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The combination of biotechnology, 
nanotechnology and Silicon technol-
ogy promises to bring new develop-
ments in the field of Si-based cell and 
gas sensors. We take a look at the 
results from three different research 
initiatives. The first deals with nano-
scaled metal-oxide gas sensors, the 
second with the reduction of surface 
conductivity in the field of Suspended 
Gate FET (SGFET) gas sensors and 
the third with the nanometer-scaled 
interspace between cells adhering 
to a substrate or sensor. These proj-
ects use widely varying technical ap-
proaches ranging from the use of thin 
metal-oxide layers and flouropoly-
mers for gas-sensors to specially 
designed CMOS-sensors for the ex-
amination of the interspace between 
cells and substrate. These approaches 
also indicate the different character-
istics that applied nanotechnology 
can have. In addition, we’ll also see 
promising commercial results of 
studies on Silicon-based sensors for 
the analysis of living cells.

Nano-scaled metal-oxide gas sensors 

A conventional metal-oxide gas 
sensor consists of a hybrid assem-
bly, its electronics and the package. 

Combining sensor and electron-
ics on a single CMOS chip (for ex-
ample, a Hall-sensor) fails because 
of the high working temperatures 
of about 300°C; at this temperature 
the CMOS electronics do not work. 
To overcome this problem a nano-
technology based approach can be 
used. The basic idea is to control 
the Fermi-level of the metal-oxide-
surface, the location of which in-
fluences the sensitivity, by applying 
local electrical fields. This contrasts 
with conventional gas-sensor tech-
nology, where the temperature is 
used for this purpose. The essential 
components are the field electrode 
and the metal-oxide with an isola-
tor in between. As the Debye length 
of metal-oxides, taken as a value for 
the shielding of the material, is typi-
cally in the range of 60-80 nm, a suf-
ficient electrical field at the electrode 
reaches the gas reaction surface only 
if the thickness of the metal-oxide 
layer is in the range of or below the 
Debye-length. Experiments with 
a 55 nm thick metal-oxide layer 
(SnO2) on a 250 nm isolator (Si3N4) 
and simulation results suggest that 
the performance of the gas sensor at 
CMOS-compatible temperatures is 
not only comparable to conventional 
sensors but even allows to differenti-

ate between NO2 and CO by applying 
different potentials to the underly-
ing electrode (Figure 2). This work 
was realised in cooperation with 
Micronas, IPM-FhG both (based 
in Freiburg) and Professor T. Doll 
(IMM Mainz). 

Suspended Gate FET

The operating principle of a Sus-
pended Gate FET (SGFET) is based 
on work-function changes of a gas 
sensitive layer. This work-function 
shift is measured with a CCFET or 
ISFET that is placed at a few microns 
from the sensing layer (Figure 1). One 
advantage of SGFETs is that the mea-
surement temperature is normally 
below 100°C, making CMOS integra-
tion and a low-power mode possible. 
However, the low temperature also 
brings a disadvantage: Ambient mois-

Nanotechnology In Silicon Based 
Cell And Gas Sensors

by Dr. Mirko Lehmann,
 Micronas 

Figure 2 - Measurement with nano-scaled 
metal-oxide gas sensor

Figure 3 - Typical measurement with cells (LS 174T) covering 
only one ISFET (cell-ISFET) and with the other ISFET free of cells 
(ISFET)

Figure 1 - SG-FET principle
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Nanotechnology In Silicon Based 
Cell And Gas Sensors

ture depositing on surfaces, like for 
example the CMOS passivation lay-
ers (silicon nitride or oxide), even if 
only some nanometers in thickness, 
affects the gas sensing ability of the 
sensors. The reason is that a surface 
current through this moisture layer 
induced by other environmental po-
tentials counteracts the “real” gas-sig-
nal potential. The goal of this research 
study was therefore to reduce the ad-
sorption of moisture by making the 
surface ultrahydrophobic. This was 
realised by a UV-assisted attachment 
of a 13-15 nm thin film of fluoropoly-
mers onto the silanised SiO2 sensor 
surface of the CCFET. The critical 
surface tension of the modified sur-
faces is 8 dynes/cm, which indicates 
a higher hydrophobicity than Teflon 
(18 dynes/cm). The influence of such 
nm-scaled flouropolymer films on the 
sensor performance can be seen in 
Figure 4. The measurement without 
the fluoropolymer shows that after a 
signal occurs at the sensitive layer (gas 
signal or applied electrical potential) 
the sensor signal reacts, but, although 
the gas signal is still there, the sensor 
signal starts declining. An electrical 
model with a resistance and a capac-
ity in parallel (R and C) can describe 
this performance, (R is the resistance 

of the moisture 
film on the sen-
sor surface and C 
is the capacity of 
the CCFET). As 
a consequence, a 
high thickness of 
the moisture film, 
which means a 
lower resistance 
and a higher cur-
rent, discharges 
the capacity of the 
CCFET faster than 

the significantly thinner moisture 
film on the ultrahydropobic layer. 
This work was realised in cooperation 
with Micronas and IMTEK, University 
of Freiburg (Chemistry and Physics of 
Interfaces, Professor Rühe & MEMS 
Materials Laboratory, Professor Paul).

Nanometer-scaled interspace 
between cells and a surface

Adherent cells on solid surfaces is an 
established in vitro method and the 
adhesion process of a cell is consid-
ered an important trigger for many 
cell processes (e.g. polarity and tu-
mour genesis), even though not all of 
the eliciting biochemical or biophysi-
cal reactions are yet understood. The 
general situation of an adherent cell 
or cell layer on a solid substrate can 
be described as follows (Figure 5): 
Two different extra-cellular spaces 
are defined: the apical side is the 
one above the cells and is normally 
in the range of some mm (referred 
to as ‘mm-space’ below) and the one 
between the solid surface and the cell 
membrane (basolateral) in the range 
of 5-30 nm (referred to as ‘interspace’ 
in the following). Furthermore, cells 
have active mechanisms to transport 

ions and molecules into and out of 
both sides of the cell (apical and ba-
solateral). Therefore, in both spaces, 
ions or molecules are either extruded 
or assimilated. The diffusion of the 
molecules and ions from the inter-
space to the mm-space (and vice ver-
sa) is hindered by the cell membranes 
and when using epithelial cells even 
by tight cell-cell-connections. The 
metabolism of a tumour cell, for 
example, generates as by-products a 
great number of protons which must 
be extruded (108 protons/cell/second) 
outside the cell, otherwise the cell 
would be too strongly acidified. The 
important question is: “What hap-
pens in the interspace?”

This question is examined with a 
CMOS-ISFET array of 4 ISFETs each 
designed for optimal cell growth. The 
cells directly adhere to the sensitive 
gate region with a W/L geometry of 
100/4 µm2. With an assumed cell area 
of 10*10 µm2, approximately 10 cells 
grow partly on the 400µm2 gate re-
gion. The ISFET measures the inter-
space directly. 

In Figure 3 a typical measurement is 
presented with cells (LS 174T) cover-
ing only one ISFET (cell-ISFET) and 
with the other ISFET free of cells (IS-
FET). It can be assumed that both the 
apical and the basolateral side of the 
cells extrude protons. The cell-ISFET 
measures the acidification in the in-
terspace. This acidification depends 
on the buffer capacity, the acidified 
volume and the amount of extruded 
protons. The basolateral acidification 
can be calculated with the following 
equation: 

  

(V0 is the volume; α is the buffer ca-
pacity and ΔpH the measured pH dif-
ference). With an assumed distance 
between cell membrane and ISFET 
of 15 nm and with the area of 400µm2 
the volume is 6 fl (6*10-15l). The cell-
ISFET signal shows an acidification 
of 8.8 mV, which is a pH-decline of 
0.16. With the equation above the 
number of protons per cell and per 
second calculates to 900. This means 
that the number of protons extruded 
to the basolateral side is less than 
the number extruded apically (cal-

Figure 4 - The influence of nanometer-scaled flouropolymer films on the 
sensor performance

Figure 5 - The general situation of an adherent cell or 
cell layer on a solid substrate
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culated at 0.5*108 protons/second/
cell) by a factor of 105. If the cells 
extruded just 10 times more pro-
tons to the interspace, the pH value 
would decline by a value of 1.6 pH. 
This would negatively influence 
the basolateral proteins, which are  
used to the normal pH conditions, 
and would be energetically unfa-
vourable because of the pH gradi-
ent between the interspace and the 
interior of the cell. This work was 
realised in cooperation with Mi-
cronas, University of Rostock  and 
Bionas.

Cooperation and interdisciplinary 
research in nanotechnology

The research projects described 
above show how nanotechnology 
can present very different aspects 
and characteristics. The first proj-
ect is an example of a sensor design 
based on nanotechnology, because 
with a thicker metal-oxide films 
(greater than the Debye-length) the 
sensor would not work. The second 
example (flouropolymers) indicates 
that applied nanotechnology can 
improve the performance of an ex-
isting sensor, whereas the third case 
shows how nano-scaled biological 
features can be analysed with spe-
cial sensors. The broad cooperation 

currently being seen indicates that 
there is a need for interdisciplinary 
research in this field. In fact, the 
pace with which nanotechnology in 
sensors turns into a real innovation 
on the market is not only a techni-
cal question. 

One small interdisciplinary group 
dedicated to the development of-
bio-, nano- and Silicon technology 
(all employees of the University of 
Rostock) founded a company called 
Bionas, which is located on the Bal-
tic sea at Rostock-Warnemünde, 
Germany. The aim of Bionas is the 
analysis of living cells with Silicon 
sensors. A combination of bio-
technology, nanotechnology and 
Silicon technologies can already be 
found in the company’s products. 
The basic technology is a combi-
nation of Silicon sensors made by 
the company and all kinds of living 
cells (e.g. V79, HeLa, CaCo2, CHO-
K1, HEK-293, HepG2, L929, CV1, 
RT112, RTG2, LS 174T, primary 
tumor cells, primary chondrocytes, 
primary neurons, algae) (Figure 6). 
The basic idea is to analyse signals 
coming out of a cell with Silicon 
sensors (Figure 7). In cell metabo-
lism protons are extruded and Oxy-
gen molecules are uptaken due to 
glycolysis and respiration. Further-
more cells change morphology, 

confluence and adhesion which 
can be analysed with interdigitated 
electrode structures (IDES). Cells 
with action potential like muscle 
and nerve cells can be analysed with 
FETs and electrodes. All these sen-
sors can be combined on one single 
chip, as is done by Bionas. One ex-
ample is the Bionas 2500 analysis 
system featuring (Figure 9) 6 sen-
sor chips in parallel, non-invasive 
monitoring of cell metabolism, 
parallel analysis of different param-
eters, continuous measurement 
(for hours to weeks), and detection 
of recovery effects. The system can 
be applied to various cell types. An-
other example is the integration of 
interdigitated electrode structures 
in a conventional 96 microtiter-
plate (Figure 8) to monitor the ad-
herence/morphology of the cells. 
These chips and systems can be 
handled by conventional microti-
terplate equipment. 

Bionas also offers services for all 
these applications. They range 
from the evaluation of potential 
drugs or toxic substances to the de-
velopment of customer specific cell 
sensor solutions. Biocompatibility 
according to ISO 10993 for mate-
rials (e.g. encapsulation material, 
semiconductor materials, surface 
films) can also be tested. 

Figure 7 - Cell metabolism

Figure 9 - Bionas 2500 analysis systemFigure 8 - Integration of interdigitated 
electrode structures in a conventional 
96 microtiterplate

Figure 6 - A nerve cell on a sensor




