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Abstract—In this work, we demonstrate the excellent charge 

retention capability of spin-coated Polymethylmethacrylate 
(PMMA) 200 nm thin films previously charged by atomic force 

microscopy. In order to elucidate the mechanisms involved in the 

charge transport and charge storage in PMMA films, the 

conductivity of 200nm thin PMMA films was analyzed on Metal-

Insulation-Metal (MIM) structures. A wide range of electric 

fields was applied on these structures and the charge and 

discharge currents were recorded. The thermal dependence of 

the conduction mechanisms was determined for temperatures 

below the PMMA glass transition temperature. These results 

were compared to those obtained for 50µm thick PMMA films in 

which the conductivity appears much smaller. The effects of 

PMMA thickness on charge transport are discussed.  
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I.  INTRODUCTION  

Polymethylmethacrylate (PMMA) is a polymeric material 
widely used in electrical and optical applications. Recently, it 
has been introduced in the Organic Thin Film Transistors 
(OTFT) [1], showing excellent properties as gate dielectric or 
buffer layer. This has motivated some research on the 
electrical properties of PMMA thin films [2]. In parallel, other 
innovative fields incorporate the use of PMMA thin films. It is 
the case of nanoxerography [3], which consists in the directed 
assembly of colloidal nano-objects onto electrostatically 
patterned dielectric surfaces. This technique can lead to the 
fabrication of nanodevices in various domains such as 
electronics, optics or sensor applications [4]. In fact, PMMA 
thin films can be efficiently electrostatically patterned by 
different charging methods, like Atomic Force Microscopy 
(AFM) charge writing [3], electrical microcontact printing [5] 
or electrical nanoimprint [6].  

Nonetheless, some well-known characteristics of PMMA 
are no longer valid for nanometric-thick films. Film thickness 
strongly affects the molecular dynamics and the glass 
transition temperature (Tg) [7]. With regard to the specific 
dielectric characteristics, the breakdown strength depends on 
the physical dimensions [2]. Charge transport mechanisms and 
charge retention capability would also be influenced by the 

film thickness, which can be an important issue for 
nanoxerography applications. Better understanding of the 
electrical conduction in PMMA thin films would give more 
information about the breakdown mechanism and polymer 
characteristics at the nanometric scale, which are related to 
several promising applications.  

In this study, after charge writing into PMMA films of two 
different thicknesses (200nm and 50µm) by AFM, charge 
retention was followed by Kelvin force microscopy (KFM). 
Conduction characteristics of these PMMA films were also 
analyzed from I(V) measurements. Finally, the thickness 
impact on dielectric properties, charge transport and charge 
storage of PMMA is discussed.  

II. EXPERIMENTAL 

A. Material and samples 

50µm thick commercial films were obtained from 
Goodfellow (GF). Two kinds of 200nm thin PMMA films 
were elaborated by spin coating on n-doped (1015 cm−3) silicon 
substrates and glass substrates. The first ones (named SA thin 
films) were elaborated from PMMA powder provided by 
Sigma Aldrich (SA) dissolved into methyl isobutyl ketone 
(MIBK). The second ones (named GF thin films) were 
prepared from above-mentioned 50µm thick commercial 
films. 

B. AFM charge writing and surface potential measurements 

by KFM 

AFM charge writing was performed on 200nm SA and GF 
thin PMMA films spin coated on silicon substrates and on 
50μm thick PMMA films. 20 µm x10 µm positively (resp. 
negatively) charged rectangles were written into each PMMA 
film by applying voltage pulses to a conductive AFM tip with 
an external generator. The z-feedback was adjusted to control 
the tip-film separation during charge writing. The pulse length 
and frequency were fixed at 1 ms and 50 Hz, respectively, 
while the tip velocity was fixed at 10µm/s.  

After AFM charge writing, amplitude modulation KFM 
was used to measure the surface potentials of charged patterns 
(lift height = 50nm). Charge retention in PMMA films was 
measured by recording successively 12 KFM images. 
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Fig.5 Current density vs. electric field in 200nm SA PMMA thin films at 
T=25°C. (■, experimental points; –, calculated fit) 

0 40 80 120 160 200
-12

-10

-8

-6

-4

-2

0

2

4

6

8

10

12

S
u

rf
a

c
e

 p
o

te
n

ti
a

l 
(V

)

Time after charge writing (min)
 

Fig. 2 Temporal evolution of the surface potential of negatively and 

positively charged rectangles written by AFM in 200nm SA thin films (x) 

and 50µm thick films (о) 

 
Fig. 1 KFM image of negatively and positively charged rectangles taken 

just after AFM charge writing in a 200nm SA PMMA thin film 

C. Electrical conduction characteristics in PMMA films  

For 50µm thick films, 30nm thick silver electrodes with a 
diameter of 5cm were deposited by sputtering on each face. 
For both SA and GF thin films, two 150nm thick parallel 
silver stripes were deposited on glass substrates before spin 
coating 200nm thin PMMA films. Two columns of five silver 
stripes perpendicular to the previous ones were finally 
deposited on top of the PMMA films. Thus, 10 Metal-
Insulator-Metal (MIM) regions of 12 mm2 were available on 
each sample. 

The conduction measurements on PMMA films were 
performed in a chamber with a temperature-controlled helium 
environment. The samples were polarized at constant 
temperatures for 1000 seconds and then short-circuited for the 
same duration. The polarization and depolarization currents 
were recorded by a Keithley 6512 electrometer. Several 
electric fields conditions were applied for each temperature. 

III. RESULTS 

A. KFM measurements 

Fig. 1 shows a typical KFM image just after charge writing 
in a 200nm SA thin film spin-coated on a silicon substrate. The 
upper negatively charged rectangle written with -75V voltage 
pulses present a surface potential of -10.0V whereas the lower 
positively charged rectangle written with +75V voltage pulses 
has a surface potential of +9.6V. Charge writing on 200nm GF 
thin films gave similar results. The same experiments 
performed for 50µm thick films revealed that charge injection 
is far less efficient than charge injection in 200nm thin films. 
A stronger dissymmetry of charge injection between negative 
and positive charges was also observed: the rectangle written 
with -75V (resp. +75V) voltage pulses presented a surface 
potential of -6.5 V (resp. +4.8V).   

The temporal evolution of the surface potential of the 
negatively and positively charged rectangles written in 200nm 
SA thin films and 50µm thick films are plotted in Fig. 2. 
Measurements on 200nm GF thin films (data not shown) 
revealed no significant difference with those obtained on 
200nm SA thin films. Fig. 2 reveals a strong decrease of the 
surface potential of charged rectangles during the 30 first 
minutes after charge writing for thin and thick films. The 
charge loss is weaker after, especially for positive charges into 
200 nm SA thin films (less than 25% of charge loss during the 

following 2 hours). The charge retention of thin films appears 
to be much better than that of thick films, especially for 
positive charges. About 50% of the positive charges written in 
200nm PMMA thin films are still present after 3 hours, 
making PMMA an excellent electret. 

B. Conductivity measurements 

1) 200nm thin films 

Charge and discharge currents were measured at different 
temperatures (25-90°C) below Tg (around 100°C) and for 
several fields conditions (in the 0.5-250kV/mm range). Fig. 3 
presents a plot of the conduction current density as a function 
of the applied electric field, for various temperatures in the 
above-mentioned ranges, in case of the 200nm GF thin films. A 
linear dependence between the conduction current density and 
the applied electric field is observed in all cases. This implies 
that the dominant charge transport mechanism is the ohmic 
conduction, related to the following expression: 

 FJ   

where J is the current density, σ the conductivity and F the 
applied electric field. The σ values obtained from the linear fits 
made on the experimental data range from 4.13×10-15S/m at 
25°C up to 1.09×10-12S/m at 90°C. 

On the other hand, the conductivity dependence on the 
temperature, presented in Fig. 4 for the same PMMA films, can 
be addressed by the Arrhenius law, given below: 

 kT

Ea

e


 0  

where σ0 is a pre-exponential factor, Ea the activation 
energy, k the Boltzmann constant and T the temperature. From 
the exponential fit, a value for the activation energy of 0.79 
was obtained.  

In the case of 200nm SA thin films, a very different trend 
was observed. At room temperature the current dependence on 
the electric field is no longer linear, but it can be approximated 
by hyperbolic sinus (Fig. 5). This trend is characteristic of 
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Fig.7 Current density vs. electric field in 50µm GF thick PMMA films, 

at: ■, 60°C.; ●, 70°C; ▲, 80°C; ▼, 90°C. (calculated fits are represented 

by straight lines) 

 

 

 
Fig. 6 Conduction vs. reciprocal of temperature (Arrhenius diagram) in 

200nm SA PMMA thin films, for an electric field of 15kV/mm. The 
calculated activation energy is displayed in the figure. (■, experimental 

points; –, calculated fit) 

 

 

 
Fig. 4 Conductivity vs. reciprocal of temperature (Arrhenius diagram) in 

200nm GF PMMA thin films. The calculated activation energy is 

displayed in the figure. (■, experimental points; –, calculated fit) 

 

 

 
Fig. 3 Current density vs. electric field in 200nm GF PMMA thin films, at: 
■, 25°C.; ●, 40°C; ▲, 50°C; ▼, 60°C; ◄, 70°C; ►, 80°C; ♦, 90°C. 

(calculated fits are represented by straight lines) 

 
Fig. 5 Current density vs. electric field in 200nm SA PMMA thin films at 
T=25°C. (■, experimental points; –, calculated fit) 

charge transport by “hopping” mechanism between shallow 
traps, which obeys the following expression:  

 









kT

eFd
J

2
sinh  

where d is the distance between traps. By fitting the 
theoretical function to the experimental data, a value of 
d=1.4nm was extracted. At low fields (5-25kV/mm) the curve 
J-F can be approximated by a straight line, then the conduction 
can be considered as ohmic. Thereby, the conductivity can be 
estimated at 1.09×10-15S/m. At higher temperatures, a steady 
current for fields higher than 17.5 kV/mm could not be 
obtained, and in some cases, even the breakdown took place. 

Fig. 6 shows the Arrhenius diagram for 200nm SA thin 
films. The point corresponding to conductivity at 90°C lies out 
of the straight line fitting the other points. This can be 
explained by the closeness of the glass transition, despite in GF 
thin films no change in the trend was observed at such 
temperature. From the Arrhenius fit, the activation energy was 
found to be of 0.10eV. It is worth noting, for comparison 
purposes, that a trap depth of 0.15eV and an average distance 
between traps of 1.5nm have been estimated for polyethylene 
[8].  

2) 50µm thick films 
In the case of 50µm thick PMMA films, electrical fields as 

high as those used for thin films could not be applied. At low 
temperatures, the current needed too much time to stabilize and 
the discharge current was of the same order of magnitude as 
the charge current. So, the stationary conduction current could 
not be accurately obtained. However, by taking the polarization 
current along with the depolarization one, and assuming that 
the measurements are within the ohmic regime, the 
conductivity could be properly calculated [9]. The hypothesis 
of considering the electrical conduction as ohmic was verified 
by performing I(V) characteristics at temperatures over 50°C 
(Fig. 7). The calculated conductivity values increases from 
3.53×10-17S/m at 25°C, up to 1.08×10-14S/m at 90°C. The 
estimated activation energy is 0.79eV (Fig. 8).  

IV. DISCUSSION 

A summary of conduction mechanisms and extracted 
parameters is shown in Table I. 50µm GF thick films and 
200nm GF thin films present the same conduction mechanism 
and similar activation energies. It consists in a charge transport 
by extended states thermally assisted by the detrapping of 
charge carriers at deep localized states (around 0.80eV of 
depth).  

On the other hand, 200nm SA thin films show conduction 
by hopping mechanism between shallow localized states. 
Knowing that band structure and localized states are 
determined by chemical structure and polymer morphology, 
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Fig.8 Conduction vs. reciprocal of temperature (Arrhenius diagram) in 

50µm GF thick films, for an electric field of 20kV/mm. The calculated 

activation energy is displayed in the figure.  

TABLE I.  SUMMARY RESULTS 

Sample 
Conductivity at Room 

Temperature (S/m) 

Activation 

Energy (eV) 

Electrical 

Conduction 

GF 50 µm 3.53×10-17 0.79 Ohmic 

GF 200 nm 4.13×10-15 0.79 Ohmic 

SA 200 nm 1.09×10-15 (low fields) 0.10 Hopping 

 

 
Fig. 7 Current density vs. electric field in 50µm GF thick PMMA films, 
at: ■, 60°C.; ●, 70°C; ▲, 80°C; ▼, 90°C. (calculated fits are represented 

by straight lines) 

these differences between GF and SA thin films are consistent 
with the presence of a little amount of elastomer in GF PMMA 
(according to the supplier), whereas SA PMMA powder does 
not include any kind of additive. Furthermore, ohmic 
conductivity is found to be higher for thin films compared to 
thick films. We assume an effect of PMMA thickness on its 
conduction properties. As film thickness becomes closer to the 
polymer chain length, the possibility for charge carriers to 
cross the structure without changing the polymer chain 
increases. Also, the existence of large defects, like voids, 
becomes less probable. Such physical defects can hinder the 
charge carriers motion. Thus, the effective mobility should 
increase if the large defects amount is reduced. A similar 
reasoning could be applied to the dielectric strength. Since 
breakdown can be originated by defects like protrusions or 
voids [10], the breakdown strength would raise when the 
physical dimensions of the sample are lowered to the 
nanometric scale. Even so, a dielectric strength increase with a 
thickness decrease could be also explained by the theory of 
thermal breakdown caused by Joule heating [2].  

However, charge retention measurements show that 
nanometric thin PMMA films present better charge retention 
capabilities than micrometric ones. This seems to be in 
contradiction with the fact that ohmic conductivity is 
apparently higher in the former. Nonetheless, conductivity has 
been determined from the current flowing through metallic 
coated films, while an electric field was applied. On the other 
hand, PMMA films analyzed by KFM were previously 
charged by an AFM tip, without any conductive coating on 
film surface. Thus, injected charges could be dissipated by 
surface conduction along with bulk charge transport. In 
addition, the traps responsible for the long-run charge 
retention are not necessary involved in the dominant charge 
transport process. For instance, while shallow traps can 
enhance the charge transport, the deep localized states 

originate the steady trapped charge. In this sense, spin coating 
process, used for preparation of both GF and SA thin films, 
could lead to the incorporation of impurities that would act as 
deep traps. Further work on charge trapping, detrapping and 
recombination in PMMA films charged by AFM is needed to 
clear up the mechanisms involved in such processes. 
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