This is a pre-print of an article published in Journal of Materials Science: Materials
in Electronics. The final authenticated version is available online
at: https://doi.org/10.1007/s10854-020-03753-5"



https://doi.org/10.1007/s10854-020-03753-5

Gold nanoparticles functionalized with 4,4'-dithiobiphenyl blended with

CuS in PMMA for switching memory devices

Sara Cerral®; Paride Pica [3; Mirko Congiu [2b*; M. H. Boratto [’l; C.F.O. Graeff [Pcl;
Ilaria Fratoddi [#

[a] Department of Chemistry, University of Rome Sapienza, P.le A. Moro 5, 1-00185 Rome,
Italy.

[b] UNESP — Sdo Paulo State University, School of Sciences, POSMAT — Post-Graduate
Program in Materials Science and Technology, 17033-360, Bauru, SP, Brazil

[c] UNESP — Séo Paulo State University, School of Sciences, Department of Physics,
17033-360 Bauru, SP, Brazil

* corresponding author, e-mail: mirko.congiu@uniromal.it

ABSTRACT: A switching memory device based on functionalized gold nanoparticles
(AuNPs) and hexagonal copper sulfide nanocrystals (CuS), finely blended in
polymethylmethacrylate matrix (PMMA) is herein presented. A two-electrode sandwich
architecture has been implemented using aluminum top and bottom electrodes and a polymeric
insulating layer based on PMMA/AuUNPs/CuS. The device showed memory storage capabilities
suitable for (Read Only Memory) ROM applications and behaves as a typical Write-Once, Read-
Many times (WORM) device. The results obtained with the blend containing AuNPs and/or CuS
were compared with pure PMMA. By a voltage ramp in the range = 9 V, it was possible to
permanently change the electrical resistance between the electrodes yielding an ON/OFF current

ratio above 10° with long term stability over the whole experiment duration (30 days).
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1. Introduction

New generation memory storage devices represent an important issue of modern research
focused on artificial intelligence and neural networking, with a growing interest in the research of
new materials and device structures. In this direction, several novel technologies have been studied
and discussed so far in the literature, such as memory resistors (MEMs) and Write-Once, Read Many
times memories (WORM) [1]. Historically MEMs have been known as “the missing elements” in
the theory of circuits, capable to fill the missing relationship between the charge Q(t) and the current
flux J(t) [2]. This element remained a theoretical object until 2008 when it was fabricated for the
first time by Hewlett-Packard labs [3]. Basically, MEMs are switchable resistors which can be set
and reset by applying square voltage pulses [4]. Such devices are gaining huge interest in different
areas of modern technology such as: as memory storage [5,6], computing and logic operations [7,8],
neuromorphic computing applications [9,10] and analog circuits [11]. There are two conductance
states in memristors: higher resistance state (HRS), and low resistance state (LRS), also defined as
Rorr and Ron, respectively. This way the device can be used as a Boolean logic switch returning (0)
at HRS, Rorr, and (1) at LRS, Ron [7]. Along with MEMs, WORMs represent a class of new
generation memory devices. Basically, a WORM is a two-terminal device with an insulating film,
HRS or Rorr, between two metallic electrodes. The information can be written and recorded by
applying a voltage pulse which induces the formation of a stable conductive channel, LRS or Ron,
between the two electrodes [12,13]. The non-volatile character of WORM memories ensures the
information recorded can be read many times [1,14]. The research on new storage medium with
improved performances is one of the goals of recent literature. The use of different semiconducting
matrix has been exploited and the use of blends based on polymers and nanoparticles represents one
of the most studied [15,16]. Typically, an increase in the conduction of the devices is observed in
the presence of metallic NPs and the conduction mechanism has been studied as a hopping between
metallic NPs [17,18]. There are still many open questions on the conduction process and on the

effects on the performance due to parameters like size and materials choice, and among others gold
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NPs (AuNPs) have attracted much attention also in this field, due to their tunable functionalization
and semiconducting properties [19], that can be modified also by interconnection between particles,
forming covalent NPs arrays and networks [20]. The fine dispersion of nanoparticles and
homogeneity of the resulting blends are crucial to obtain reproducible results and considering this

request, the clustering of nanoparticles can be avoided with a rigid linker between NPs.

In the present research, we investigated the application of gold nanoparticles (AuNPS)
synthesized using 4,4'-dithiobiphenyl (BI) as ligand, and copper sulfide (CuS) that is a prominent
material for switching memory devices [21,22], in a polymeric matrix of Polymethylmethacrylate
(PMMA). The combination of metallic nanoparticles (MNPs) with a narrow-gap semiconducting
material such as CuS applied to memories can lead to enhanced electronic characteristics. As
recently reported, the application of CuS/Cu.«S, a low-cost materials, as storage layer in random
access memory (ReRAM) showed outstanding memristive characteristics [21]. Furthermore, the use
of small concentrations of NPs embedded in a low-cost polymeric matrix deposited by non-vacuum
methods objects the reduction of final cost of operating devices. In the present work is reported the
study of a blend of PMMA, Bl-capped AuNPs (AuNPs-BI) and CuS nanocrystals deposited by spin-

coating and its application as the storage layer in WORM memories.

2. Materials and methods

Anhydrous solvents were purchased from Sigma-Aldrich Co.: Dichloromethane (DCM),
Ethanol, Toluene. Other solvents: N,N-Dimethylformamide (99,8%) from Synth, Isopropyl alcohol
(99,77%) from Neon, Acetone (99,5%) from Dinamica, deionized water (Milli-Q, 18.2 MQ-cm).
Reagents were purchased from Sigma-Aldrich Co.: 4,4'-dithiobiphenyl (BI) (95%),
Tetrachloroauric (111) acid trihydrate (HAuCls-3H20) (99.9%), Tetraoctylammonium bromide
(TOAB) (99%), Sodium borohydride (NaBH4) (99%). Polymethylmethacrylate (PMMA) from
Synth-Brazil. Glass substrate from Precision. Current versus voltage (IVV) curves were registered
using Keithley 2400C and our custom software (Mem wizard) [23]. The cyclic voltammetry
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measurements were performed in the range + 9 V in both blank and employed samples. AuNPs-BI
synthesis was carried out starting from Tetrachloroauric (I11) acid trihydrate with a well assessed
wet reduction procedure [24,25], with the Au:BI molar ratio equal to 4:1. Hexagonal CuS

nanocrystals were prepared following the method proposed by Basu et al. [26].

The PMMA//AuNPs-BI/CuS blend was prepared as follows: a solution of PMMA in DCM
(100 mg/mL) was prepared by mixing the powdered polymer with the solvent in a vial during
constant magnetic stirring at 60 °C. When the polymer was completely dissolved (after 2 hours), the
obtained solution was filtered with a 0.20 um pore filter (Millipore). In another vial, 40 mg/mL of
CusS were dissolved in pure DMF at 60 °C, then 40 mg/mL of AuNPs-BI were added to the mixture
under vigorous stirring. The as obtained slurry-suspension was mixed with the PMMA solution to
obtain a final concentration of 5 mg/mL of both CuS and AuNPs-BI. The mixture was sonicated up

to 30 min.

Al bottom electrode was deposited on clean glass substrate (1.5 x 2.0 cm) by resistive
evaporation using shadow-mask at low pressure of about 3 x 10~ Torr using an Auto500 System
(Edwards). Then an aliquot of the PMMA/AUNPs-BI/CuS) slurry (200 puL) was directly spin-coated
on top of the substrate-electrode using a WS-400B-6NPP/LITE (Laurell) at 4000 rpm for 60 s. After
the spin-coating process, Al electrodes were evaporated on the top layer creating a crossbar

configuration, with an area of 4 mm?.



AuNPs-BI

Figure 1: Schematic representation of the (a) blank device based just on a compact layer
of PMMA as storage layer, and representation of (b) the working WORM memory based on the
CuS + AuNPs-BI blend in PMMA. Structure of AuNPs and biphenyl group (c). The round gold
nanoparticles are bound together by the thiol group (S) of the ligand [20].

Electrical characterization through current versus voltage (I vs V) curves was registered using
Keithley 2400C coupled to a computer. The cyclic voltammetry (CV) measurements were
performed in the range + 9 V in both blank and working samples. The values of Ron and Rorr were
calculated from 1 vs V curves. Infrared spectra were recorded with Bruker Vertex 70
spectrophotometer, by using KRS-5 (4 mm) windows in transmittance mode in the range 4000-400
cml; spectra were also acquired in attenuated total reflection mode (ATR) in the range 4000-600
cmt. UV-Vis spectra were recorded with a Cary 100 Varian spectrophotometer. All spectra were
collected in the 190-900 nm range, with a 1 nm resolution, either from DCM solution with quartz
cells with a 1 cm optical path and as thin films cast deposited on a quartz slide. FESEM images were

acquired with an Auriga Zeiss instrument on drop casted samples.



3. Results and discussion

The electrical characterization of the samples was performed by cyclic voltammetry (CV)
with applied voltages up to 9 V between the top and bottom Al electrodes. Figure 2(a) shows the
voltage scan on the sample PMMAJ/AuUNPs-BI/CuS, with voltage range = 1.0 V. As a comparison
the behavior of PMMA matrix was studied (see Figure 2(c)), together with PMMA blended with
AuNPs-Bl and PMMA blended with CuS in the range £9.0 V. When AuNPs-BI or CuS were
blended with PMMA an immediate activation occurs, and the insulating PMMA matrix changed its
state into a conductive one. In particular, in the case of PMMA/CuS the increase in conductivity

was observed at 6 V and our interest was then focused on the PMMA/AUNPs/CusS blend.

In that moment the device is in the off-state (virgin) and shows an hysteresis, a typical
capacitive characteristic [13], also visible when plotted in log scale (Figure 2(e)). The 1 vs V curve
starts at the origin and the device starts to store charge and crosses the Y-axis with a current value
in the order of 1 nA. However, when the voltage sweep is extended up to +6.0 V, as shown in Figure
2(b), the extent of accumulated charges is increased, which increases significantly the electrical
current above 3.0 V due to the formation of permanent conductive channels which set the device to
on-state through the “writing” process. Figure 2(e) shows the device prior and after the writing
process shown in Figure 2(b). Considering the voltage +0.25 V as a reference of “reading” voltage,
the current value was 1.2 x 10° A in the off-state, while, after the device is set into on-state by
applying up to 6 V the current reaches 4.1 x 10 A, or a current density of 5 x 102 A-cm? at 1V,
yielding an on-off ratio of 3.4 x 10°. Figure 2(d) presents the slopes referring to the relation between
I and V, which helps the understanding of the charge emission mechanisms that occur in the device
under the different operations. The slope = 0.5 (I<\VV®®) at HRS indicates the device operates through
Schottky [27] and Poole-Frenkel [28,29] emissions in the off-state, through defects inserted by the
NPs. Once the applied voltage crosses the threshold to set the device into on-state (Vset = 3 V) an

avalanche of electrons (l1oc\VV1"9) are bridged between the AuNPs-Bl and CuS NPs in the polymeric



matrix as a result of a rapid and exponential growth of the trap-filling process of injected charge
carriers [30], resulting in the ballistic transport of the charge carriers in the as-formed channel. The
device operates at Ohmic regime (V1) hence the stable and continuous channel is formed
[27,30]. The on-state is retained over the time and the device is irreversibly written, which means
the written information cannot be erased. Reading tests were performed after 30 days to show the

endurance of the device.

For comparison with devices based on PMMA/AuUNPs-BI/CuS, inset of Figure 2(a) shows the
application of up to 9 V on the blank sample, with only PMMA as active layer. The result shows
that the PMMA remains at HRS when high electric field is applied, with no presence of memory

behavior.
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Figure 1: Cyclic voltammetry of a WORM based on PMMA/AuUNPs-BI/CuS blend. The
measurements were performed from 0.0 V up to (a) + 1.0 V for the reading operation in off-state,
and (b) £ 6.0 V for the writing process. (c) Cyclic voltammetry of PMMA compared with
PMMA/AUNPs-BI and PMMA/CusS blends. (d) Log(l) vs Log(V) plot of the positive region of (c).
Inset of (a) presents the blank sample with PMMA as storage layer to show the absence of resistive
switching in the sample without NPs, even at higher voltages (+9.0 V). (e) Plot of the off-state and

on-state respectively before and after the writing process in (c). Reading sweep voltage performed
atlV.



The composition of the active layer influences the whole performance of the memory device.
As the AuNPs-BI works on the formation of the conductive channel within the PMMA, a further
study about different concentrations of the NPs and their relationship with the WORM properties

shall be considered in a future work.

In order to characterize the thin films, UV-Vis and FT-IR spectra were acquired for the studied
blends, before and after the writing process. In the case of PMMA/AuUNPs-BI/CusS film, the UV-Vis
spectrum evidenced the presence of a broad plasmonic resonance at about 670 nm with a red shift
with respect to the pristine AuNPs-BI, as reported in Figure 3(a). FESEM study confirmed the small
size of pristine AuNPs, with diameters below 10 nm (see Figure 3(b)) ATR studies on the composite
PMMA/AUNPs-BI/CuS before the writing process, reported in Figure 3(c), evidenced the bands of
the functional groups due to the PMMA matrix (i.e. 1730 cm™ and 1149 cm™* due to C=0 stretching
of the ester and C-O-C), together with the bands centered at 2952 cm™ and 2939 cm™ attributable
to C-H sp? stretching vibrations derived from alkyl chain of PMMA. The presence of AuNPs-BI
can be envisaged in the 1450-1600 cm™ region that contains the C-C sp? stretching vibrations of the
bipheny! aromatic ring and with the bands located around 1084 and 752 cm, associated with the
in-plane C—H bending and the C—H out-of-plane of di-thiobiphenyl functionalized AuNPs. After
writing process the disappearance of the band of acrylate carboxyl group around 1730 cm™ occurs,

probably due to a reticulation process of the polymeric chains.

10



10
(@) " T— pmmaAuNPs-BIICUS
AuNPs-BI
091
3
S
3
c 0,8 1
8
€
"
©
= 0,6-
05 : : :
400 500 600 700 800

Wavelength (nm)

(c) 100 ~
98 4

96
94 4

92 4

Trasmittance (%)

90

88 -

—— PMMA/AuNPs-BI/CuS before writing

86 4—— PMIV_IA/AuNP_s-BI/Cu_S after \_/vriting .
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 2:  UV-Vis spectra of pristine AuNPs-Bl and AuNPs-BI/CuS films in PMMA on
glass substrates (a). Scanning electron microscopy image of a typical sample of AuNPs-BI (b).
ATR-FTIR spectra of a virgin sample (red line) and the same sample after the writing process (blue
line) (c).
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4. Conclusions

We hereby proposed a WORM device based on polymer PMMA blended with AuNPs-BI and
CusS nanoparticles for non-volatile memory storage applications. Our experiments demonstrated that
the information can be permanently written in the device at voltages higher than Vst = 3 V. The
electrical resistance transition occurs, probably due to the formation of conducting channels through
the NPs bridging inside the polymer. The presence of both AuNPs-BI and CusS lead to the formation
of stable conductive channel whose stability remained after 30 days. In a future work, the electrodes
will be miniaturized to study the transition-speed, as well as it will be analyzed different

concentrations of the NPs and their role in the WORMSs characteristics.
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