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Abstract 

We present a new MOSFET-based pressure sensor, incorporating an air 
gap that is a function of pressure and a permanently charged dielectric layer 
(electret) between the gate and bulk of the MOS structure. In this way we 
obtain a MOSFET with a precharged variable gate capacitance. The theory 
of this sensor and the NMOScompatible process for its realization are given. 
We present, also the first experimental results on this new sensor. We have 
determined the characteristics of sensors with outer dimensions of 1 mm X 
2 mm X 0.3 mm and measured a maximum sensitivity of about 10 mA/A/ 
100 mm Hg, which is about ten times higher than the sensitivity of piezo- 
resistive pressure sensors with comparable dimensions. Drawbacks of the 
present sensor design are a reiatively high temperature sensitivity and a 
rather complex fabrication process. 

1. Introduction 

In a recent paper [ 11 it has been shown that the integration of a field 
effect transistor and a permanently charged polymer foil (electret) offers 
a capacitive pressure sensor with a relatively high sensitivity. Although this 
sensor principle can be used for the realization of various types of micro- 
mechanical sensors, this paper describes the research on a pressure sensor. 

An electret and a MOSFET structure can be combined in several ways. 
Using the detailed theoretical analysis already presented [2], we have 
decided to investigate the configuration as schematically drawn in Fig. 1. 

As can be seen, it consists (from top to bottom) of a thin conductive 
diaphragm, an air gap, a polymer layer that contains electric charge, a silicon 
dioxide layer and a boron-doped silicon substrate with two heavily 
phosphorus-doped regions, the source and drain. The PRESSFET, as 
constructed in this way, can be regarded as a new type of FET device with a 
sandwich dielectric layer between the gate (the conductive diaphragm) and 
the silicon. The current in the channel (the region between the source and 

0 Elsevier Sequoia/P&ted in The Netherlands 



350 

diaphragm 

a& pap 
electret 

510, 

Fig. 1. Schematic drawing of the 

drain) depends on the value of the oapacitame between the gate and silicon. 
R~~~~ that this capacitate is pressure sensitive, the drain current is thus 
a function of pressure. 

In Section 2 the theoretical behaviour of the structure will be discussed. 
We will show that the device operation can be described by using the theory 
of the NOS ~~s~~r. In Section 3 the fab~~tion procedure will be 
explaiued step by step. In Section 4 the experimental results are presented, 
which are discussed in Section 5, 

2. Theoretical behaviour of the PRESSFET 

As mentioned above, the struc$ure of Fig. 1 can be considered as a 
field effect transistor with a sandwich dielectric. The total capacitance C, 
per unit area of this layered dielectric can easily be written as a function 
of the unit area ca~~i~~s C, of the air gap, C, of the electret foil and C,, 
of the silicon dioxide: 

c, = cVX2X 

GIG, + GGX + G?Cc#X 
0) 

Note that the unit area capacitance of au insulating layer i can be 
written as C, = eeQ& with e. the dielectric constant of vacuum, ei the rela- 
tive dielectric cum&ant and di the thickness of the layer. 

The values of the capacitances of the electret and the oxide layer are 
fixed, but the capacitance of the air gap will be a function of pressure due to 
the deflection of the thin #nductive diaphragm. 

Generally the deflection of a thin ciroular diaphragm is a ~nct~n of 
the radial distance from its centre. Assuming the dimensions of the channel 
of the taper to be small as convpared to the d~eusions of the dia- 
phragm, its displacement can be regarded to be uniform and equal to the 
deflection at the centre. If the value of the ak-gap space for zero pressure is 
written as dao, the actual value d, can be written as [ 31: 

Pa4 
4 =d,- - 

6@ 

with P the pressure, a the radius of the dippy and D the so-called 
flexural rigidity [ 3] I 



Considering this equation, it will be clear that the maximum pressure 
P, that can be detected by the sensor is the pressure for which d, becomes 
equal to zero. This means that P, can be written as 

P,’ 64Wo 

lz4 (3) 

In describing the drain current of the PRESSFET, we can use the 
description for the drain current of a MOSFET, as given in the literature [ 41. 
Note that in doing so we have to replace the oxide capacitauce by the total 
capacitance Ct per unit area. Assuming the PRESSFET to be biased in the 
so-called unsat&ated mode, we obtain: 

(4) 

with p the mobility of electrons in the channel, and L and W the length and 
width of the channel respectively. V,, is the gate-source voltage and I& is 
the drain-source voltage. V, is the socaRed threshold voltage of the PRESS- 
FET, which depends on the capacitance Ct between the gate and silicon 
and on the charge in the insulator f5], thus also on the electret charge. 
Usually the stored charge Qe (per unit area) in the eiectret foil is located 
almost at the electret-air interface, yielding the following expression for 

Q Qa Qe vt=lp,,+2~--“-----c 
ct ct a 

with qv the Fermi potential difference between doped bulk silicon 
intrinsic silicon and (pms the metal-silicon Fermi potential difference. 

vt : 

m 

and 
The 

charge QO, per unit area accounts for the net charge in the silicon dioxide 
as well as for the charged surface states at the silicon-silicon dioxide inter- 
face and the charge Qd per unit area is the depletion charge. Note that the 
electret charge Q, at the elect&-air interface introduces a threshold voltage 
shift of -Q&Z,. 

Combining eqns. (4) and (5), we obtain the following relation: 

W 
&=p- 

L4 
VW + $ - (pp1, - 2q, - 0.5& + Q,, + Q,j v,, 

a 1 (6) 

In practical ~t~t~~ the thickness of the electret foil is of the order 
of several microns, while the oxide thickness is generally of the order of one- 
tenth of a micron. Obviously we can say that C,, F C,. Using a reasonable 
value for 9, of about -40 nG/cm2 and assuming the air-gap capacitance 
C, per unit area to be about 2 X lo-” F/cm2, which is the case for an air- 
gap space of about 5 pm, it appears that the term Q,/C, is about -200 V. 
This, however, implies that in practical situations all other terms present 
in eqn. (61, except Q,, and Qa, can be neglected. In this case the drain 
current 1, can be approximated by: 
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Using this result, the differential sensitivity of the sensor, &/3P, can 
be calculated by combining eqns. (2) and (7), and differentiating Id with 
respect to P. Assuming P to be zero, and thus d, and C, to be da0 and CaO 
respectively, and using eqn. (3), the following expression is found: 

6rd W QeGoCe 
-=- 

6P lJ z P,(C, + C,)2 vds (8) 

Observing eqn. (8), we see that the pressure sensitivity is inversely 
proportional to the maximum measurable pressure P,. This means that 
pressure range and pressure sensitivity are related to each other. We also see 
that the optimum value of the electret capacitance (for optimum pressure 
sensitivity) is equal to C& 

As mentioned above, the addition of an electret manifests itself as an 
extra bias voltage. Removing the electret charge, a voltage of about 200 V 
between gate and source is required to achieve the same sensitivity. 

3. PRESSFET processing 

Much is already known concerning the realization of threedimensional 
structures combined with a MOSdetection circuit.. There is, however, not 
a uniform approach to the realization of such structures, because of their 
specific requirements that have to be taken into account [6 - 91. This is also 
the case with the PRESSFET structure, and therefore its processing will be 
discussed step by step. 

Electrets are mainly realized by using commercially available Teflon 
foil, because of its very large resistivity of about 1021 &I cm; the foil is 
deposited on a rigid backplate and afterwards charged. In our case this 
backplate is a silicon wafer that has already passed several NMOS processing 
steps and has a top-layer of silicon dioxide. The silicon wafer should be 
provided with holes from back to front, which later on, for instance, will be 
used as inlets for a reference pressure to the air gap. The bonding-strength of 
Teflon to silicon dioxide appears to deteriorate when the wafer is exposed to 
the etching fluids generally used for the realization of holes going from back 
to front in a silicon wafer. This means that the creation of holes has to 
precede the Teflon deposition. On the other hand, it should be mentioned 
that the deposition of a Teflon layer on a wafer provided with holes results 
in cracking and damaging of this layer over a considerably large area around 
every hole. This rather paradoxical problem can only be solved by deter- 
mining the appropriate sequence of processing steps, which will now be 
discussed briefly. 
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3.1. The NMOS process 
We use a CVD process to form doped and undoped silicon dioxide 

layers, which can be patterned and afterwards used as diffusion sources to 
dope the silicon wafer. 

We start from p-type silicon wafers with an initial boron concentration 
of about 2 X 1015/cm3 and a resistivity of about 10 SZ cm. The front and 
back of the wafer are provided with a borondoped and an undoped oxide 
layer respectively. The borondoped layer is used to enhance the boron 
doping of the wafer, avoiding the occurrence of parasitic channels. The un- 
doped layer on the back is used as an etching mask for the realization of 
holes through the silicon wafer by means of anisotropic etching from back to 
front in a later stage of the process. The required alignment marks on both 
sides, to control the exact location of the holes, are realized by photo- 
lithography using a mechanical holder containing two identical masks, 
aligned with respect to each other. 

On the patterned boron-doped layer a phosphorusdoped oxide layer 
is deposited to dope the source and drain regions, and patterned as 
schematically drawn in Fig. 2(a). 

(a) 

(b) 

(d) 

(e) 
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2. Processing steps of the PRESSFET. 



Oxidation of the gate-region and diffusion of boron and phosphorus 
from the oxide into the silicon are performed at 1150 “C, resulting in the 
structure drawn in Fig. 2(b). 

Now the oxide on the back, which will be used as a mask for the 
etching of holes through the silicon, is patterned and the contact holes on 
the front for the, source, bulk and drain contacts are etched. Then a 1 pm 
thick aluminium layer is evaporated on the front for the realization of the 
contacts. This aluminium layer is covered with an oxide layer by means of 
CVD, to protect the front of the wafer during the etching of holes through 
the silicon, as schematically drawn in Fig. 2(c). 

The anisotropic etching of holes through the silicon is then performed 
by means of an ethylenediamine-pyrocatechol-pyrazine-water mixture, 
kept at a constant temperature of 90 “c. After the silicon etching has been 
terminated, the oxide layer on top of the alumtium is removed and the 
aluminium layer itself is patterned in order to realize the contacts. The 
structure is schematically drawn in Fig. 2(d). 

The holes, etched through the silicon wafer, are still closed by the 
oxide that has been used to dope the silicon wafer. This, however, means 
that on this structure the Teflon foil can be deposited without being cracked 
or damaged. 

3.2. Teflon deposition and etching 
To realize electrets, we decided to apply commercially available mate- 

rials generally in use for this purpose. From the literature it is known that 
especially Teflon-FEP (a registered trademark of Du Pant and available in 
25 pm and 12.5 m thick foils) can be applied as an electret material [lo]. 
These foils are deposited on a silicon wafer by a heat-sealing technique (see 
Fig. 2(e)). 

It will be clear that this Teflon layer has to be patterned, for instance 
above the source, bulk and drain contacts. We have found that this very inert 
layer can only be etched by using a reactive ion etcher containing an O2 
plasma, as described by Pederson [ll]. Aluminium, evaporated on top of 
the Teflon, can be used as a masking material during the dry etching. In 
Fig. 2(f) we have drawn the structure after etching the Teflon. 

After Teflon etching the aluminium mask is removed, except for a ring 
around the gate of the NMOS structure. In this way we can realize an air gap 
between the Teflon and the diaphragm, whose zero-pressure space (written 
as 60 in Section 2) is thus determined by the thickness of the original 
aluminium mask. Next the holes through the wafer, which are still closed by 
a thin oxide layer, as drawn in Fig. 2(f), have to be opened. Due to the 
fact that etchants for SiOz are less agressive with respect to the Teflon 
bonding than those used for the anisotropic etching of silicon, and the 
required etch-time is much shorter, the Teflon attachment remains 
undamaged if the oxide layer is now etched. We thus obtain the structure as 
schematically drawn in Fig. 2(g). 
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Fig. 3. Top-view of the PRESSFET before diaphragm attachment. 

A top-view of the structure is drawn in Fig. 3. We observe three holes, 
of which the smallest one is md as an inlet for the reference pressure, 
usually the barometric pressure. In this way the PRESSFET can measure 
pressures relative to the barometric pressure. The two larger holes are used 
for the admission of bonding glue for attachment of the diaphragm. Before 
the diaphragm will be assembled, however, the Teflon has to be provided 
with electric charge. 

3.3. Teflon charging 
Many different methods to form electrets are proposed in the literature 

[lo, 12 - 16). The ‘corona’, the ‘liquid contact’ and the ‘electron beam’ 
methods are well known. The charge-stability of electrets realized by any of 
these methods appeared to be competitive, The ‘electron beam’ charging 
method, however, provides the opportunity to create electrets with a 
controlled charge distribution over distances less than 100 pm f173. Con- 
sidering our structure, as drawn in Fig. 3, with a large aluminium area and 
a restricted Teflon area, we decided to use the ‘electron beam’ charging 
method to form electrets. 

The electrons of the beam strike the non-metallized surface of the 
Teflon sample. Due to collisions inside the Teflon, they are slowed down 
and trapped, forming a n~atively-chat electret. It is known that for the 
‘electron beam’ forming method, the electret charge is not located at the 
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Teflon surface, but that it is distributed over a depth of several microns 
[18]. In our case we have found an average penetration depth of 2.5 w. 

After the Teflon foil has been charged, the pressure-sensitive diaphragm 
shoukl be assembled on top of the structure as shown in Fig. 2(g). To con- 
serve the electret charge, we have used a low-temperature and dry deposition 
method. As a first approach we decided to realize the diaphragm by st;arting 
from commercially available cubic foils with a thickness of 3 or 8 pm, 
which are bonded to the MOS structure by using glue. Therefore the silicon 
body of every device is provided with two holes, which are filled with glue 
after the diaphragm and FET structure are put together. On-wafer diaphragm 
attachment is of course desirable, but has up to now not been investigated in 
detail. 

4. Experimental 

The numerical values of the PRESSFET parameters determining the 
sensor behaviour are: 

Mobility of charge carriers 
Width of the channel 
Length of the channel 
Electret charge per unit area 
Net oxide charge 
Depletion charge 
Zero-pressure air-gap space 
Thickness of Teflon foil 
Gate-oxide ticked 
Relative dielectric constant electret (Teflon) 
Relative dielectric constant SiOz 
Diaphragm radius 
Flexural rigidity (3 m thickness) 
Flexural ~dity (8 m thickness) 
Drain-source voltage 
Length of the sensor 
Width of the sensor 

d OX 
ce 
& OX 

EJ 
D 
V ds 

600 cn?/V s 
800 pm 
15 pm 
-36 nC/cm’ 
130 G/cm2 
-15 nC/cm2 
5Etm 
10 pm 
70 nm 
2 
3.9 
256 pm 
2.5 X lO-‘N m 
4.7 X l@ N m 
1V 
2mm 
lmm 

Using these values and eqn. (S), the calculated differential pressure 
sensitivity is 160 ~A/106 mm Hg (12 nA/Pa) and 8.3 ~A/100 mm Hg 
(0.62 nAjPa) for 3 and 6 pm thick diaphragms respectively. According to 
eqn. (5), the maximum pressure P, appears to be 150 mm Hg (20 kPa) or 
2900 mm Hg (360 kPa) for 3 and 8 pm thick diaphragms respectively. 

To measure our devices, we have realized a pressure actuator by using 
an air-filled metal bellows, which can be expanded or compressed by a so- 
called linear motor. The pressure in the bellows is sensed by a commercial 
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pressure sen!or, of which the output signal is fed back to an electronic 
controller connected to the linear motor. In this way pressures between 
-200 mm Hg and +400 mm Hg can be generated with an accuracy of 98.5% 
for frequencies between 0 and 100 Hz [ 191. 

Using this pressure actuator the characteristics of our devices have been 
measured. In F’ii. 4 the measured drain current is shown for two typical 
devices with a 3 pm thick diaphragm. We observe a pressure sensitivity of 
about 30 d/l00 mm Hg for pressures between -100 and +400 mm Hg, 
which is about five times lower than the calculated value mentioned above. 
Due to the fact that the calculated value of the maximum pressure PIo. for 
devices with a 3 m diaphragm is 150 mm Hg, we expect a considerable 
reduction of the pressure sensitivity at this pressure. Only one of the 
measured devices, as shown in Fig. 4, displays this effect for a pressure of 
about 250 mm Hg. l 

I r i I I 

-100 0 100 200 300 100 

- P I~Hg~ 

Fig_ 4. Measured drain current as a function of pressure for devices with 3 micron thick 
diaphragm. 

Devices with an 8 pm diaphragm showed a linear pressure sensitivity of 
about 3 ~A/100 mm Hg in the range -100 mm Hg to +4OO mm Hg, which is 
about three times lower than the calculated value. 

With respect fo the temperature sensitivity of our devices, we have 
measured that a change of 1 “C caueRs a drain current change of 10 PA. 
Considering a pressure ~nsit~ty of 30 ~A/100 mm Hg, we can say that a 
temperature change of 1 “c corresponds to a pressure change of 33 mm Hg. 
It will be clear that this vahze is far too high and should be reduced 
dramatically. 



5. Conclusions and discussion 

In order to compare our results with those of others, we mention that 
the drain current for zero pressure is about 3 mA. In that case the measured 
relative change of the drain current appears to be about 10 mA[A/lQO mm 
Hg and 1 mA/A/lOO mm Hg for devices with 3 and 8 #rn thick diaphragms 
respectively. For p~zores~ive devices with comparable d~en~o~s, the 
relative sensitivity is about 1 mV/V/lOO mm Hg. Realizing that the theory 
of the PRESSFET predicts a higher value of the sensitivity, we conclude that 
its sensitivity is at least comparable with that of other pressure sensors. 

Considering the experimental results, we observe a lower pressure 
~nsitivity than expected from theory. We have also observed that the maxi- 
mnm pressure P, that can be measured is higher than expected from the 
calculated results. These facts are in agreement with each other, as can be 
seen from eqn. (9). The main reason for the lower value of the pressure 
sensitivity seems to be a higher value of P, than is calculated from eqn. (5). 
A reason for this can be the presence of tensile forces in the diaphragm, 
which reduce its deflection as a function of pressure [ 201. 

The temperature sensitivity is mainly caused by the temperature 
dependence of the mobility p, which is known to vary about ~.3~/OC. This, 
however, means (for a drain current of 3 mA) a change of 9 @/“C. To 
reduce this temperature sensitivity compensation circuitry will be necessary. 
At the same time it should be noted that an increase of the pressure sensitiv- 
ity, for instance by reducing the tensile forces in the diaphragm, also reduces 
the relative influence of temp~at~e changes. 

An interesting aspect of the PRESSFET is the fact that we have 
strati a self-biased pressure-sensitive capacitor and a singie NfOS transis- 
tor as the detection circuitry. In this way we avoid the need for an external 
bias voltage, which fact might be of importance for biomedical applications. 

Several problems that have to be solved are the complexity of the 
fabrication process, the lower sensitivity than expected from theory and the 
high temperature sensitivity. The primary aim of the research described in 
this paper was to verify the validity of the sensor p~ciple and the associated 
theory, Further research will be focused on solving the problems mentioned 
above. 
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