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Abstract. The change in contact potential difference due to ethanol vapours ad
sorption by Si-Si02 structures with different oxide kinds is measured by Kelvin's 
method. Two types of electrical active adsorption were established - reversible 
and nonreversible. Relatively high sensitivity of the reversible adsorption demon
strated structures with ultrathin oxide and structures with plasma Si02 deposited 
from SiCl4 and 02. The reversible ethanol vapours adsorption onto the oxide sur
face of a Si-Si02 structure with plasma deposited Si02 layer creates positively 
charged states near the Fermi level (above 0.05 eV), while the nonreversible -
other states at 0.9 eV above the Fermi level. 

PACS number: 68.45.Da 

1. Introduction 

It is well-known that gases adsorbed on the surface of Si02 have an effect upon the 
electrical properties of the Si-Si02 structures either through chemical or physicochemi
cal processes. These phenomena are utilized for gas detection, where the main sensitive 
element of the Si- Si02 structures is the oxide. The first gas sensitive device based on 
MOS strnctures was reported by Lunstrom et al [1]. Later, gas sensitivity was observed 
in MOSFET transistors and MOS capacitors and many studies have been published on 
the subject [1 - 7]. The employed gas detection principles are based mainly on direct 
or indirect chemical reactions occurring at the oxide surface and/ or Si - Si02 interface. 

Many chemical gas sensors, for example MOSFET with Pd gate, are based on 
the dependence of the work function of the Si-Si02 strncture on the type of the gas 
ambient. In fact, this leads to a change in the band bending of the Si. This change 
may be interpreted also as a change of the contact potential difference of the Si-Si02 
structure relative to some reference electrode. The measurement of the contact potential 
difference (CPD) by the vibrating Kelvin electrode [8] is widely used for work function 
detennination of metals and semiconductors. Usually, the measurements are performed 
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in ultra-high vacuum because the adsorbed gases influence considerably the value of 
CPD. 

In this work we investigate the changes in the CPD of Si-Si02 structures, caused 
by adsorption of ethanol vapours, by Kelvin method. The advantage of this method 
is the possibility for direct (without to make an open gate FET) investigation of the 
inl1uence of the gas ambient on the CPD of various structures relative to a reference 
electrode. Moreover, FET cannot be fabricated on any type of substrate. 

2. Experimental Procedure 

The Si substrates used in this investigation were 7-9 Dem. After chemical cleaning, 
typical for MOS technology, silicon wafers were treated in the following ways: (i) Si02 

layer is grown by thermal oxidation of p-type silicon in dry oxygen at 1000 °C; (ii) 
ultrathin Si02 layer is obtained by oxidation of p-type silicon in concentrated (100 %) 
nitric acid; (iii) Si02 layer is deposited by plasma enhanced CVD from SiC14 and 02 
(at substrate temperature 300 °C) on n-type Si. All structures are annealed in H2 at 
450 °C for 30 minutes. 

In order to estimate the response of the Si-Si02 structure to the presence of ethanol 
vapours, we measured the contact potential difference during the exposure of the struc
ture to the mixture - ethanol vapours/N2 gas. The experimental structure is placed 
in a special cell, where an ambient of dry N2 (during the desorption process) or Nz-
5 % ethanol vapours mixture (during the adsorption process) was maintained. In the 
second case the N2 flow passes through ethanol at room temperature. Moreover the 
temperature of the Si - Si02 structure was varied in the interval 20-100 °C. 

The SPD, between the Si-Si02 structure and the reference (Ag) electrode, was 
measured by vibrating Kelvin electrode. In [9], the theory of this method for the 
Si - S i02 structure was described in details. 
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Figure 1 shows the energy band diagram of the Si-Si02/metal system. It should 
be taken into account that the silicon and the metal are connected trough the amplifier 
input resistance Ri and the intrinsic resistance Rb « Ri of the voltage source Vb. At 
Vb= 0 a thennodynamic equilibrium between the silicon and metal is established. For 
the case of close loop connection shown in the insert of Fig. 1, the sum of all potentials 
is zero. 

do,, 

~(<I>s - <Pm - 'l/Js) - J Eox(x) dx +Eal - Vi= 0 

0 

(I) 

where <Pm and <I>s are the work functions of the Ag electrode (4.3 eV) and silicon 
(4.8 eV), respectively. 1/Js is the silicon band bending, q is the electron charge, dox 
is the oxide thickness an.d l is the distance between the reference vibrating electrode 
and the oxide surface. Eox is the electric field in the bulk of the oxide and Ea - the 
electric field in the air gap between the oxide and metal electrode. 

For the above integral we can write 

(2) 

where Q ss is the charge density in the oxide, the main part of which is close to the 
Si-Si02 interface, xo is the centroid of this charge, Qc is the density of the charge 
captured at the outside oxide surface, E:ox is the permittivity of the oxide. 

The AC current flowing at the input of the measuring circuit (insert of the Fig. 1) is 
zero at Ea = 0. From (I) and (2) follows that the bias voltage Vb which is necessary 
to be applied between the vibrating reference electrode and the Si-Si02 structure for 
zero AC current is 

(3) 

As one can see from Eq. (3), upon absorption the <Pero change (ti.<I>ero caused by 
adsorption) is due to the changes of electrical field intensity across the oxide (Qc + 
Qss) / E:ox and the band bending value ti.'lj;5 (ti.'l/Js depends only on changes of Qc 
and Q ss). We assume that in the general case the other parameters (<I> s and <Pm) are 
constant and that in the ethanol vapour adsorption case Q ss also does not change due 
to the relatively large size of the ethanol molecule. 

In our case the electrode (area 1 cm2) vibrates parallel to the oxide surface with 
5 - 6 mm amplitude and frequency 50 Hz. The amplifier output is connected to an 
oscilloscope. In Kelvin's method, the current he flows due to the vibration of the 
Ag electrode (i.e. outside energy source) in the electrical field of the charges fixed on 
the oxide surface and in the interface states. In this sense, the input resistance of the 
Kelvin's method measurements, relative to these fixed charges, is extremely high. 
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3. Results and Discussion 

The gas adsorption, in the conventional meaning, onto an insulator surface is a com
plicated physical and chemical process and it is associated with creation of a dipole 
layer on the respective surface. The adsorbed gas molecules exchange electrons (by 
tunneling) with the insulator surface states and thus the molecules are charged posi
tively while the states - negatively. In this way a transition dipole layer is formed on 
the insulator surface. The capacitance of this layer is very large (20 µF / cm2) [IO] and 
for this reason the relatively small variations in the density of the adsorbed molecules 
can be ignored. We assume that (in our case) the potential drop over this dipole layer 
does not vary with variation of gas ambient. That is why, this potential drop is not 
drawn in Fig. I and it is not taken into account in Eq. (!). 

On the other hand, a thin oxide layer has relatively high defect density (such as 
micro pores and micro canals). We assume, that the adsorbed ethanol molecules, on 
these defects can exchange electrons with the Si surface. This leads to changes of the 
charges Q ss and Q c and to a corresponding change of the energy band bending value 
of the Si surface, which we register as a change of the voltage Vb. In this work we 
investigate the adsorption only of these molecules that can exchange electric charges 
with the Si substrate. This kind of adsorption occurs only on the surface of a thin 
insulator film and we shall call this adsorption electrical active one. We assume also 
that only neutral molecules are adsorbed and desorbed. 

The initial value of CPD for the structures with ultrathin Si02 (40 A) on p-type Si, 
is about 200 mV (see Fig. 2). This value is in strong dependence with the history of 
the strncture and more precisely with the moisture concentration in the air. In some 
cases, related to structure with plasma oxide deposited from SiCl4 and 0 2 , it comes up 
to 700 m V. It decreases after heat treatment in the region of I 00-120 °C and takes a 
value that can be under 200 m V. This initial CPD value of the structure changes slowly 
(with a rate of 5- 6 m V / h) to a direction of an equilibrium value. 

The kinetics of the <Pero change during the electrical active adsorption - desorption 
process, for the first few cycles, is given in Fig. 2. As one can see, when dry N2-
(5%)C2H50I-I vapours mixture flows through the special measurement cell (adsorption 
process - ADS) <I>cro increases. During desorption process (DES) C2I-I501-I vapours 
are absent in the gas mixture and <I>cro decreases. Since the reference electrode is 
grounded one may consider that during the adsorption the oxide or semiconductor sur
face potential increases, i. e. the positive charge Q c (on the oxide surface) or Q ss (in 
the interface states) increase. In general, there exists two kinds of electrical active 
adsorption at room temperature - reversible (corresponding to the <])cro change ap
proximately from 148 mV to 400 mV) and nonreversible (when <I>cro changes from 
400 m V to 520 m V). During the first cycle the nonreversible adsorption process dom
inates. 

During the first cycle, the oxide surface is charged positively with relatively slow 
rate. As one can see from Fig. 2, after 45 minutes this rate decreases considerably. Dur
ing these 45 minutes the molecules that have already been adsorbed (water molecules) 
are desorbed from the oxide surface and ethanol molecules are adsorbed. After this 
first cycle the behaviour of the structure becomes much more sfable. 
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Fig. 2. The kinetics of the electrical active adsorption-desorption process of 
ethanol vapours for the first few cycles of the Si -Si02 structure with ultrathin 
oxide (40 A) obtained by oxidation of p-type Si in concentrated nitric acid 

The one cycle changes of <l?cro for Si-Si02 structures with different kinds of oxides 
is given in Fig. 3. Curve 1 is for a structure with thennal Si02 (d = 360 A), curve 
2 - ultrathin Si02 (d = 40 A) obtained by oxidation of p-type Si in concentrated 
nitric acid, curve 3 - plasma Si02 (d = 1100 A) deposited from SiC14 and 02. It is 
seen, that the structures have various sensitivity towards the electrical active reversible 
adsorption process and that <l?cro corresponding to this process reaches an equilibrium 
value approximately for the same time (about 4 minutes) in all cases. Approximately, 
the same tin1e is necessary for the desorption process. 
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Fig. 3. One cycle changes ![>CPD for Si-Si02 structures with different 
oxides 
I - thermally grown (d = 360 A) at I 000 °C in dry oxygen on p-typc 
Si; 2 - ultrathin (d = 40 A) obtained by oxidation of p-type Si in 
concentrated nitric acid; 3 - plasma deposited (d = 1100 A) from SiCJ4 
and 02 on n-type Si 
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For strnctures with thermal oxide thickness (150, 360, 780 and 1100 A), only struc
tures with oxide thickness 150 A and 360 A show good sensitivity towards reversible 
adsorption of ethanol molecules. The structures with plasma oxide, deposited from 
SiCl4 and 02, demonstrate also relatively high sensitivity. The behaviour of this kind 
of structure may be explained by a higher oxide defect density. Therefore, the sensitiv
ity of Si - Si02 structures to the reversible electrical active adsorption, depends mainly 
on the oxide kind, more precisely on the surface oxide density of the electrical active 
adsorption centers which are actually defects in the oxide layer. The nature of these 
centers may be detennined by additional investigations, for example, by <T?ero meas
urement of plasma and radiation treated Si-Si02 structures as well as by investigation 
ofH20 adsorption. In this sense, the change in the CPD of the Si-Si02 structure at the 
variation of gas ambient, may serve as a specific quantitative estimation of the oxide 
quality related to micro pores and micro canals densities. 

The dependence of <Pero, in the saturated state, in the presence of ethanol vapours, 
on the temperature of a structure with plasma Si02 (d = 1100 A, n-type Si) is shown in 
Fig. 4. The adsorption is entirely a probability process that is why it does not depend 
on temperature [l O]. Therefore, the changes in <Pero are due to the dependence of 
the desorption process on temperature. The shift of the Fenni level (the increasing of 
the work function) for n-type Si with resistivity 7 -9 Ocm is approximately 1.2 m V /K 
upon temperature raise [ 11]. At the end of the investigated temperature interval, this 
leads to a 60 m V increase of the Si work function. 

Fig. 4. The dependence of <I>cro in the 
presence of ethanol vapours on temperature 
for the structure with plasma deposited Si02 
(d = 1100 A) from SiCl4 and 02 on n-type 
Si 
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We assume that at 363 Kall adsorbed molecules, that can exchange electrons with the 
Si substrate are desorbed and .6.<Pero(363 K) = 0, where .6.<Pero(T K) = <Pero(T K)
il>cro(363 K). We consider the desorption process in terms of the activation energy, 
and we have draw the dependence In .6.<Pero = In .6.<Pero ( ~) (Fig. 5). As one can 
see, in the region 54-92 °C this dependence is approximately straight line. Its slope 
corresponds to 0.9 eV activation energy EA calculated relative to the Si Fermi lev~l. 
This value has a meaning of an energy barrier which the electrons must overcome m 
order to pass from the Si surface into the _ethanol molecules situated on ~he outside 
Si02 surface. Jn general, one may assume that the electrical active adsorpt10n process 
of ethanol molecules generates positively charged states on the outside oxide surface 
situated at 0.9 eV above the Si Fenni level. 
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Fig. 5. The dependence ofln(~ Vb) on 1/ (kfJ') for the structure with plasma 
deposited Si02 (d = llOO A) from SiCl1 and 02 on n-type Si 

In the region 20 - 37 °C the dependence is also a straight line with a slope corre
sponding to E A. In this case the electrical active adsorption is reversible. Since the 
nonreversible adsorption process is considerably more advantageous, the process of 
reversible adsorption begins after the end of the nonreversible adsorption (see Fig. 2, 
fust cycle). 

In the middle region 3 7 - 54 ° C both kinds of adsorption occur. 

4. Conclusion 

In the presence of ethanol vapours the outside oxide surface of a Si- Si02 structure 
is charged positively. At room temperature (22 °C) two kinds of electrical active 
adsorption - reversible and nonreversible occur. 

The <Pero change of a Si - Si02 structure relative to a reference metal (in our case 
Ag) electrode is measure for the defect density of the oxide layer. In this sense, the 
change in the CPD of the Si - Si02 structure at the variation of gas ambient, may serve 
as a specific quantitative estimation of the oxide quality related to micro pores and 
micro canals densities. 

Relatively high sensitivity to the reversible electrical active adsorption process 
demonstrated structures with ultrathin oxide obtained by oxidation of p-type Si in 
concentrated nitric acid and structures with plasma Si02 deposited from SiC14 and 0 2. 

The electrical active reversible adsorption of ethanol vapours onto the oxide surface 
of a Si - Si02 structure with plasma deposited Si02 layer, creates positively charged 
states on the outside oxide surface near (above 0.05 eV) the Si Fermi level, while the 
nonreversible - other states at 0.9 eV above the Fenni level. 
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