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Abstract: The ferroelectric-like hysteretic I-V effect was observed in the multilayer film of 

PMMA/carbon quantum dots (CDs)/PEDOT:PSS using the ITO and Al metals as the electrodes. 

The multilayer film exhibited two different resistance states and larger hysteresis window under 

the electric field compared to the film without CDs addition. The influence of additional CDs 

layer on the short circuit current (Isc) and open circuit voltage (Voc) values is related to the 

interfacial polarization between PMMA and PEDOT:PSS layers. The introduction of CDs layer 

intensifies interfacial polarization for two dielectric layers, resulting in the larger hysteresis 

window. An interfacial polarization field E´ increases with the external electric field increasing 

and reaches a maximum value at the threshold voltage Voc of ±15 V. The switch reliability of 

device is operated over 5×103 times in a succession of periodic pulses without any performance 

degradation. 
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1. Introduction 

Electrical bistable memory devices (EBMDs) based on hybrid organic-inorganic 

nanocomposites have emerged as the excellent candidates for promising application in 

next-generation memory devices owing to their low fabrication cost and power consumption, good 

compatibility with semiconductor logic process and acceptance to the flexible substrates [1-7]. As 

active layer in the devices, various nanoparticles including metal nanoparticles [8], metal oxide 

semiconductor [9], and the new-fashioned carbon family [3, 10-16] had been conceived and 

employed. The carbon quantum dots (CDs) have exhibited the tunable photoluminescence (PL) 

spectra, broad light absorption, water solubility, nontoxicity and excellent biocompatibility 

[17]. CDs have drawn considerable attention to the possible application in photochemical catalysis 

[18], energy conversion/storage [19], light-emitting devices [20], biological and medical 

engineering [21], etc. Numerous surface functional groups in CDs permit them easily to hybrid 

with polymer or inorganic materials to improve the device performance. For examples, Lan et al. 

found CDs-decorated polymer UMCM-1 have a positive effect on H2 storage capacity for 

adsorption interaction between polar functional groups (such as -COOH and -OH) at the CDs 

surface and H2 molecules [22]. Briscoe et al. reported the performance of solid-state 

nanostructured solar cells based on biomass-derived CDs sensitized ZnO nanorods is distinctly 

dependent on surface functional groups of the CDs [23]. In the polymer-based EBMDs, 

PEDOT:PSS and PMMA are mostly selected as memory media because of their fundamental 

chemistry and physics. In the memory mechanism investigations, insulating polymer PMMA is 

generally considered as barrier layer for preventing the carriers escaping [1, 12, 16] and 

PEDOT:PSS is usually taken as memory unit. Forrest et al. revealed that the phase segregation of 

the conducting PEDOT+ and the insulating PSS− chains in high electric field and high temperature 

lead to the memory behavior of the PEDOT:PSS-based device [24]. In addition, the oxidation and 

the reduction of the PEDOT:PSS layer for the electrons injection and release play important role 

in the state switching [25-27]. 

As the polar molecules, PEDOT:PSS and PMMA are typically polarized by an external 

electric field [28, 29]. The abundant functional groups of CDs can be responsible to interact with 

polymer molecules and then have the effect on interfacial polarization in electric field. In this 
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work, the multilayer film of PMMA/CDs/PEDOT:PSS is used as an active layer in the EBMD. A 

ferroelectric-like hysteretic I-V characteristic was found with a large memory window and the 

reliable stability for the loop voltage switching over 5×103 times was simultaneously obtained. 

The memory mechanism was discussed based on the polar molecules PEDOT:PSS and PMMA 

and was explained in terms of intensified interfacial polarization by the additional introduction of 

CDs layer.  

2. Experimental details 

The aqueous solution of PEDOT:PSS (Clevios P VP Al 4083, Net: 0.25 Kg = 0.25 L) was 

provided by Germany Heraeus Company, and the PMMA was purchased from Aladdin 

Reagent Corporation (Shanghai, China). As described by the literature [30], the CDs were 

synthesized with octadecylamine and citric acid anhydrous as precursor in 1-octadecene 

noncoordinating solvent. Briefly, 15 mL 1-octadecene and the 1.5 g octadecylamine were added to 

a 100 mL three-neck flask under Ar atmosphere. When the temperature was up to 270 ºC, 1 g 

citric acid was quickly added into the flask under vigorous stirring and maintained for 15 min. The 

final products were repeatedly purified with acetone as a precipitating agent and then the 0.1 g 

as-obtained CDs were dissolved in 5 mL toluene solvent. Meanwhile, the cleaned ITO coated 

glass substrates by ultrasonication in detergent, distilled water, acetone, isopropanol and methanol 

in succession were dried at 80 ºC in vacuum for 3 h and then treated by UV-ozone radiation for 15 

min. To assemble the EBMD, 0.3 mL original PEDOT:PSS was deposited on ITO substrates by 

spin-coating at 700 rpm for 20 s and 4000 rpm for 45 s. Then, 0.3 mL CDs toluene solvent was 

coated onto the PEDOT:PSS layer at 700 rpm for 20 s and 2000 rpm for 30 s. After that, 0.3 mL 

PMMA/trichloromethane solution coating at the concentration of 4 mg/mL was performed on the 

CDs layer at 700 rpm for 20 s and 2500 rpm for 45 s. The vacuum drying at 80 ºC for 1 h in every 

step was used to remove the residual solvents. Finally, Al top electrode with thickness of 130 nm 

was deposited by using thermal evaporation through a metal mask. The effective area 

corresponding to the overlapping area of bottom (ITO) and top electrode (Al) is 4 mm2. Fig. 1 

shows the device schematic structure of Al/PMMA/CDs/PEDOT:PSS/ITO， the molecular 

structures of polymer PMMA and PEDOT:PSS and the cross-sectional field emission scanning 

electron microscopy (FESEM) image of the hybrid film. With the same preparation condition, a 
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device structure of Al/PMMA/PEDOT:PSS/ITO was obtained. 

The Fourier transform infrared (FTIR) spectrometer (Bruker Tensor 27) was used to 

investigate the surface functional groups of as-fabricated CDs film in the wavenumber region 400 

cm-1 - 4000 cm-1 by transmission mode. The Raman spectrum (Thermo Fisher DXR Raman 

Microscope) with a 532 nm excitation wavelength was carried out to feature the characteristic 

bands of the CDs film and hybrid film. The hybrid film for Raman measurements were prepared 

in the same preparation process as the active layer in the device. PL spectra of CDs solutions were 

obtained on the spectrometer (FluoroLog 3, Horiba Jobin Yvon) using 450 W Xe lamp. The 

morphology of the hybrid film was investigated by SEM (Hitachi SU-8010). The I-V 

characteristics and endurance tests of devices were performed by the keithley 2400 digital source 

meter. In the electrical characteristics, the top Al electrode was grounded and the bias voltage was 

applied to the bottom ITO electrode. All the measurements were carried out at room temperature 

without encapsulation. 

 3. Results and discussion 

The FTIR spectrum of as-fabricated CDs film is shown in Fig. 2(a). The peak position at the 

1640 cm-1 associates with stretching vibration of -CONH group. The typical peak at 1707 cm-1 is 

related to carboxyl C=O vibration, and the band between 2980 to 2765 cm-1 belongs to the 

-CH2-/-CH3 stretch of the carbon skeleton. The low energy bands corresponding to 3980 cm-1 and 

3400-3130 cm-1 are representing the stretching vibration of -NH- and -OH, respectively [31, 32]. 

Fig. 2(b) shows the Raman spectra of as-fabricated CDs film and hybrid film. The peaks at 1350 

cm-1 and 1600 cm-1 of both films can be attributed to D-band and G-band of CDs, respectively. 

According to reported literature, G-band is originated from sp2 carbon skeleton and D-band from 

sp3 carbon. The strong intensity of D-band indicates that the bad crystalline quality of carbon 

networks with the disorder and defects [33]. The amount of functional groups may exist on the 

surface of CDs. For the Raman spectra of hybrid film, the peak at 1442 cm-1 is related to C=C 

symmetrical stretching vibration, and the two peaks centered at 1508 cm-1 and 1570 cm-1 are 

corresponding to the C=C asymmetric stretching vibrations of thiophene rings from PEDOT:PSS 

[34]. The peaks located at 2806 cm-1 and 2902 cm-1 represent the combination band involving 

O-CH3 and νs(C-H) from PMMA [35]. The PL spectra of CDs toluene solution are shown in Fig. 
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2(c). The red-shift in emission peak position as the excitation energy decrease is commonly 

regarded as the indicative of the various surface states and size distribution [3, 18, 20, 30]. Based 

on the above analysis, the preparation process for CDs and their chemical structure are briefly 

described in Fig. 2(d). 

Fig. 3(a) shows the I-V curves of the device Al/PMMA/CDs/PEDOT:PSS/ITO in the 

multiple-valued voltages which are conducted from +1 V to -1 V, +2 V to -2 V and +3 V to -3 V, 

respectively. No obvious switch voltage was observed in comparison to previous reports [1, 3, 4], 

but the hysteresis-like loop with two resistance states distinctly occurs. The semi-log curves 

corresponding to Fig. 3(a) are plotted in Fig. 3(b). A short circuit current value (Isc) is obtained at 

zero-bias when the voltage goes through 0 V at both forward and reverse sweeping, which is not 

a common feature. And the Voc (open circuit voltage value when the device current is zero) also 

exhibits similar behavior. As suggested in the previous paper [28], the interfacial 

polarization between dielectric polymers can takes place on application of an electric field (E0) 

due to higher molecular spatial ordering. The values of Isc, whose direction is contrary to the 

external electric field E0, are originated from the polarization field (E´). A saturation value for Isc 

and Voc can be observed when the applied voltage is increased up to ±15 V, as shown in Fig. 3(c) 

and 3(d). It is regarded as threshold field in the Ref. [36] and indicates the polarization 

saturation. 

The I-V curves in Fig. 4 are obtained by a deliberate break at zero-bias. It is obviously 

noticed that Isc discontinuously transit from the non-zero value to initial zero value at the break 

site as the arrow marked in Fig. 4(a) and the feature is not affected by the sweeping range and 

the cycle numbers. The phenomenon is attributed to the vanishing polarization field E´. Spatial 

ordering of the molecules is disorganized and get back to random orientation in the interface. 

The device operated in multiple cycles demonstrates the switch reliability, as shown in Fig. 

5(a). Be driven by applied voltage in pulse-periodic mode of -2 V(-1 V)→0 V→+2 V(+1 V)→0 

V over 5×103 times, the device is repeatedly switched between two independent states with 

stable current value at the “read” voltage of 0 V. Simultaneously, the flow of current is found to 

be reverse to the applied electric field E0, supporting the existence of polarization field E´. And 

the Isc value at the write voltage of ± 2 V is higher than that at ± 1 V, which is induced by the 

high polarized electric field E´. At the same absolute applied voltage, the different absolute value 
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of current at the forward and reverse electric field was observed, implying that 

there is a difference in contact resistance or a Schottky-like barrier [36, 37]. Fig. 5(b) shows the 

Isc values measured at t =0 s and 0.06 s at the write voltage of 2 V and read voltage of 0 V. The 

reduced Isc value at 0.06 s is reasonable related to the decreasing polarization field E´ for 

disorganized polarization. The Isc value will be closed to zero due to the gradually disappeared E´ 

as the time extend.   

Compared to the reference device without CDs layer, the device with 

PMMA/CDs/PEDOT:PSS hybrid film shows an enlarged memory window with a larger Isc and 

Voc values at the forward and reverse sweeping, as shown in Fig. 6(a) and (b), which can be 

attributed to the enhanced spatial ordering of electric dipole moments between the interfaces 

PMMA and CDs as well as PEDOT:PSS and CDs under the applied external field E0. The detail 

schematic diagrams for hysteresis mechanisms of two devices are shown in Fig. 7. The molecular 

orientation of polar molecule PMMA and PEDOT:PSS has a strong electric field dependence 

[38]. As indicated in Fig. 7(a), the electric dipole moments of all molecules for two dielectric 

PEDOT:PSS and PMMA are randomly arranged in absence of external electric field E0. When an 

the external electric field E0 is applied on the device, the orientations of molecules' electric 

dipole moments are mostly parallel to the direction of the E0, as shown in Fig. 7(b). An 

interfacial polarization field E´ induced by the polarization charges of two dielectric layers 

increases with the external electric field increasing and reaches a maximum value at the threshold 

voltage Voc of ±15 V. When the field E0 decreases return to zero, the device current is mainly 

determined by the polarization field E´ [11]. The E´ originating from the dipole-dipole interaction 

between PEDOT:PSS and PMMA for the reference device Al/PMMA/PEDOT:PSS/ITO induces 

a ferroelectric-like hysteresis effect (Fig. 7(c)). Incorporation of CDs can intensify 

dipole-dipole interaction between the negative -OH group in CDs and positive PEDOT+ of the 

PEDOT:PSS and between -NH group in CDs and -OCH3 in PMMA due to the different polarity 

of functional groups. The increased electric dipole moment and their enhanced spatial ordering in 

sandwiched multilayer can increase the polarization electric field E´ (see Fig.7(d)), which can 

enlarge memory window with obvious Isc and Voc values. Similar hysteresis like I-V 

characteristics was observed in ethanol adsorbed ZnO nanorods related to the formation of dipole 

charges of adsorbed ethanol molecules on the ZnO nanorods surface [36].  
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The previous study revealed that the defects in CDs acting as electron trapping centers play a 

major role in the bistable properties of the devices. In this work, no such bistable behavior was 

observed for the device with monolayer CDs film. The contribution of the electron capturing by 

the CDs defects for the better memory performance is not the primary factor. Further experiment 

will be carried out to investigate the role of the CDs defects in such a device. Overall, it is 

effective way to improve the performance of the memory device with the ferroelectric-like 

hysteresis effect by incorporation of the sandwiched polarization medium.  

4. Conclusions 

The devices of Al/PMMA/CDs/PEDOT:PSS/ITO and Al/PMMA/PEDOT:PSS/ITO have 

been fabricated using a simple spin-coating method. The devices show a ferroelectric-like 

hysteretic I-V characteristic due to interfacial polarization in hybrid films. The polarization 

charges can form an additive reverse field E´ and produce a nonzero current Isc at zero-bias and 

Voc at zero-current. The values of Isc and Voc increase with the applied field E0 increasing and the 

saturation values are obtained at the threshold field ±15 V. The device with additional CDs layer 

shows an enlarged window, which is attributed to the enhanced spatial ordering of electric dipole 

moments between PMMA and CDs as well as PEDOT:PSS and CDs under applied external field 

E0. The switch reliability of device is operated over 5×103 times in a succession of periodic pulses 

without any performance degradation. 
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Figure captions 

Fig.1. The (a) schematic diagrams of the Al/PMMA/CDs/PEDOT:PSS/ITO device, molecular 

structures of PMMA and PEDOT:PSS and (b) cross-sectional SEM image of the hybrid film. 

Fig.2. The (a) FTIR spectrum of as-fabricated CDs film, (b) Raman spectra of as-fabricated CDs 

film and hybrid film, (c) the PL spectra of CDs solution and (d) the preparation process and the 

chemical structure of as-synthesized CDs. 

Fig.3. (a) The linear I-V curves in the cyclic multiple-valued voltage sweeping from +1 V to -1 V, 

+2 V to -2 V and +3 V to -3 V for the device Al/PMMA/CDs/PEDOT:PSS/ITO, respectively. (b) 

The corresponding semi-log plots of Fig. 3 (a). (c) The semi-log I-V curves when the voltage 

range increase from ±3 V to ± 15 V. (d) The Voc as functions of different loop voltages. The ‘5 V’ 

on the horizontal axis represents the loop voltage scanning from -5 V to 5 V, the ‘-5 V’ is from 5 V 

to -5 V. 

Fig.4. (a)-(c) The I-V curves by a deliberate break at zero-bias for voltage sweeping from +1 V to 

-1 V, +2 V to -2 V and +3 V to -3 V, respectively. 

Fig.5. (a) The switch reliability by applied voltage in pulse-periodic mode of -2 V(-1 V)→0 V→

+2 V(+1 V)→0 V. (b) The Isc values measured at t =0 s and 0.06 s at the write voltage of 2 V and 

read voltage of 0 V. 

Fig.6. (a) The linear I-V curves and (b) plotted semi-log I-V curves for the device 

Al/PMMA/CDs/PEDOT:PSS/ITO and device Al/PMMA/PEDOT:PSS/ITO. 

Fig.7. The detail schematic diagrams for hysteresis mechanisms. (a) The molecular orientation of 

polar molecule PMMA and PEDOT:PSS in absence of external electric field E0. (b) The molecular 

orientation of PMMA and PEDOT:PSS under the electric field E0. (c) and (d) The molecular 

orientation of PMMA and PEDOT:PSS without and with the CDs addition with the electric field 

E0 removed. 

 

Page 10 of 18RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

  

   

 C 

 

 

 

 

Fig. 1  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*

O O O O O

O O O O O

*

n

PMMA

*

SO3H SO3H SO3HSO3
- SO3

-

n*PSS

S

O O O O

S

O O

S

O O

S

O O

*

n
*PEDOT

S

PEDOT:PSS

(a) PMMA 

PEDOT:PSS 

ITO 

CDs 

Glass 

(b) 

Page 11 of 18 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

  

  

 

 

 

 

 

 

  

  

 

 

 

 

 Fig. 2  

 

 

 

 

 

 

 

O

OH

O

NH

NH

HN

O

HO

O

NH

NH

HN

CHO CH2COOH

CH2COOH

CH2COOH

+
-H2O

CH3(CH2)17NH2

(d) 

400 500 600 700
0.0

2.0x10
5

4.0x10
5

6.0x10
5

8.0x10
5

1.0x10
6

1.2x10
6

 

 

Wavelength (nm)

 300nm

 320nm

 340nm

 360nm

 380nm

 400nm

 420nm

 440nm

 460nm

 480nm

 500nm

 520nm

P
L
 I
n
te

n
s
it
y
 (
a
.u

.)

(c) 

(a) (b) 

Page 12 of 18RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

-15 -10 -5 0 5 10 15

1E-11

1E-10

1E-9

1E-8

1E-7

 

 

C
u
rr

e
n
t 
(A

)

Voltage (V)

   5V ~ -5V

  8V  ~ -8V

 10V ~ -10V

 12V ~ -12V

 15V ~ -15V

 18V ~ -18V

(c) 

-3 -2 -1 0 1 2 3
-1.0x10

-8

-5.0x10
-9

0.0

5.0x10
-9

1.0x10
-8

 

  1V ~ -1V

  2V ~ -2V

  3V ~ -3V

 

 

Voltage (V)

C
u
rr

e
n
t 
(A

)
(a) 

-3 -2 -1 0 1 2 3

1E-11

1E-10

1E-9

1E-8

1E-7

  1V ~ -1V

  2V ~ -2V

  3V ~ -3V

 

 

C
u
rr

e
n
t 
(A

)

Voltage (V)

(b) 

-20 -15 -10 -5 0 5 10 15 20
-4

-3

-2

-1

0

1

2

3

4

V
o
c
 (
V
)

Loop termination voltage (V)

 

 

 

 

(d) 

Page 13 of 18 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

 

 

 

 

 

Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Ferroelectric-like hysteresis effect observed in carbon quantum 

dots sandwiched between PMMA and PEDOT:PSS hybrid film 
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Fig. (a) The linear I-V curves in the cyclic multiple-valued voltage sweeping from +1 V to -1 V, 

+2 V to -2 V and +3 V to -3 V for the device Al/PMMA/CDs/PEDOT:PSS/ITO, respectively. (b) 

The Isc values measured at t =0 s and 0.06 s at the write voltage of 2 V and read voltage of 0 V. 
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