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The transconductance of a nano-clustered organic subsurface layer of a thickness of about 100 nm, formed in 
polymethylmethacrylate (PMMA) by implantation with silicon ions at an energy of 50 keV, is examined as a function of the 
Si+ fluence in the range 1015 – 1017 cm-2. Depending on the implantation regime, the ion-modified region of the Si+-implanted 
PMMA exhibits a transconductance and a field effect that can be used for electronic applications. 
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1. Introduction 
 
Nanoscale structures, based on the localized chemical 

modification of organic polymers by the ion implantation 
technique, can significantly change their electrical 
properties. In these materials, the ion irradiation or ion 
implantation at an appropriate ion energy and fluence 
leads to the formation of a carbonaceous layer, exhibiting 
an enhanced electrical response [1–3] which is of interest 
for electronic applications [1,4,5]. It has been also 
observed a transconductance of the structures created in 
the ion-implanted polymers [1,6]. 

Upon the irradiation of the highly insulating polymer 
poly-(methyl methacrylate) (PMMA) with ions, even with 
energies of a few keV, one observes the formation of a 
subsurface layer and a large enhancement of the electrical 
conductivity [7]. As found in our previous study [8], a 
carbon-based nanostructure is formed upon implantation 
of PMMA with a silicon ion beam with an energy of 50 
keV. For some electrical applications of ion-implanted 
PMMA, e.g. for all-organic field-effect elements,the 
transconductive properties of this material are also of 
interest. We have probed the transconductance of Si+-
implanted PMMA in the fluence range 1015 to 1017 
ions/cm2. 

 

2. Experimental 
 
SA series of samples of size 1 cm × 1 cm were cut 

from 5-mm-thick PMMA (commercially available, Röhm) 
and were implanted with silicon ions at an energy of 50 
keV and fluences ranging from 1015 to 1017 cm−2 [8]. The 
transconductance of the Si+-implanted PMMA structures 
was examined at room temperature using a computer-
controlled Keithley 617 Programmable Electrometer. 
Narrow, 1 cm-long, electric contacts from silver paste 
were deposited on two opposite edges of the implanted 
surface of the PMMA samples, as schematically shown in 
Fig. 1.  
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Fig. 1. Schematic cross-section of the spatial structure of 
Si+-implanted PMMA with source (S), drain (D) and gate 
(G) electrodes: (1) porous low-conductive ion-modified 
layer;  (2)  conductive  ion-implanted  layer;  (3) pristine  
                                      PMMA. 
 
Since the width of the contacts was 1 mm, they 

completely covered the two layers formed by the ion 
implantation: the low-conductivity porous layer (1) and 
the buried conductive ion-implanted layer (2). Due to the 
spatial distribution (depth profile) of the ion-implanted 
material, there was no sharp boundary between the two 
layers. A third (gate) electrode (copper, 3 mm width, 1 cm 
length) was placed on the implanted PMMA surface 
between the two side-contacts (the drain and the source). 
In this arrangement, the in-plane dimensions of the 
conducting channel were W × L = 10 mm × 3 mm, i.e. the 
width-to-length ratio for the channel situated within the 
conductive layer (2) was W/L ≈ 3. 

 
 

3.  Results and discussion 
 
Our previous study on the same Si+-implanted PMMA 

samples [8] revealed the formation of an in-depth 
carbonaceous layer. The main type of bonding in the ion-
implanted layer is sp2, with carbon atoms organized in 
rings in nanometer-sized domains (1 – 3 nm). As is 
known, the ion implantation of hydro-carbon polymers 
leads to the formation of conjugated double C=C bonds 
and C-clusters, which define the electronic and thereby the 
electrical properties of the material [1,2,9].  

The implantation of silicon ions at an energy of 50 
keV into PMMA (C5H8O2, density 1.19 g/cm3) was 
simulated by Monte Carlo calculations [10]. The 
electrically active layer in ion-implanted polymers is 
usually related to the mean range of ions, about 100 nm in 
our case. To a good approximation, this value can be 
accepted as the thickness of the Si+-modified subsurface 
region in the host polymer PMMA. 

 

 
 
Fig. 2. Output characteristics Id(Vd) of Si+-implanted 
PMMA  (fluence  3.2 × 1015 Si+/cm2)   with  the  electrode  
                        configuration shown in Fig. 1. 

 
 

The properties of the nano-scaled subsurface layer 
created by ion implantation make feasible a field effect in 
the formed structure, with the electrode configuration 
shown in Fig. 1. The field effect found in the Si+-
implanted PMMA structure can be seen in the 
corresponding output characteristics (the drain current Id 
versus drain voltage Vd  for several values of the gate 
voltage Vg (Fig.  2). These characteristics are similar to 
those of an n-channel field-effect transistor (FET) [11] in 
the electron accumulation mode with an applied positive 
gate voltage. The lack of saturation in the Id(Vd) plots can 
be ascribed to both the high carrier density due to the 
electrons induced by the gate voltage Vg and the 
contribution of the electrons associated with the intrinsic 
bulk current.  

The increase in Id with increasing Vg (Fig.  2) is 
indicative of field effect enhancement. Both the spatial 
characteristics and electrical properties of the sandwich 
structure of the type dielectric/semiconductor/insulator, 
created in the host polymer, are responsible for the field 
effect and transconductive properties of the Si+-implanted 
layer (2) (Fig. 1) formed in PMMA. Thus, the structure of 
Si+-implanted PMMA with an appropriate electrode 
configuration enables the control of the channel current by 
the potential difference and resistance, upon applying an 
external electric field (gate voltage). 

The transfer characteristics Id(Vg) of the sample 
implanted at a fluence of 3.2 ×1015 Si+/cm2 is shown in 
Fig. 3. In contrast to the transfer characteristics typical for 
conventional organic FETs with a good performance [12], 
as well as for good-performance organic field-effect 
memory devices, no clearly defined threshold for Vg takes 
place for the Si+-implanted PMMA material.  

 

 
 

Fig. 3. Transfer characteristics Id(Vg) of the same Si+-
implanted PMMA structure as in Fig. 2. 

 

 

From the transfer characteristics Id(Vg), one can obtain 
the transconductance of the channel, calculated from the 
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slope (∂Id/∂Vg) [11,12] at a constant drain voltage, e.g.           
Vd = 20 V. Relevant to the examined series of Si+-
implanted PMMA samples, the corresponding dependence 
on the ion fluence is shown in Fig. 4. This dependence is 
closely related to that of the direct-current conductivity, 
measured for the same samples as a function of the ion 
fluence [13].  

 
Fig. 4. The channel transconductance in Si+-implanted 

PMMA samples, versus the ion fluence. 
 

 

As is known, the electrical conductivity of ion-
implanted polymers originates in the π-electrons in the 
conjugated double C=C bonds and is controlled by an 
electron hopping mechanism between the conducting C-
clusters [1,2,9]. Such a mechanism has been established 
for PMMA subjected to low-energy ion implantation [7]. 
Since both the density of the delocalized π-electrons and 
the size of the C-clusters increase with the implantation 
fluence [1–3], the conductivity of Si+-implanted PMMA 
also increases, in accordance with the common trend 
known for ion-implanted hydrocarbon polymers [1,3,5]. A 
number of factors, including Si-related effects, on the 
conductivity of Si+-implanted PMMA, play a role in the 
saturation and the decrease observed for the 
transconductance at higher fluence levels (Fig. 4). In view 
of the implantation conditions, an effect of silicon on the 
transconductance of Si+-implanted PMMA is not excluded 
at fluences above 1016 Si+/cm2 [14], although the Si 
concentration in the electrically-active subsurface layer is 
small (< 1 at. %).   

The possibility to form, by an ion-beam implantation 
technique, a thin semiconductive buried layer with a 
controlled degree of modification should allow one to 
choose implantation conditions that produce a subsurface 
layer with properties tuned to match the field effect in the 
formed structure. We conducted such experiments in Si+-
implanted PMMA samples. We found a well-pronounced 
FET-like operation with an enhancement mode, in the 
classical sense, only for the sample implanted to a fluence 
of 3.2 × 1015 Si+/cm2. Obviously, the implantation 
conditions (ion energy and fluence) are very important for 

the formation of a field-effect structure in Si+-implanted 
PMMA. The implantation regime defines the 
nanostructure and electronic properties of the formed 
organic material, the depth profile of the layer (2) (i.e. the 
thickness of both nano-sized layers (1) and (2), Fig. 1), 
plus the dielectric and conductive properties of the 
material in these layers, as well as the organic 
unimplanted/implanted interface between them. Thus, ion 
implantation produces an electrically active subsurface 
layer, with characteristics suitable for operation in a FET-
like regime, only if occurs for an appropriate matching of 
all necessary factors. 
 
 

4. Conclusions 
 
A field-effect transconductance depending on the ion-

implantation conditions was observed in PMMA 
implanted with silicon ions at an energy of 50 keV. Such 
an implantation-induced transconductance could be 
applied in highly integrated plastic electronics, e.g. for 
transistor-like active elements. Generally, the channel 
current and the functionality of such elements could be 
enhanced by device architecture optimization. Since the 
key features of PMMA subjected to ion implantation are 
the bio-compatibility and bio-sensitivity, electronic 
devices made from Si+-implanted PMMA may be 
attractive for electrical bio-sensing and bio-medical 
systems. 
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