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ARTICLE INFO ABSTRACT

Keywords: In this paper, we prepared and investigated the electrical switching behaviors of CusP/AgsS
E_leCtriCiﬂ switching heterojunction in the absence/presence of light/heat excitation. The structure exhibited bipolar
Silver sul}f?de i memristor characteristics. The resistive switching mechanism is due to the formation of Ag
g?t’f;rsgu(c):gré € conductive filaments and phase transition in CugP. We found that the resistance ratio (Rorr/Ron)

increased by a factor of 1.4/1.8 after light/heat excitation. The underlying mechanism was due to
the photoelectric effect/Seebeck effect. Our results are helpful for the understanding of the
resistive switching performance of CugP/AgsS junctions, providing valuable insights into the
factors influencing resistive switching performance and a clue for the enhancement of the
memristor performance.

Photovoltaic effect
Thermoelectric effect

1. Introduction

Memristor, a type of resistive switching device capable of retaining their resistance states even after the power is turned off, has
obtained significant attention due to their promising applications in information storage, intelligent computing system design, neural
networks and other emerging technologies [1-5]. Silver sulfide (Ag»S), with combined electronic and ionic transport properties, is one
of the earliest materials studied for memristor. The conduction filament theory was initially proposed to understand the memristive
behavior of AgsS. As the investigation into memristor progressed, researchers discovered that multi-layer structures exhibited
significantly improved electrical switching properties compared to single layer. For instance, Saika et al. found that an Ag,S/oxidized
graphene structure preserved both the switching properties of Ag>S and tunneling currents modulated by oxidized graphene.
Furthermore, this structure displayed notable volatility-based neuromorphic properties [6]. Recently, multi-layer structures based on
p-type and n-type semiconductor materials have attracted lot of attentions [7-9]. The rectification effect caused by p-n diode results in
a significantly reduction of power consumption, as well as a decrease in the sneak-path current between memristor crossbar arrays
[10-12].

In conjunction with the investigation of multilayers, the influence of external excitations on memristor behaviors has come under
study. For example, Mou, N. I. et al. Investigated the effect of light irradiation on the Ag,S resistive switching properties. They observed
that the switching time and turn-off voltages were reduced after illumination, which can be attributed to changes in sulfur valency and
photo-induced alterations in oxidation/reduction potential [13].

Copper phosphide (CusP), a p-type material, has been studied for its resistive switching performances by few groups [14,15]. In our
previous work, we reported that CugP memristor exhibited a high On/Off ratio (2.1 x 104, high work frequency (approximately 5000
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Hz), high stability (endurance 2 x 105, retention time larger than that 2 x 10%) and low switching voltage (less than 0.35 V) [15].
However, the memristor behavior of Ag2S/CusP double layer structures remains unclear, as does the influence of the external effects
such as light irradiation and thermal excitation on the memristor behavior. In this study, we first prepared AgsS thick films and further
combined them with CusP thick film to form Ag,S/CusP stacked structures. Then, we investigated the effect of visible light illumi-
nation and asymmetric heating of electrodes on the resistive switching properties of the structure. The structure exhibited bipolar
switching behaviors. The underlying mechanism was due to the formation of metal conductive filaments in Ag,S and phase transition
in CugP. We found that these excitations affected the resistance of the structure. The On/Off ratio increased after light and heat
excitation, attributable to the photoelectric effect and Seebeck effect, respectively. In this paper, we demonstrated for the first time that
the Seebeck effect influences resistive switching behaviors, and its effect is larger than that of the photoelectric effect. Our results
contribute to the understanding of resistive phenomena in multilayers under light and heat excitation.

2. Experimental
2.1. Preparation of AgsS thick film

We utilized the ductile property of AgsS to prepare flexible thick films by grinding Ag,S powders, as shown in Fig. 1a [16,17]. A
certain amount of Ag,S particles (0.5 g) were placed into an agate grinding bowl. The particles were then ground at a speed of 150 rpm
with a mechanical pressure of approximately 100 N for 20 min.
2.2. Preparation of CugP thick film

Copper phosphide was prepared using the phosphorization method, as shown in Fig. 1b [18]. Sodium hypophosphite (NaH2POs,
0.5 g) and copper foil sealed in a glass tube were heated to 300 °C and kept for 30 min under inert gas protection. Afterward, the tube
was naturally cooled to room temperature to obtain CusP on the copper substrate. Then the CusP bulk film was obtained by me-
chanically separation from the substrate. (Note, the residual gases in the tube should be removed by vacuum pumping and purified
with a copper sulfide solution before removing the sample).
2.3. Preparation of Ag2S/CusP structure

The AgyS/CusP junction was prepared by stacking a AgsS bulk film on a CusP thick film, as shown in Fig. 1c. Ag,S and CusP films
were squeezed together by the pressure of the test probes. Two Au tips used as electrodes were connected with the Ag,S and CusP,

respectively. The tip diameter is approximately 150 pm. The distance between the two tips is approximately 500 pm controlled by a
spiral micrometer under the help of an optical microscope.
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Fig. 1. Schematic diagrams of the preparation process of Ag,S film (a), CugP film (b), and Ag,S/CusP device structure (c).
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2.4. Characterizations

The crystal structures were characterized using an X-ray diffractometer (XRD, Thermo ARLXTRA). The surface morphology,
microstructure, and elemental composition of the samples were analyzed using a scanning electron microscope (SEM, FEI Apero S,
model SU-1050). The conduction type of AgsS and CugsP was tested by hot-probe methods. The electrical properties were conducted on
an electrochemical workstation (Shanghai Chenhua CHI760E). The reference electrode (white) and counter electrode (red) were
connected to the CusP electrode, while the working electrode (green) was connected to AgsS. The probe electrodes were applied to the
device surface by gravity. CV mode was selected to test the current-voltage curve (I-V curve). The voltage scanning rate was 0.05 V/s,
the voltage acquisition interval was 0.001 V. In the thermal excitation experiment, the electrode connected to silver sulfide was heated
by a heater, and the electrode temperature was measured by a thermocouple. In the study of the effect of light excitation on the
electrical properties, the 365 nm ultraviolet light with a power density of 10 W/cm? was used. The photon energy of the UV light is
greater than the band gap of Ag,S and CusP to produce photoelectrons.

3. Results and discussion
3.1. XRD and SEM

Fig. 2a shows the XRD pattern of the bulk silver sulfide (Ag>S) film prepared with different grinding times. All discernible peaks
correspond to Ag,S. The AgsS powder before grinding (0 min, black color) exhibited a polycrystalline structure without preferred
crystal orientation. After grinding 20 min (red color), a tendency of growth along the (—104) crystal plane orientation emerged. Fig. 2b
and c shows the SEM image and EDX spectra of Ag,S, respectively. From Fig. 2b, it can be observed that the silver sulfide films were
dense and continuous. The striped patterns are due to grinding marks. From Fig. 2c, it can be seen that the samples consisted of silver
(Ag, 75.9 %, atomic) and sulfur (S, 23.0 %), indicating that the silver sulfide was not oxidized during the grinding process. The
presence of approximately 1.0 % oxygen in Fig. 2c is due to measurement errors or carbon dioxide absorption.

3.2. Electrical switching of Ag2S/CusP

Fig. 3a shows representative I-V curves of the Ag>S/CusP structure. We observed that as the voltage sweeps (0 V— 0.2 V— 0V), the
device undergoes a transition from a high resistance state (HRS) to a low resistance state (LRS). During the voltage sweeping (0 V—
—0.2 V— 0V), the device recovers from LRS to the initial HRS. Therefore, the structure exhibits bipolar memristor characteristics. The
resistive state transition mechanism is related to the formation of Ag metal conductive filaments in Ag,S and phase change in CusP [15,
19]. For the latter, the alternation of phosphorus formation by oxidizing phosphorus anions and subsequent phosphorus reduction
results in state switching. The area of switching window does not decrease after 16 circles, indicating that the structure is stable. Fig. 3b
presents the variation of resistance in HRS and LRS with the number of cycles. The resistance of HRS slowly increases with the rise of
cycle number, while LRS fluctuates around (6 + 1) MQ. Fig. 3c shows the corresponding bar chart of the switch ratio (Rorr/Ron), in
which Ropr and Roy represent the resistance of HRS and LRS, respectively. The Ropp/Ron remains relatively constant with a value of
1.3. Fig. 3d displays the first cycle I-V curve in a double logarithmic coordinate system within the positive voltage scanning range.
Through linear fitting, the slope corresponding to the linear part of LRS is determined to be 1.12, indicating that the carrier transport
mechanism in LRS follows Ohm’s law, in which the current (I) is proportional to the voltage (V) [15]. In contrast, the slopes of the
linear part of HRS in the high voltage region are 0.85, 1.30, and 1.16, indicating Ohmic transport of carriers [13]. While, in the low
voltage region, the slope is 0.27, consistent with the Schottky law, in which In(I) is proportional to V%° [15]. The Schottky rectifying
effect is caused by the pn junction space charge field formed at the Ag,S/CugP interface. The conduction type of n-Ag»S and p-CusP was
proved by hot-probe method [20,21].

Furthermore, Fig. 3e shows that within the negative voltage scanning range, LRS satisfies Ohm’s law (slope of 0.96), while the
carrier transport in the HRS, in addition to following Ohm’s law, also follows Child’s law (slope of 1.76) in the high voltage region [15].

(a) r‘ (-104)

Intensity

20 min

27 30 33 36 39 42 45\ . A "
20 (dearee) E (eV)

Intensity (a.u.)

P P

Fig. 2. (a) XRD patterns of silver sulfide before (0 min, black color) and after grinding (20 min, red color). SEM image (b) and EDS (c) of silver
sulfide after 20 min of grinding. The scale bar in (b) is 5 pm. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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Fig. 3. I-V curves, endurance, off/on ratio of Ag,S/CusP structure. (a) Typical 16 cycles of I-V curves at room temperature. (b) Variation of
resistance of high resistive state (HRS) and the low resistive state (LRS) with the number of test cycles. The values correspond to a voltage of 0.050 V
in (a). (c) Resistance ratio between the HRS and LRS (Rorr/Ron). I-V curve of the first circle in logarithmic coordinates for the positive (d) and
negative (e) bias voltage regions, respectively.

These experimental results indicate that the Ag,S/CusP device exhibits resistive switching performance, and the carrier transport
mechanisms differ in different resistance states.

3.3. Effect of light excitation on the electrical switching of AgsS/CusP

Fig. 4 shows the I-V curves of the AgsS/CusP structure before and after light excitation. The resistance of both HRS and LRS
decreases exponentially with the number of cycles, with a decay time constant of (2.6 & 0.2) s (Fig. 4a and b), which is due to the
photogenerated current [22]. The intersection point of the I-V curves moves towards negative voltage after irradiation, which is due to
the photovoltaic effect [23]. Fig. 4c displays the relationship between the Rorr/Ron and the number of test cycles. We observed that the
value of Ropp/Roy after illumination remains relatively stable at (1.8 + 0.2), which is larger than the value of 1.3 (Fig. 3c) obtained in
dark. Consequently, illumination enhances the Ropr/Ron ratio of the structure by 1.4 times compared to the dark condition. This
enhancement is attributed to the photoelectric effect, which increases the carrier concentration [24]. In the positive voltage region
(Fig. 4d), LRS follows Schottky law, with slopes ranging from 0.13 to 0.53; while HRS in the high/low voltage region follows Ohm’s
law/Schottky law (slope: 0.83/0.18) [15]. In the negative voltage region (Fig. 4e), LRS follows Ohm’s law (slope 1.35); HRS follows
Schottky law/Child’s law in the low/high voltage region [15]. Therefore, the carrier transport mechanism of the LRS/HRS in the
positive/negative voltage region changes after light irradiation.

3.4. Effect of asymmetric heating on the electrical switching of Ag2S/CusP

Fig. 5a shows the I-V curves of the Ag,S/CusP structure with Ag,S layer being heated. The cross point of the figure- 8 shape deviates
towards positive voltage, which is due to the Seebeck effect [25]. The resistances both of HRS and LRS decrease with the rise of
temperature (Fig. 5b), which is possibly due to the increased ion diffusion rate. The initial Ropp/Ron is 1.3. With the increase of
temperature, Ropr/Ron first increases slowly, then increases exponentially, and finally tends to stabilize (with an average value of 2.3)
in Fig. 5c. The reason for the stabilization of Ropr/Ron is due to the stable temperature difference formation between silver sulfide and
copper phosphide.

The final Ropr/Ron of the structure heated at about 100 °C is 1.8 times that at room temperature. We speculated that this phe-
nomenon arises from the Seebeck effect, wherein the thermoelectric voltage partially offsets the external electric field, resulting in a
substantial decrease in Ron. The carrier transport of LRS in the high positive region follows the Schottky law (slope 0.58) (Fig. 5d),
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Fig. 4. Electrical switching performance of Ag,S/CusP structure under light irradiation. (a) Representative cycles of I-V curves. (b) Variation of
resistance of HRS and LRS with the number of test cycles. The values correspond to a voltage of 0.020 V in (a). (c) Resistance ratio between the HRS
and LRS (Ropr/Ron). I-V curve of the 6th circle in logarithmic coordinates for the positive (d) and negative (e) bias voltage regions, respectively. The
first I-V curve was obtained under dark, while others were under light. The excitation light wavelength is 365 nm.

while in the low voltage region follows Child’s law (slope 1.58) [15]. For HRS, the slope is in the range of from 0.28 to 1.42, indicating
that the carrier transport follows the space charge limited current (SCLC) law [15]. In the negative voltage scan range (Fig. 4e), for LRS,
the slope in the linear region ranges from 0.62 to 0.76, which basically follows the Schottky law; while for HRS, the slope in the linear

region ranges from 1.11 to 1.60, which is consistent with the Ohm’s law and Child’s law, respectively [15]. The carrier transport
mechanisms are different before and after light/heat excitation.

4. Conclusions

In this study, we prepared and studied the electrical switching properties of AgsS/CusP structure before and after light/thermal
excitation. The structure exhibited stable bipolar switching properties. The resistance switching mechanism was attributed to the
formation of Ag metal filaments and phase change in CusP. The effects of illumination and heat on the resistive switching properties
were investigated. We found that the resistance of device decreased after light irradiation and heating, which was due to the
photovoltaic effect and Seebeck effect, respectively. In addition, we found that both light illumination and heating can enhance the
switching ratio of Ropr/Ron. It increased by a factor of 1.4 and 1.8 after light illumination and heating, respectively. The effect of
heating on the Ropr/Ron ratio is larger than that of light irradiation. The structure showed different carrier transport mechanisms in

the absence/presence of light/thermal excitation. Our results are benefit for the understanding of the impact of photoelectric and
thermoelectric effects on the memristor performance.
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Fig. 5. Electrical switching performance of Ag,S/CusP structure under different temperature. (a) Representative I-V curves corresponding to
different temperature. (b) Variation of HRS and LRS resistances with the number of test cycles at a voltage of 20 mV. (c) Switching ratio of HRS/LRS
(Rorr/Ron) corresponding to different numbers of test cycles. (d) and (e) represent the double-logarithmic I-V curves for the 30th cycle under
positive and negative voltages, respectively.
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