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ABSTRACT 
This paper describes the realization process of small-size elec- 
trets by using techniques generally applied in the fabrication 
of integrated circuits and microsensors. In the first part of the 
paper, attention is paid to the different electret decay mecha- 
nisms and their relative contribution to the overall stability of 
miniaturized electrets. Then, a process is described by which 
polymer electrets such as Teflon-FEP and PTFE can be de- 
posited and shaped in a predefined pattern on a silicon wafer. 
In the third part, results on the application of new materials, 
especially silicon dioxide ( S i o s ) ,  for use in electret applications, 
are presented. It appears that after an appropriate treatment 
of the oxide surface, its charge-stability is at least equal to that 
of polymer electrets such as Teflon-FEP and PTFE. 

1. INTRODUCTION 
B O U T  twenty years ago the interest in small sensors A and actuators tha t  perform a physical to electrical 

and electrical to physical conversion, started to grow 
rapidly. Using technologies developed for the fabrication 
of integrated circuits, it becomes possible to realize sen- 
sors with sub-millimeter dimensions, with comparable 
or even better sensitivity and long-term stability than 
their large predecessors. 

Nevertheless the research on small, integrated elec- 
tret-based sensors was not started until about 1980, 
when our group initiated a research program on this sub- 
ject, of which detailed results have been reported else- 
where [l-51. Besides the fact that  in most cases electret- 
based sensors and silicon-based microsensors are being 

investigated in two different ‘research worlds’, the main 
reason for this time-delay is the fact that  the realization 
of electrets with sub-millimeter dimension on a silicon 
wafer introduces specific problems. 

First of all, in Section 2 we will point out that  down- 
scaling of the lateral electret dimensions as well as the 
electret thickness will influence the relative contribution 
of different decay mechanisms on the overall stability of 
these electrets. We will show that in electrets with small 
lateral dimensions the presence of a surface-conductive 
layer may become important or even dominant. 

Other aspects of integrating polymer electrets such 
as Teflonm-FEP on a silicon wafer are the deposition 
and adhesion on a silicon wafer and the shaping of these 
layers. In Section 3 the most important aspects of how 
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to integrate polymer-based electrets and silicon-based 
sensors are discussed. A remaining drawback of these 
polymers, however, is the fact that  the polymer depo- 
sition and patterning is only part of the total process 
necessary for integrated electret-silicon sensors. Sili- 
con processing often requires high-temperature steps. 
The temperature a t  which polymer electrets decompose 
(- 450"C), is in silicon sensor processing generally con- 
sidered to be a low temperature. Oxidation of silicon for 
instance occurs a t  1 - 1050°C. It will therefore be clear 
that  polymers are hardly compatible with silicon sen- 
sor processing and that its use limits the possible sensor 
realizations, because only specific processing sequences 
are allowable. 

For these reasons we have investigated the applica- 
tion of silicon compatible inorganic insulators as elec- 
trets. We have found that Si02 can be used as an elec- 
tret if it is pretreated in an appropriate way. The main 
results are presented in Section 4. In Section 5 some 
general conclusions are given. 

To determine th'e charge stability in different elec- 
trets, we have applied the non-destructive compensating 
charge measuring method, based on the vibrating reed 
principle, for all measurements presented in this paper 
[6]. We have used a commercially available electrostatic 
voltmeter (Monroe isoprobe 244). In this set-up the 
measuring probe is at a stationary position of 0.3 to 0.6 
mm. above the electret surface, and the voltage on the 
probe is adjusted by a feedback loop in such a way that 
the electric field between probe and electret vanishes. 
This implies that  the probe voltage equals the electret 
voltage. We have performed room-temperature decay as 
well as so-called charge-thermally stimulated discharge 
(charge-TSD) measurements with this probe [6]. 

2. A DISCUSSION ON CHARGE 
DECAY MECHANISMS 

N order to be able to evaluate the experimental re- I sults of Si02 as well as Teflon-FEP electrets we shortly 
discuss the different charge decay mechanisms, because 
in reducing the lateral dimensions of electret samples, 
other decay mechanisms may become dominant com- 
pared to those in large samples. 

To describe the different mechanisms we use the fol- 
lowing definitions. The charge in the electret generated 
by any well-defined charging method is called the initial 
electret charge. All other charge present in the electret 
or at its surface, which is induced by the initial elec- 
tret charge, is called the compensating electret charge. 
The total amount of charge in the electret, including its 

surface charge, is the sum of initial electret charge and 
compensating electret charge, and will be indicated as 
the net electret charge. 

In many applications one-side metallized electrets 
are used, while a second conductive electrode is placed 
at a small distance above the electret surface. Between 
this electrode and the electret surface a small air-gap 
is present. Often only the external electrostatic field in 
the air-gap generated by the electret charge is of im- 
portance. The external electric field depends on the 
net electret charge as well as on the position where the 
charge is located in the electret. Charges present in the 
electret near to  the metallized side for instance, hardly 
contribute to  the external electrostatic field. Therefore 
electrets are generally characterized by their equivalent 
electret voltage (which can be measured directly by the 
Monroe probe mentioned above) and not by their net 
electret charge [6]. In the following part of this paper 
we define electret decay as a reduction of the initial elec- 
tret voltage. 

Several electret decay mechanisms are known, which 
have been investigated extensively by a number of au- 
thors [7-91. Three main decay mechanisms, which de- 
termine the life-time of monopolar electrets, can be dis- 
t inguished [6]. 

2.1 ATTRACTION OF ENVIRONMENTAL 
CHARGE T O  THE ELECTRET SURFACE 

In the environmental air, ions or other charged par- 
ticles, of opposite polarity relative to  the electret charge, 
are always present. These charges are attracted to- 
wards the electret surface due to the external electro- 
static field, generated by the net electret charge. If 
these charged particles are trapped at the electret sur- 
face, they compensate the initial electret charge, and 
thus reduce the net electret charge as well as the exter- 
nal electric field and the electret voltage. 

Since this decay mechanism is directly related to 
the number of charged particles in the air adjacent to the 
surface, the conditions under which the electret has been 
stored are of great importance [lo]. It should be noted 
that the chance per unit area that a charged particle 
will reach the electret surface does not depend on the 
size of this surface. This means that the influence of the 
attraction of compensating charges on the electret decay 
does not depend on the lateral electret dimensions. 

However, the thinner the electret, the larger the 
amount of charge required to achieve the same electret 
voltage. The attraction of Compensating charges from 
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the environment depends on the external electric field, 
generated by the electret. Assuming that other con- 
ductors, which may influence this electric field, are far 
away from the electret surface as compared to the elec- 
tret thickness, the external electric field linearly depends 
on the electret voltage, and not the electret charge. This 
means tha t  the electret charge decay rate (the amount of 
charge per second tha t  strikes the electret surface) also 
linearly depends on the electret voltage. Due to  the fact 
that  the total amount of charge in a thinner electret 
with the same electret voltage is larger, we therefore 
expect that  in thinner electrets with the same electret 
voltage as their thicker counterparts, the environmental 
influence will be less. 

2.2 BULK CONDUCTION 

It is assumed tha t  the initial electret charges (mostly 
electrons) are trapped a t  localized states in the electret, 
from which they hardly can escape a t  room tempera- 
ture. At an  elevated temperature a fraction of these 
charges may be detrapped. These mobile charges will 
be accelerated by the electric field inside the electret, 
generated by the net electret charge distribution, and 
move towards the reverse side where they may recom- 
bine with charges of opposite polarity allocated here. 
The following should be noted with respect to the ini- 
tial electret charge detrapping mechanism. In electret 
material, traps with different activation energies may 
be present. This implies that  trapped charges will be 
detrapped a t  different temperatures. In Section 4.4 it 
is shown tha t  for Teflon-FEP and Si02 electrets two 
types of traps may be distinguished, which release their 
charges a t  specific temperatures. 

The reverse mechanism, by which charges with op- 
posite polarity, present a t  the metallized reverse side of 
the electret, are injected into the electret due to  the in- 
ternal electric field, may also occur. These charges then 
may move to  the top side of the electret in a similar way 
as the initial electret charge moves to  the reverse side 
of the electret. We can hardly distinguish both mech- 
anisms, because both will result in a reduced electret 
voltage. 

The electret voltage decay is thus a function of 
the ability of charges to  move through the electret, and 
therefore depends on the intrinsic bulk conductivity of 
the electret material. 

An interesting feature of bulk conduction is that  
the associated lifetime of electrets, in which this decay 
mechanism is dominating, does not depend on the actual 
electret dimensions. This can be explained as follows. 

Assume a bulk conductivity p (ncm) and a permittiv- 
ity E (F/cm) of an  electret with area A and thickness 
3, as shown in Figure la. The resistance R from top to  
bottom can thus be denoted a s  R = p s / A  and the capac- 
itance as G = E A / s .  This means that the time constant 
T determining the charge decay equals r = RC = P E ,  

which quantity is independent of the lateral dimensions 
as well as the thickness of the electret. The  time con- 
stant T is often known as the relaxation time, and as will 
be clear, is a function of the specific electret material. 

2.3 LATERAL SURFACE CONDUCTION 

To obtain stable electrets it is of utmost importance 
that the lateral conductivity a t  the air-electret interface 
is extremely small. Reasons for a surface conductive 
film a t  that  interface may be contamination or, consid- 
ering the use of electrets in normal ambient conditions, 
the adsorption of polar gases such as Hz 0 from the 
environmental air. The relative influence of a conduc- 
tive surface film on an  electret increases dramatically 
for decreasing lateral dimensions, but on the other hand 
decreases for thinner electrets. 

fig. a) 

fig. b) 

o + x  

Figure 1. 
Schematic representation of different electret geometries. 

To explain this we consider the one-dimensional sit- 
uation that a grounded conductive back-plate is partly 
covered with an  electret ( the region a 2 0) and not cov- 
ered in the region a < 0, as shown in Figure lb .  We 
assume that the electret is charged initially to a voltage 
v, a t  t = 0, and that the capacitance of the electret per 
unit area is C .  We also assume that on top of the elec- 
tret an extremely thin conductive layer with resistivity 
p and thickness d is present, and that the strip a s  drawn 
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in Figure l b  has a unity width. In that case the current 
I in the x direction can be written as: 

with RI the lateral surface resistance per unit area and 
E the electric field in the x direction. The  electric field 
E equals 

(2) 
dV 
dx 

E = - -  

with V the electret surface potential. Due to the fact 
that  the electret has a capacitance C per unit area, a 
surface potential V corresponds with a surface charge Q 

Q = G ' V  (3)  

Finally the surface charge Q and the lateral current I are 
related t o  each other by means of the charge continuity 
equation 

(4) 
- -  dQ -c - 
dt dx 

Combining these equations, we obtain the following dif- 
ferential equation 

dV 1 d2V - =-- 
dt RIG' d x 2  (5)  

Accounting for the boundary conditions mentioned above, 
it can be shown that the solution of this equation can 
be written as 

V(x , t )  = Voerfc (-) . ] = Voerfc(.r) ( 6 )  [ R':xZ O 5  

with 
erfc(T) = 1 - 2 e 5  lT e-82 ds  (7) 

and x > 0, t > 0. 

If a t  t = t l  a t  distance x1 the electret voltage 
V(x1,tl)  has reached, e.g. 90% of Vo, at distance x2 
the same value will be reached at  t = t z  with tZ/tl = 
(x2/x1)'. This implies that if a lateral surface conduc- 
tion determines the electret lifetime and the lateral di- 
mension is reduced with a factor 10, the lifetime a t  the 
center of the electret is reduced by a factor 100. 

Considering the expression for V(z , t )  we can also 
conclude that reducing the thickness of the electret by a 
factor 10, the capacitance and thus the lifetime increases 
by a factor 10. 

It should be noted that the presence of a surface 
conductive layer will also be observed if the electret is 

not surrounded by an electrically grounded region as 
drawn in Figure lb.  To explain this, we consider an 
electret with large lateral dimensions that is partly neg- 
atively charged and partly uncharged. At the bound- 
ary between charged and uncharged surface parts, a 
lateral electric field exists directed from the uncharged 
to  the charged area. Small amount of ions will always 
be present in the surface conductive layer. Due to the 
lateral electric field the negative ions will be forced to 
move to the uncharged part and the positive ions to 
the charged part. This means that the electret voltage 
of the initially charged part will become less negative, 
while the electret voltage of the initially uncharged part 
will become more negative. The surface conductive layer 
manifests itself as a spreading of charge a t  the electret 
surface around the boundary between uncharged and 
charged parts. Note that the initial electret charge does 
not have to move, but that  it is masked by a surface 
charge in the conductive surface layer. 

2.4 THE RELATIVE INFLUENCE OF 
D 1 FF ER E N T D EC AY M EC H AN ISMS 

Considering the occurrence and behavior of the dif- 
ferent decay mechanisms mentioned in the previous Sec- 
tions, the following should be noted. 

In reducing the thickness of the electret the influ- 
ence of the bulk conduction remains the same, while 
the influence of a lateral surface conduction appears to 
decrease. Assuming the electret voltage to be the same 
for thinner electrets as for their thicker counterparts, the 
influence of attracting compensating charge seems also 
to  decrease. It should however be noted that we have 
t o  be careful in concluding that therefore a reduction of 
the electret thickness is preferable, because for thinner 
electrets the chance of dielectric breakdown increases, 
e.g. due to the presence of pinholes. For that reason we 
may have to permit a lower value of the electret voltage, 
which means a lower sensitivity of the electret-based sen- 
sor. 

In reducing the lateral dimensions of the electret, 
the influence of bulk conduction a s  well as attracting 
compensating charge remain identical, while the influ- 
ence of a lateral surface conduction increases consider- 
ably. We conclude that in reducing lateral dimensions 
the contribution of a lateral surface conductance may 
become more important and even may determine the 
overall long-term stability of electrets, as will be shown 
in a later Section on Si02 electrets. 



IEEE Transactions on Electrical Insulation Vol. 24 No. 2, April 1080 259 

3 THE APPLICATION OF 
POLYMER ELECTRETS IN 
SILICON-BASED SENSORS 

3.1 DEPOSITION OF POLYMER 
ELECTRETS 

SUALLY electrets are realized by means of commer- U cially available polymer films with a thickness of 
12.5 or 25 p m  [6]. In many applications the thickness 
and the size of the electret structures are not very criti- 
cal. Considering however the application of electrets in 
the development of silicon-based microsensors with sub- 
millimeter dimensions, the lateral dimensions of the film 
as well as its thickness are very important and should 
be controlled in a well-defined way. 

The most attractive way of depositing thin poly- 
mers on a silicon wafer seems to  be the on-wafer poly- 
merization or the spin-casting and consecutive drying 
and sintering of a pqlymer suspension. Polymers fabri- 
cated in our laboratory by the last method with a thick- 
ness of 1 to  2 p m  appeared to  have very poor charge- 
storing properties, probably due to an excess amount 
of pinholes. Therefore we have decided to use commer- 
cially available polymer films, and to  deposit them by 
the well-known heat-sealing technique. A l o x  10 cm2 
film is stretched several millimeters above a 5 cm silicon 
wafer, placed on a heated substrate. The air-filled gap 
between wafer and film is pumped down, causing the 
film to  deflect and t o  be folded over the wafer. Then 
the substrate, wafer and film are heated t o  about 400°C 
so that the film is melted and sealed to the wafer. 

This method has yielded a very good adhesion of 
polymers such as Teflon-FEP to  for instance stainless 
steel. The adhesion of heat-sealed polymers on silicon 
or Si02 in dry conditions was also sufficient, but it ap- 
peared to  be reduced dramatically if the polymer-coated 
wafers become wetted during succeeding process steps, 
requiring the use of an adhesion promoter. We have 
found that a 1 prn spin-cast polyimide suspension be- 
tween the silicon wafer and the polymer electret, which 
is cured during the heat-sealing process, yields a strong 
bond [ll]. The fact that  in case of stainless steel sup- 
ports this reduction of the bonding strength after im- 
mersion in aqueous solutions haa not been observed, is 
due to the fact that  the surface of a stainless steel sup- 
port is rather rough, with numerous micropores, which 
are filled with the melted polymer during the heat seal- 
ing procedure. The surface of a silicon wafer is always 
polished and extremely smooth, because this is essential 
for the quality of electronic circuits made on the wafer. 

3.2 ETCHING AND PATTERNING OF 
POLYMER ELECTRETS 

After deposition of the polymer electret as described 
in Section 3.1 the whole silicon wafer is coated with a 
12.5 or 25 p m  thick layer. For many applications this 
polymer should be patterned in a predefined way or 
etched over the whole wafer t o  obtain thinner electrets 
[ 1-51, 

thin film -1 
a) resist spinning c) resist development 

U 
d) thin film etching 

b) UV exposure e) cleaning 

Figure 2 .  
Consecutive steps in photolithography. 

Photolithography is a very useful tool for micro- 
machining thin films in the realization of microaensors. 
This technique enables us t o  pattern thin films in many 
different shapes. The process consists of several steps, 
as schematically drawn in Figure 2 and described be- 
low. The film, deposited on a support (usually a silicon 
wafer) is spin-coated with a 2 to 3 p m  thick layer of pho- 
toresist. The resist is pre-polymerized during 20 min a t  
90°C. The wafer is positioned under a mask and then ex- 
posed to UV light, causing exposed parts of the resist to 
depolymerize (for positive resist) and non-exposed parts 
t o  remain unchanged. Then the wafer is developed and 
the UV-irradiated resist is dissolved. The wafer is post- 
baked to complete the polymerization and then placed 
in an etching liquid or gas, preferably specific for the 
material of the thin film. Finally the resist layer itself 
is removed and the locally etched wafer is cleaned. 

The use of wet chemical etchants for photolithog- 
raphy is rather economical and easy, and for many ma- 
terials selective etchants are known. However, for fluo- 
rocarbon polymers such etchants are not known. In the 
literature the use of a sodium dispersion suspended in 
naphthalene has been reported for the etching of Teflon, 
but is appears only to  remove fluorine atoms from the 
surface, facilitating its bonding to other materials, and 
not to etch with a reasonable speed [12]. 
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3.3 PLASMA-ETCHING OF POLYMER 
ELECTRETS 

A quite different possibility for patterning of de- 
posited polymer films is the use of a plasma in a so-called 
dry etching equipment. Generally a plasma is created 
by applying a high voltage between two electrodes in 
a vacuum chamber in which a certain gas is injected. 
For several materials, e.g. silicon and SiO2, it has been 
found that plasma’s from CC14 and CHJF respectively 
can be used t o  etch these materials selectively. It has 
also been found that an 0 2  plasma can be used for the 
plasma etching of Teflon [13]. 

ion 0 7 sputtered particles 
I 

. I thin film 

radical(=! 7 reaction product 

ion 

c) 

3.3.1 PHYSICAL ETCHING 

In the plasma (Figure 3a), ions are created and ac- 
celerated in the applied electric field. They strike the 
surface of the thin film which will be damaged and is 
thereby etched. Due to  the acceleration of ions in one di- 
rection the etching is anisotropic, causing perpendicular 
profiles if a patterned masking layer is used. However, 
this mechanism is not very selective, because layers of 
different materials are etched with comparable speed. 

3.3.2 CHEMICAL ETCHING 

In the plasma (Figure 3b) also radicals of the gas 
are formed which may chemically react and have a pref- 
erential etching behavior for one specific material. The 
transport of radicals in the plasma is not determined by 
the applied electric field but by diffusion. This means 
that radicals can move in almost any direction through 
the reactor and thus also in a direction parallel to the 
film surface. This will result in secalled isotropic etch- 
ing, causing considerable under-etching. 

3.3.3 PHYSICALLY ENHANCED CHEMICAL 
ETCHING 

A combination of both processes (Figure 3c) as de- 
scribed above, may of course also occur. In that case 
the chemical etching by radicals is enhanced or stimu- 
lated by the bombardment of the surface by accelerated 
ions, which cause chemical bonds to  be weakened. As 
compared to  physical etching in this situation the under- 
etching will be larger, but on the other hand its selectiv- 
ity will also be larger. The exact properties depend on 
the relative influence of both mechanisms on the etching 
characteristics, as well as on the processing parameters 
such as gas pressure and applied power density. 

Figure 3. 
Schematic etch-profiles of different etching 
mechanisms in a plasma-etcher, a: physical etch- 
ing, b: chemical etching, c: physically enhanced 
chemical etching. 

In a plasma, different etching mechanisms may be 
active, depending on the processing parameters such as 
power-density, gas flow and substrate temperature. The 
etching Characteristics, e.g. selectivity (the preferential 
etching of one material) and anisotropy (the etching 
speed lateral to the substrate differs from that in the 
perpendicular direction) for those mechanisms are quite 
different, as schematically drawn in Figure 3 [14]: 

3.4 RESULTS OF PLASMA-ETCHING OF 
POLYMER ELECTRETS 

We have investigated the etching characteristics of 
Teflon-FEP in an oxygen plasma in a barrel reactor and 
a plasma-etcher. 

In a barrel reactor the applied electric field is par- 
allel to the thin film surface and in a plasma-etcher the 
field is perpendicular to it. This means that in a barrel 
reactor the etching has to be of chemical origin, while 
in a plasma-etcher all aforementioned mechanisms may 
occur. 

The etching of Teflon in the barrel reactor appeared 
to  be negligible, although in the same reactor layers of 
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photoresist have been etched favorably with consider- 
able speed (about 0.1 to 0.2 pmlmin.) .  In the plasma 
etcher Teflon has been etched with a speed of about 0.15 
to  0.30 pm/min, which implies an overall etching time 
of about 40 to  80 min. for 12.5 p m  films. The under- 
etching appeared to  be less than the initial thickness of 
the Teflon layer. The etching speed can be controlled 
by the power-density. In general it may be attractive 
to  use the highest possible etching speed. However, we 
have found that in that case a residual layer of unknown 
composition is formed, that  can not be removed. Using 
an 0 2  gas pressure of 13 Pa and adjusting the power in 
such a way that the etching speed is 0.15pm/min1 this 
effect was not observed. 

A masking layer is required to pattern the polymer 
electrets. In this case photoresist which usually has a 
thickness of 1 to  2 p m  cannot be used, because it is also 
etched in an 0 2  plasma with a t  least the same speed as 
Teflon-FEP. We have found that a 0.2 p n  thick layer 
of aluminum, deposited by evaporation and patterned 
by photolithography,,can be used successfully. It will be 
clear that after the Teflon etching process, the aluminum 
mask has to be removed. 

In order to determine which etching mechanism is 
responsible for the etching of polymer electrets, the fol- 
lowing should be noted. Considering the fact that  Teflon- 
F E P  cannot be etched in a barrel reactor, we can exclude 
that the etching is performed by radicals only. On the 
other hand we have seen that  the etching selectivity, 
comparing etching rates of Teflon-FEP and aluminum, is 
better than 60:1, which means that  we can also exclude 
that the etching is performed physically by ions only. 
This means that the etching in our plasma etcher with 
an 0 2  plasma is a physically-enhanced chemical process, 
which is in accordance with the observed underetching, 
which is less than the thickness of the Teflon-FEP layer. 

In addition to  the use for patterning polymer elec- 
trets, the etching process can of course also be applied 
for the realization of thinner electrets, by exposing the 
whole wafer to  the plasma and controlling the etching 
time. 

3.5 STABILITY OF PLASMA-ETCHED 
TEFLON-FEP ELECTRETS 

In order to  determine the influence of the plasma- 
etch process we have measured the long-term charge 
stability of different 25 pm thick Teflon-FEP samples, 
heat-sealed on oxidized 5 cm silicon wafers as described 
in Section 3.1, following additional steps: 

1. none. 

2. plasma etching as mentioned in section 3.4 to  a thick- 
ness of 15 pm. 

3.  as 2) with afterwards a n  additional 1-hour annealing 
a t  350'C, in order to  repair possible plasma-induced 
damage. 

4.evaporation of 0.2 p m  thick aluminum and subse- 
quent removal by using a wet chemical etchant. (This 
layer serves as the mask material during the plasma- 
etching process, and can possibly contaminate the 
Teflon). 

vf 1 .01  

L 
0.951 

0 1 2 

Figure 4 .  
Measured charge decay of SEM-charged elec- 
trets, normalized to the initial charge level. The 
samples have endured a different treatment (a-d) 
as explained in the text. 

- h h l  

All samples have been charged using a SEM (scan- 
ning electron microscope) setup with an electret voltage 
from 50 V up to  300 V in 50 V steps, and have been 
measured periodically during a period of two years. All 
measured data,  as given in Figure 4, have been normal- 
ized to the initial electret voltage. The influence of the 
charge level, which has been varied between 50 V and 
300 V, is negligible and not shown. From the results in 
Figure 4 we may conclude that  the charge stability is 
only slightly affected by the aforementioned additional 
treatments. 

3.6 OTHER APPLICATIONS 

The plasma-etch process described in Section 3.4 
can also be used for determining the average penetration 
depth of electron beams in flat Teflon samples. We have 
realized Teflon samples on a conductive support with 
different thicknesses by changing the etching time. The 
thickness has been measured by determining the weight 
loss after etching. In all samples the same amount of 
electric charge has been injected by a SEM. This implies 
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that  the surface potential linearly depends on the elec- 
tret thickness. Plotting the surface potential, as mea- 
sured by the Monroe probe, of the various electrets vs. 
the electret thickness, the intersection with the z-axis 
yields the average penetration depth. The results are 
shown in Figure 5, for samples charged with an acceler- 
ation voltage of 15 kV. We observe an average penetra- 
tion depth of 2.5 pm, which corresponds rather well to 
the value reported elsewhere [6]. 

n > 2501 
200 U 

0 

/ 
4 

/ 
/ 

4 
/ * /  

/ 
/ 

/ 

0 2 4 6 8 1 0 1 2 1 4  

electret thickness [urn] 

Figure 5. 
Measured electret surface potential as a function 
of electret thickness. 

Considering the results of plasma etching polymer 
electrets, it  is concluded that it is possible to make 
Teflon-FEP electrets with a minimum size of about its 
original thickness due to the small underetching. This 
may be of interest in the realization of complicated elec- 
tret patterns for use in electrostatic position measure- 
ment etc. In general it can be said that the number of 
possible polymer electret applications is no longer lim- 
ited to large-size applications, but only by the imagina- 
tion of the user. 

4. THE APPLICATION OF S i 0 2  AS 
ELECTRET 

LTHOUGH many problems associated with the use A of polymer electrets in silicon microstructures can 
be solved, as described above, the main drawback of 
their application is the low temperature a t  which they 
start  to decompose. Therefore we decided to investi- 
gate the charge-storing properties of different inorganic 
materials which have a high melting or decomposition 
temperature and are more compatible to silicon sensor 
processing. 

esearch and development of miniaturized electrets 

It  was already known from the literature that di- 
electrics such as Ta205, SiOz, Si3N4 and A1203 behave 
under certain circumstances like electrets [15,16]. Pre- 
liminary measurements have been carried out on these 
four materials in our laboratory, which have revealed a 
promising electret behavior for the Si02 and A1203 sam- 
ples. Based on these results and on those reported in the 
literature [15], as well a s  the fact that  Si02 is a standard 
material in our laboratory, we have decided to confine 
ourselves to further investigate the electret properties of 
Si02 only. In order to compare the experimental results, 
those of Teflon-FEP will also be presented. 

4.1 PREPARATION OF SiOz ELECTRETS 

All Si02 samples have been prepared by wet ther- 
mal oxidation a t  1100°C of previously cleaned 5 cm sili- 
con wafers with a < 100 > orientation and a 5 to  10 ncm 
resistivity. The average thickness of the oxide layers thus 
realized is about 1.1 pm. After oxidation, the oxide on 
the back of the wafer is removed by chemical etching or 
scratching, t o  allow contact to the reverse side of the 
wdfer in the charging equipment. Most samples have 
been liquid-contact charged, while a few samples have 
been corona charged, as described elsewhere [SI. 

4.2 EXPERIMENTAL RESULTS WITH 
VIRGIN-SiO2 ELECTRETS 

In our first experiments we have charged 5 cm large 
Si02 samples, prepared as described in Section 4.1, by 
means of the liquid-contact method. These samples 
showed a large electret voltage decay with a time con- 
stant in the order of days. To investigate this observed 
voltage decay, a steep charge step has been created on 
an Si02 sample, using the liquid-contact method, fol- 
lowed by repeated scanning the boundary with the Mon- 
roe probe. The measured decay is shown in Figure 6. 
The left side has been charged up to 150 V, while the 
right side remained uncharged. As is clear from this Fig- 
ure, the net electret charge is spread relatively fast and 
evenly over the surface. This can be described only by 
assuming a relatively large lateral surface conduction, 
because a decay due to bulk conduction or the attrac- 
tion of compensating charges will not be accompanied 
by such a charge spreading. Note that the observed be- 
havior does not imply that the initial electret charge 
becomes mobile due to the presence of a surface con- 
ductive layer, but that  a compensating surface charge 
may be generated by separation of positive and negative 
charges in this conductive layer. See also the discussion 
in Section 2.3. 
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Figure 6. 
Measurements showing the lateral surface con- 
duction on a virgin 1.1 pm thick Si02 electret. 
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The origin of this surface conductance for Si02 films 
as well as the method to  reduce it will be discussed in 
the next Section. 

4.3 THE SURFACE CONDUCTIVITY OF 
SiOz 

It  has been shown by several authors that  the lat- 
eral surface conductivity of Si02 is mainly determined 
by a chemical adsorption of polar groups (mainly water) 
t o  the Si02 surface, forming OH-groups [17-201. These 
groups may in turn adsorp HzO groups, causing a con- 
ductive layer on top of the Si02 surface. The physical 
adsorption depends on the relative humidity of the en- 
vironmental air, but the chemisorption not. 

The best procedure to  eliminate the surface conduc- 
tivity will therefore be a removal of the chemically ad- 
sorbed OH-groups either by heat treatment at 400°C or 
by chemical surface modification [19,20]. We have found 
that  heat treatment does not remove the adsorbed OH- 
groups completely. A more permanent solution is ob- 
tained by a chemical surface modification, in which the 
polar silanol groups are substituted by apolar groups, 
which do not adsorb polar H2O-groups. This treatment 
may be considered as a hydrophylic to hydrophobic con- 
version of the Si02 surface and may be accomplished by 
treatment of the S O z  surface with hexamethyldisilszane 
(HMDS) [21]. Using this treatment the oxide surface is 
nearly completely covered with a mono-layer of nonpo- 
lar CH3-groups, which makes any adsorption of polar 
H20-groups very unlikely. The result is a n  S i 0 2  surface 
with a very low surface conductivity [18]. Experimental 
results of Si02 electrets treated in this way prior to  their 
charging are given in the next Section. 

4.4 EXPERIMENTAL RESULTS WITH 
CHEMICALLY-MODIFIED SiOz ELECTRETS 

We have measured the long-term stability of 1 x 1 
cm2 SiOz samples with and without chemical surface 
treatment. Some characteristic results are shown in Fig- 
ure 7. The lower curves represent the charge decay of 
untreated Si02 electrets, which have been charged up 
to 150 V. The upper line represents the decay of an 
150 V, HMDS-treated Si02 electret. After an initial de- 
cay of about 2 to 3% during the first day, no further 
decay could be measured during the next 17 months. 
Note that  this confirms the assumption that  the bulk 
conduction of Si02 electrets is negligible at room tem- 
perature, while the surface modification also makes the 
lateral conduction infinitesimally small. 
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Figure 7. 
Normalized charge decay at ambient laboratory 
conditions of some liquid-contact charged Si02 
electrets with and without an HMDS treatment. 

The initial decay of 2 to 3% during the first day 
is probably the result of charges in shallow traps which 
are detrapped very easily. Experiments have shown that 
this decay may be artificially accelerated by curing the 
sample for a period of 10 to  30 min at 90°C. 

In order to examine the temperature dependence, 
the charge-TSD of HMDS-treated corona-charged Si02 
electrets has been measured, from which some results 
are given in Figure 8. The  temperature has been in- 
creased in 20'C steps of 10 min each, from 20 up  to 260'C 
in the first run, and from 20 up to  400°C in the second 
run .  After each 10 min temperature step, the samples 
are cooled down and measured with the Monroe probe. 
The results may be compared with the corresponding 
results in Figure 9 for a 25 p m  Teflon-FEP electret sam- 
ple, exposed to  the same procedure. Considering both 
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Figure 8. 
Normalized charge decay of an 1.1 pm thick 
corona-charged Si02 electret as a function of 
temperature. 

figures it is clear that  the tendency of the charge de- 
cay of Teflon-FEP and Si02 electrets is the same. The 
only difference is the fact that  a higher temperature is 
required for an Si02 electret to show the same decay 
behavior as a Teflon-FEP electret. This suggests that  
the trap-depth of charge in a Si02 electret is larger than 
in a Teflon-FEP electret. 
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Figure 9. 
Normalized charge decay of a 25 pm thick 
corona-charged Teflon-FEP electret as a func- 
tion of temperature. 

This is even more clear from Figure 10, where the 
electret charge decay (trace 1) of an HMDS-treated liquid- 
contact charged Si02 electret is shown a t  a constant 
temperature of 200'C. During the first hour the charge 
decay is relatively rapid, while thereafter the decay is 

low activation energy release their charges. After one 
hour most of these traps are empty and a second kind 
of traps determines the charge decay. If this sample 
is charged again to 150 V, and-heated in the same way, 
trace 2 is found. This indicates the same phenomenon as 
can be observed for Teflon-FEP electrets, as presented 
in Figure 11: a charged electret which is partly decayed 
by a heat treatment and subsequently charged to its ini- 
tial level has become more stable, a procedure that is 
widely used in practice. 
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Figure 10. 
Normalised isothermal charge decay of an 
1.1 pm thick Si02 electret at 200% (trace 1). 
If this electret sample is subsequently charged 
to its initial charge level, it has become better 
resistant to temperature (trace 2). 

Comparing Figures 10 and 11, we may conclude 
that the charge decay mechanisms of Teflon and chem- 
ically treated Si02 electrets are comparable, although 
occurring at different temperatures. It appears that  a 
1.1 p m  thick Si02 electret is even more resistant to high 
temperatures. Assuming a comparable temperature de- 
pendence of the charge stability for both materials we 
can conclude that the room-temperature charge stabil- 
ity of chemically modified SiOz electrets is better than 
of Teflon-FEP. 

Finally some experiments have been carried out in 
order to examine the influence of the charge level on 
the charge stability. In Figure 12 the normalized elec- 
tret decay of a number of HMDS-treated liquid-contact 
charged Si02 electrets is shown for a period of 15 months. 
The initial charge level of the different samples ranges 
from 175 to 663 V. All samples have been placed in small 
boxes, which has a positive influence on the electret life- 
time [lo]. The boxes have been stored in our laboratory, 
a t  18 to 25'C in 40 to 70% RH. We note that is has been 

more or less stabilized. First the traps with a relatively possible to charge Si02 up to  663 VI resulting however 
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Figure 11. 
Normalized isothermal charge decay of a 25  pm 
thick Teflon-FEP electret at 2OO'C (trace 1). If 
this electret sample is subsequently charged to 
its initial charge level, it has become better re- 
sistant to temperature (trace 2).  

in a slightly reduced charge stability. In our case the 
electric field amounts to  6 MV/cm, which is very close 
to  the theoretical maximum field strength of 7 MV/cm 
found by others [22]. A lower limit for the electret life- 
time of 20 yr may be estimated for the 663 V electret. 
In addition it appears from Figure 12 that the charge 
decay shows a weak dependence on the charge level and 
thus on the electric field in the oxide. 

"f 1.0 - 
T 
0.95 - 

0 loo 200 300 400 500 600 - time [day] 

Figure 12. 
Normalized charge decay of some liquid-contact 
charged 1.1 pm thick S O z  electrets for different 
charge levels. 

It is noteworthy that in previous literature on SiOz 
electrets the possible charge decay due to  a surface con- 
ductance of this material has not been reported or ob- 
served, even not for untreated Si02 electrets. This might 

be due to  storing conditions that  differ from those used 
in our laboratory, or due to the use of Si02 electrets 
with much larger lateral dimensions than the usual size 
of 1 x 1  cm2 we have adopted [15]. 

From the measured decay of HMDS-treated Si02 
samples (Figure 7) an upper limit for the bulk conduc- 
tivity of SiOz a t  room temperature can be calculated 
according to  the method originally proposed by Sessler 
[23]. If we assume that the charge decay is less than f V 
during 17 months (Figure 7), and only due to ohmic con- 
duction, an upper limit for the conductivity of Si02 is 
g = 2 . 7 ~  10-23 R-lcm-', which is considerably smaller 
than the maximum value of about 10-18 R-lcm-' re- 
ported in the literature. This large difference may be 
due to  the fact that  the last value is determined by de- 
positing a conductive electrode on top of the oxide and 
measuring the conductance between this electrode and 
the silicon support. Obviously the presence of this elec- 
trode disturbs t he measurements dramatically, or influ- 
ences the Si02 bulk properties due to  migration of metal 
ions. 

5. CONCLUSION 
H E  different discharge mechanisms determining or T restricting the lifetime of electrets have been dis- 

cussed in relation to  down-scaling of the electret dimen- 
sions. The most important conclusion is the fact that 
for reduced lateral electret dimensions the charge decay 
may be dominated by an electret surface conductance. 

We have shown that a plasma-etching process can 
be used satisfactorily for the patterning of polymers and 
that  the etching itself is mainly determined by physically 
enhanced chemical etching. The plasma etching process 
has appeared to  have a negligible influence on the charge 
stability of Teflon-FEP electrets. 

It has been demonstrated that an untreated Si02 
layer is a poor electret mainly due to  its large lateral sur- 
face conduction. However we have shown that an 1.1 pm 
thick Si02 layer may be used as an excellent electret if 
the surface conductivity has been reduced by an appro- 
priate chemical surface modification. This surface mod- 
ification is adequately accomplished by a hydrophylic to 
hydrophobic conversion using HMDS. 

It has appeared that the charge stability of HMDS- 
treated 1.1 pm thick SiOZ electrets is better than that of 
12.5 and 25 pm thick Teflon-FEP electrets, storing both 
under normal ambient conditions of temperature and 
relative humidity. We have not measured any charge 
decay a t  room temperature for a period of 17 months of 
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HMDS-treated SiOz electrets charged up to 145 V. This 
results in a lifetime of more than 400 yr. 

It is adequate to  age Si02 electrets by two or three 
charge-discharge cycles prior to  their use. By this artifi- 
cial aging the traps which cause an initial charge decay 
are released. This was already known for Teflon elec- 
trets, but has appeared to be valid for Si02 electrets 
as well. It may be concluded that the charge decay 
mechanisms of Teflon and SiOz electrets are very much 
alike, occurring however a t  different temperatures. Up 
to  663 V charged Si02 electrets have revealed a lower 
limit for their lifetime of more than 20 yr. 
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