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SILICON ION IMPLANTED PMMA FIELD-EFFECT STRUCTURE WITH ELECTRONIC MEMORY
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We report on a field-effect transistor-like memory element based on chargeable organic dielectric as gate in polymethylmethacrylate (PMMA) implanted with Si+ ions (50 keV energy, dose 10 ions/cm). Utilizing the carbonized nanostructured active material with thickness of about 100 nm, as well as the organic interface created by silicon ion implantation in the subsurface region of the host polymer, the proposed memory cell exhibits electrical retention properties upon applying a gate voltage. The observed memory function is attributed to both the charged gate dielectric and organic interface formed in Si+-implanted PMMA. The ON and OFF-states can be written to the device by applying appropriate voltages to the gate electrode. Key feature of the memory element is the low writing voltage.
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1. Introduction

The electrical properties of the ion-implanted polymers are of great importance for their electronic applications [1–3]. In particular, the low-energy (keV range) ion irradiation and ion implantation have shown a significant enhancement of the electrical conductivity of normally insulating plastics, such as poly-(methyl methacrylate) (PMMA) [4]. Further, ion-implanted polymers could be also of interest for electrical memory applications. In this context, the silicon ion implantation is a challenge. Silicon-implanted inorganic solids (e.g., SiO2 layers) are known as charge-storage media [5] for erasable programmable read-only memory (EPROM) devices operating in the voltage range 0 – 10 V. Also, Si+ ion implantation (energy: 10 keV; dose:ions/cm) into gate oxide of thickness 30 nm of the ordinary field-effect transistors (FETs) has been employed to fabricate silicon nano-trap non-volatile memory elements operating at relatively low voltage range (± 14 V) [6]. Such devices can be produced onto a single chip (system-on-a-chip) for integrated logic, analog functions, volatile and non-volatile memory and can replace the conventional EPROM. 
In the last years, a great attention has been given to organic FET (OFET) memory devices [7– 13] and appreciable progress has been made to this high-tech area. Having many advantages over the other types of organic memory devices, the memory elements based on OFETs are especially attractive because of their non-destructive readout and single-transistor applications [14]. 

Here we report on an organic memory element with simple configuration based on field effect in Si+-implanted PMMA. The memory effect was observed in a sandwich structure of the type dielectric/semiconductor/insulator created in PMMA by implantation of 50 keV silicon ions at the dose of 10 ions/cm. In this structure, a chargeable gate dielectric was used to control the field effect and memory functionality. 

2. Experimental

PMMA sample of size 10 mm ( 10 mm from a commercially available PMMA (Röhm Plexiglas GS 233) with thickness of 2 mm was implanted with Si+ ions at an energy of 50 keV and a dose ofions/cm. The details have been described elsewhere [15]. Narrow, 1 cm-long electric contacts from silver paste were deposited at two opposite edges of the implanted surface of the PMMA samples, as schematically shown in Fig.1. The contacts cover the two layers formed by the ion implantation: a low-conductive porous layer (1) and buried conductive ion-implanted layer (2) with no sharp boundary between them. The thickness of the ion-implanted subsurface region was of about 100 nm. A third (gate) electrode (copper, 3 mm width, 1 cm length) was placed on the implanted PMMA surface between both side-contacts (the drain and the source). 

In order to estimate the memory effects in the structure under consideration, drain current Id was recorded. Writing voltages were applied via the gate relative to the source. The measurements were conducted at room temperature by Keithley 617 Programmable Electrometer controlled by computer using GPIB data interface. The time-resolved experiments were carried out using a sampling at frequency of 1 Hz.
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Fig. 1. Schematic cross-section of the spatial structure of Si+-implanted PMMA sample and a simple memory cell: (1) porous low-conductive ion-modified layer; (2) conductive ion-implanted layer; (3) pristine PMMA; source (S), drain (D) and gate (G) electrodes.
3.  Results and discussion
The thickness of the ion-implanted subsurface region can be roughly estimated by Monte Carlo calculations [16]. The calculated ion ranges of 50 keV Si+ ions in PMMA (density 1.19 g/cm) are shown in Fig. 2. The thickness of the electrically active layer is of about 100 nm and tends to increase with the increasing ion dose. 
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Fig. 2. Calculated ranges of Si+ ions in PMMA.
As measured in [17], the electrical conductivity of the Si+-implanted (50 keV,16Si+/cm) PMMA sample is increased by almost 9 orders of magnitude as compared to that of unimplanted PMMA. Also, such a regime of implantation of this plastic leads to formation of a carbon-based nano-clustered structure in the subsurface conductive layer [15]. Further, we have shown that the spatial characteristics and electrical properties of the sandwich structure of the type dielectric/semiconductor/insulator created in the host polymer lead to transconductive properties of the Si+-implanted layer formed in PMMA [17]. Thus, the structure of Si+-implanted PMMA and electrode configuration shown in Figs. 1 and 2 enable the control of the channel current by potential difference and resistance upon applying an external electric field. 
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Fig. 3. Output characteristics Id(Vd) of the structure and electrode configuration shown in Fig. 1 measured before (dashed) and after a stress with a gate voltage –30 V during stressing time 3 min (circles).

Fig. 3 represents the output characteristics (the drain current Id versus the drain voltage Vd for several values of the gate voltage Vg) of the memory element proposed. Electron accumulation mode is achieved with a positively biased Vg, demonstrating an n-type transistor behaviour. The lack of saturation in the Id(Vd) plot can be ascribed to the high carrier concentration due to the electrons induced by the gate voltage Vg. In fact, the electrical stress by negative Vg results in an increase of Id depending on the stressing time, while no effect from a positive Vg-stress was found during the same stressing time. This feature confirms the field effect and the n-type of the channel, and can be explained by generation of fixed positive charges in the layer (1) upon a stress by a negative gate voltage. Through the known mechanisms of charge trapping [18,19], the positive charges can be trapped at the non-ideal interface between both organic layers (1) and (2), as well as in the voids of the nanoporous structure of the layer (1) near that interface like the charge trapping in submicrometer domains of thin (e.g., 80 nm) PMMA layers [20].
The change of the output characteristics upon electrical stress is indicative of memory effect. A careful analysis of the electronic data [17] reveals that the memory effect is based on a chargeable dielectric gate material of the structure formed in Si+-implanted PMMA. Thus, the ion-modified low-conductive porous subsurface layer (1) (Fig. 1) serves as a gate dielectric of a FET-like structure which can realize the ‘OFF-state (i.e. the logical level ‘0’) and ‘ON’-state (‘1’), respectively. The level ‘1’, i.e. the value of Id, can be controlled by using an appropriate voltage and duration of the Vg-stress.
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Fig. 4. Time evolution of the channel current Id, recorded with drain voltage Vd = 3 V at zero gate bias before (‘0’) and after (‘1’) applying a writing gate voltage –30 V for 3 min.
As an example, Fig. 4 illustrates the operation of the simple FET-like memory cell (shown schematically in Fig. 1) based on Si+-implanted PMMA structure upon zero gate regime. The memory is achieved by applying an electrical stress with –30 V gate voltage during 3 min. As seen, ‘0’ and ‘1’ states are clearly distinguished and the difference between them retains with the time. Therefore, under specific conditions the configuration shown in Fig. 1 can operate as a memory element. Attained by the field effect in the spatial structure of Si+-implanted PMMA, the observed memory function is based on the same mechanism as in FET memory devices with organic gate dielectrics [8–10, 13,21] where the memory retention is attributed to both bulk charge in the dielectric layer and interfacial charge at the dielectric/semiconductor interface. The gate dielectric influences the distribution of the localized states at that interface. Most of the OFETs fabricated using organic dielectrics exhibit a memory retention properties mainly due to charge trapping at the dielectric/semiconductor interface. The role of interfacial effects in organic electronic memory devices has been discussed in [21].

Thus, utilizing the charge accumulation and storage within the bulk of the organic gate dielectric (1) and/or at the diffusive unimplanted/implanted interface between both organic layers (1) and (2) (Fig.1), the observed memory function of the structure formed in the Si+-implanted PMMA makes this material able to story binary information. The stored information can be written as a gate charge by a gate voltage pulse and read by the channel current controlled with a channel voltage pulse.
4. Conclusions

We have shown that a memory function activated by a relatively weak DC electric field can be achieved in PMMA subjected to low-energy (50 keV) silicon ion implantation (dose 10 cm). The corresponding memory element is based on a FET-like operation in the spatial structure of Si+-implanted PMMA. The mechanism suggested for the memory effect involves the chargeable subsurface region of Si+-implanted PMMA serving as a dielectric gate, as well as the organic interface between this layer and the ion-implanted semiconducting layer beneath it. The memory observed in Si+-implanted PMMA can be considered as resulting from the charge carriers and nano-sized organic structure produced by the deposition of the energy of silicon ions in this material.
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