 
resistance ratio is larger than that of the previously reported 
WORM memory devices based on biomaterials, [ 53 ]  which gen-
erally implies a lower misreading rate during read operation. 
A retention test was conducted in both HRS and LRS to eval-
uate the stability of data storage in the fi broin-based WORM 
memory device (Figure  3 b-3). It can be observed that no sig-
nifi cant change in resistance occurred at either state for more 
than 10 4  s. This is strong evidence that our fi broin-based RS 
device is also suitable for high-performance WORM memory 
applications. 

 In order to elucidate the threshold RS behavior of the 
fi broin-based devices, a study was conducted on the RS char-
acteristics of the devices at the low set compliance currents of 
10 µA, 1 µA, and 100 nA. Figure  3 c shows the  I – V  curves of 
the fi broin-based RS devices at the set compliance current of 
10 µA. All the devices display threshold RS with set compliance 
currents in the range of 100 nA to 10 µA, which is conclusive 
evidence that we have successfully fabricated a confi gurable 
RS device based on fi broin. It is signifi cant that the RS effect 
of such devices can be effectively controlled between memory 
and threshold RS by defi ning the compliance current in the 
set process. WORM memory can be realized at the set com-
pliance current of 100 mA, while random access memory can 
be obtained under the set compliance currents ranging from 
100 µA to 10 mA. The devices were also able to demonstrate the 

threshold RS behavior under set compliance currents within 
the range of 100 nA to 10 µA. 

 We have also attempted to clarify the mechanism of the 
RS effect of the fi broin-based device. The electrolytic migra-
tion of Ag atoms and clusters in an insulator matrix is one 
of the most common phenomena in electronics, which leads 
to the formation of metallic fi laments in resistive switching 
devices. [ 21,68,69 ]  The transition between HRS and LRS states 
can be explained by fracturing and reformation of the Ag fi la-
ments embedded in the insulating layer. To further understand 
the resistive switching mechanism, we performed temperature-
dependent resistance measurements for both LRS and HRS 
states (Figure S6, Supporting Information). Interestingly, a 
nonmetallic behavior was observed in the LRS measurement, 
with characteristic similar to that shown in the HRS, that is, the 
resistance decreases with increasing temperature. This indi-
cates that the LRS is not dictated by metallic Ag fi laments, and 
both HRS and LRS could come from the same mechanism. To 
explain this behavior, we propose that instead of Ag fi laments, 
Ag nanoparticles are formed in the insulator layer during 
the electrode deposition and electroforming processes of the 
device, [ 48 ]  which is consistent with the secondary ion mass spec-
trometry (SIMS) analysis results (Figure S7, Supporting Infor-
mation). Through charge trapping and detrapping processes, 
hopping of electrons between Ag islands contributes to the cur-
rent fl ow ( Figure    4  a,b). If this scenario is correct, the voltage-
dependent  I – V  characteristic for both states should follow that 
of an insulator with traps and space-charge-limited (SCL) cur-
rent injection. In terms of the SCL conduction, the  I – V  curve 
fi rst follows the Ohm's law at low bias and then the Child’s law 
at high bias
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 where  J  is the current density,  ε  0  is the permittivity of free space, 
 ε  r  is the relative dielectric constant,  µ  is the mobility of charge 
carriers,  V  is the voltage, and  d  is the fi lm thickness. [ 70 ]  The 
 I – V  curves for both resistance states are drawn in the log–log 
scale in Figure  4 c. Indeed, for the LRS (inset of Figure  4 c), an 
Ohmic behavior ( I  ∝  V ) is followed by a SCL behavior ( I  ∝  V  2 ), 
suggesting a change from the trap-unfi lled SCL conduction to 
the trap-fi lled SCL conduction. The HRS also shows an Ohmic 
behavior at lower voltages, while a larger slope (≈3) emerges in 
the higher voltage range. The increase of the slope could be due 
to the density and energy distribution of the traps. [ 71,72 ]   

 When a positive voltage is applied to the top electrode of the 
MIM capacitor structure, positive charges are created at the top 
interface, with a negative charge zone screened at the bottom 
interface. This leads to a high electrical fi eld at both interfaces 
(Figure S8a, Supporting Information). Anodic dissolution of Ag 
atoms occurs according to the reaction

    eAg Ag+→ + −

  (2)   

 The DC electric fi eld between anode and cathode will cause 
the Ag +  ions to migrate across the fi broin layer. With the 
incoming electrons from the cathode side, the cations will 
be reduced during the electro-migration process (Figure S8b, 
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Supporting Information). The cation mobility of the Ag ions 
could be enhanced by the local Joule heating under high cur-
rent, and a high electrical fi eld is effective to accelerate the 
electro-migration process. 

 Figure  4 a shows the schematic of LRS after a higher  I  cc  
electro-forming process. Different to the often cited metallic 
fi lament conduction, electrons hopping through the silver 
islands leads to the high current at the ON state. The removal 
of the electrical fi eld would terminate the charge injection and 
result in a neutralized state, as shown in Figure S8c (Sup-
porting Information). Figure  4 b shows the HRS with a nega-
tive voltage applied to the top electrode. Anodic dissolution of 
Ag atoms and formation of a positively charged zone occur at 
the bottom interface. Due to the Coulomb repulsion effect, the 
Ag +  ions will be pushed back, and as a result, a large tunneling 
gap is formed after such a process. The proposal of “broken” 
silver chains at the bottom interface is consistent with the 
report by Yang et al. [ 73 ]  Furthermore, the interface-modulated 
resistive switching has been widely reported. [ 74–76 ]  The number 
of electron hopping paths is signifi cantly reduced after such a 
reset process, which results in the OFF state (HRS). After the 
removal of the negative electrical fi eld, a neutralized state could 
be formed for the HRS state, as shown in Figure S8d (Sup-
porting Information). 

 This mechanism of dynamic Ag nanoparticle ensembles 
in the fi broin layer is also helpful to elucidate the threshold 
RS behavior of the RS devices, for which a lower set compli-
ance current was applied. In comparison to the memory state 
formation under a higher  I  cc  (Figure  4 a,b), we propose that 
only a very small number of conductive channels are formed 
(Figure  4 d), as a result of less Ag ions and clusters migrating 
under a much lower  I  cc . This is consistent with the much 
higher resistance of the ON state (HRS), compared to that of 
the nonvolatile memory switching. Due to the screening effect, 
the repelling between silver ions at the bottom interface leads 
to an OFF state shown in Figure  4 e, which means that the 
resistance almost comes back to the original state. The  I – V  
curves plotted in the semi-log scale are shown in Figure  4 f. The 
current fi rst increases to the  I  cc  and then signifi cantly drops 
with decreasing voltage. The difference between memory and 
threshold switching is a result of the formation of conductive 
(hopping) paths of Ag nanoparticles in our devices. For the 
memory RS, resistance of different LRS states decreases with 
increasing  I  cc  (from 100 µA to 10 mA), indicating more and 
more conductive paths formed during the electro-migration 
process. In comparison, the results shown in Figure  3 c imply 
an unsuccessful formation of conductive paths in the fi broin 
fi lm when a lower  I  cc  of 10 µA is used. We also performed 
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 Figure 4.    a–c) Operation mechanism of the memory RS effect. a) Schematic of the device at the ON state with electrons hopping through Ag nanopar-
ticles within the fi broin layer formed after an electro-migration process. Charges with different polarities are accumulated at the two electrode/fi broin 
interfaces when a positive voltage is applied to the top electrode. b) Schematic of the OFF state with a large tunneling gap formed when a negative 
voltage is applied to the top electrode. The distributions of charges are also changed as a result of the applied voltage. c)  I – V  curve in a log–log scale 
of the OFF state. The inset shows the  I – V  curve of the ON state. d–f) Operation mechanism of the threshold RS effect. d) Fewer electron hopping 
paths are formed under a lower compliance current, although the charge accumulation is similar to the case of (a) when a positive voltage is applied. 
e) The decrease of the voltage leads the device back to the OFF state. f)  I – V  curve in a semi-log scale under an  I  cc  of 100 nA. The inset shows the  I – V  
curve under an  I  cc  of 1 µA.
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a measurement with a higher  I  cc  at 50 µA (Figure S9a, Sup-
porting Information), and the result reveals the unstability of 
the conducting paths in the LRS. With such low  I  cc , the meas-
ured LRS was unstable and degraded to an OFF state after tens 
of seconds (Figure S9b, Supporting Information). On the other 
hand, a stable resistive switching with good retention behavior 
can be achieved by further increasing the  I  cc  to 100 µA (Figure 
S1, Supporting Information). 

 In WORM memory obtained with a very high set compliance 
current of 100 mA, the LRS cannot be switched back to HRS. 
Figure S10 (Supporting Information) shows the  I – V  curve of 
LRS, with the set  I  cc  at 100 mA. Interestingly, the fi tting of 
the curve in the whole voltage range shows a consistent linear 
characteristic. The  I  cc  of 100 mA is much higher than the set 
 I  cc  values used for achieving memory RS; thus, we can expect 
a more suffi cient migration of silver ions and clusters in the 
fi broin layer. Robust Ag fi laments with localized high density 
could be formed during such processes, and the LRS of such 
stable fi laments cannot be switched back to HRS, leading to 
permanent breakdown in the WORM device. 

 To provide additional insights into the mechanistic study of 
the RS effect, as well as the exploration of high-performance 
protein-based RS devices, sericin was also used to study the 
confi gurable RS effect. Similar results were obtained as those 
of fi broin, which are shown in Figures S11–S13 (Supporting 
Information). Thus, we conclude that the switchable transport 
among migrating Ag nanoparticles is an universal mechanism 
underlying the RS operation of such protein-based devices, and 
this study is helpful for the development of protein-based elec-
tronic devices with confi gurable functionalities. [ 77 ]   

  3.     Conclusion 

 In conclusion, this is the fi rst report of RS devices with confi g-
urable functionality based on silk protein. The RS type of the 
devices can be effectively and exactly controlled by controlling 
the compliance current in the set process. Memory RS can be 
triggered by a higher compliance current, while threshold RS 
can be triggered by a lower compliance current. Furthermore, 
two types of memory devices, working in random access and 
WORM modes, can be achieved with the RS effect. The devices 
with a high resistance OFF/ON ratio of about 10 7  and a long 
retention time of more than 4500 s have been obtained for the 
random access memory, whereas the devices with a high resist-
ance OFF/ON ratio of 10 8  and a retention time of more than 
10 4  s have been achieved for the WORM memory. Our fi ndings 
have provided important guidelines for not only the optimiza-
tion of memory performance, but also the mechanistic study of 
the RS effect based on biomaterials. The good performance of 
such protein-based devices suggests that such organic memo-
ries complement the conventional inorganic counterparts, and 
these environmentally friendly biomaterials possess the poten-
tial for sustainable electronics and data storage.  

  4.     Experimental Section 
 The silk fi broin solution used for device synthesis was prepared 
according to the method described in the literature.  Bombyx mori  
cocoons were boiled for 45 min in 0.02  M  Na 2 CO 3  and rinsed thoroughly 

with distilled water in order to extract the sericin. The extracted fi broin 
was dissolved in 9.3  M  LiBr solution at 60 °C for 4 h. After that, the 
obtained solution was subsequently dialyzed in distilled water using the 
dialysis membrane (MWCO: 3500, Spectrum Laboratories, Inc.) for 72 h. 
The solution was then centrifuged (9000 rpm) twice and the resultant 
supernatant was collected and stored at 4 °C. For the preparation of 
fi broin fi lms, the fi broin solution was fi rst diluted by distilled water to 
the desired concentrations. For device fabrication, silicon wafers with 
280 nm silicon dioxide were used as substrates, which were ultrasonically 
cleaned in acetone, ethanol, and deionized water, and dried with N 2 . A 
50 nm Au fi lm with 3 nm Cr adhesion layer was then thermally deposited 
onto the substrate to act as the bottom electrodes. Thereafter, the 
aqueous solution of fi broin was spin-coated onto the Au electrodes 
at 500 rpm for 5 s and 3000 rpm for 45 s and approximately 120 nm 
fi broin fi lm was formed. Finally, the top Ag electrodes were thermally 
evaporated onto the device and patterned using a shadow mask. The 
 I – V  characteristics of the devices were carried out using the Keithley 
4200-SCS semiconductor parameter analyzer at room temperature 
and atmospheric pressure. The depth distribution of Ag in fi broin fi lm 
was analyzed by time-of-fl ight secondary ion mass spectrometry (ToF-
SIMS). For the sericin-based devices, sericin with molecular weight of 
8000 g mol −1  (purchased from Aotesi Biotechnology, China) was used as 
the functional material.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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