Nanocrystalline Tin dioxide thin films as oxidising gas sensors
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Abstract

Nanocrystalline tin dioxide has been employed to develop two types of sensor devices.
Two eclectrical properties, resistivity and work function, increase with oxidising gas ad-
sorption. The first leads to the classical thin film resistive sensor. The other property is
used to design a switching diode. Both devices show a high sensitivity and linearity un-
der proper design and operating parameters. Typical figures are 100 % resistance
change and 50 mV voltage shift for 50 ppb of NO; in air. A theoretical model is pro-
posed to explain the results.

L. Introduction

The monitoring of oxidising gases (as NO,) is of great importance for urban air quality.
Tin dioxide sensors are good candidates for this task. Their operation principle lies in
capture of conduction electrons by the adsorbed gas molecules [1].

The existence of charge trapping in the surface states due to adsorption has two conse-
quences on the electrical properties of the material: variation of the conductivity and the
work function [2]. These changes can be used to design two types ol sensors: resistive

sensors and structured sensors.

I1. Model

First of all we have to modelise the semiconductor. The necessary assumptions to cal-

culate the variations of electrical properties with gas concentration are:

1. The semiconductor thin film is composed by identical crystallites of radius R.
2. The hole concentration can be neglected because SnO, is a wide band gap n-type

semiconductor [3].



3. Conduction band electrons are captured only by the surface sates created by chemi-
sorption.

4. Oxygen vacancies act as double donors with energies Ep; = 30 and Ep; = 150 meV
below the conduction band edge [4].

5. The crystallite surface is homogeneous and the gas has access to all of it.

6. There is no interaction between adsorbed molecules.

The problem is not too difficult when the grain size is large enough so that the space
charge region does not extend to the whole grain. In this case the surface propertics are

not affected by bulk properties.

The second condition means that adsorption properties of the surface are independent of

the Fermi level.

A Langmuir adsorption isotherm is commonly used [3]. In the case that the Fermi level

position affects the properties of the surface Volkenstein isotherm has to be used [6]:
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Where 6 is the surface coverage of gas species, P is the partial pressure of the gas and

is the coefficient of the Volkenstein isotherm given by
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Where b is the Langmuir isotherm coefficient, v and v’ are phononic frequencies, E” is
the effective surface level created by the adsorbed molecule, & is the Bolztmann con-
stant, T 1s the absolute temperature and f % is the occupation probability of the weak
chemisorbed state
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The total charge density at the surface is given by

N =N,00-1"
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Where Ngq is the adsorption sites density.




For scveral species competing for the adsorption sites one has to developed a multispe-
cies adsorption model [7] for several oxidising species competing for the same number

of chemisorption centres. The charge density at the surface is in this case
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Now we have the surface charge density as a function of the partial pressure gas and we
can solve Poisson equation in order to calculate potential distribution and carrier con-
centration in the crystallite. For spherical co-ordinates and considering only r de-

pendence
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Ec(r) is the position of the conduction band, Er is the Fermi level. g is the electronic
charge, ¢ is the dielectric constant of the material, n(r) the point carrier density and N,
the ionised donor density given by
2N,
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Where N, is the effective density of states at the conduction bandedge, Fy1s the Fermi-
Dirac integral, Np is the vacancy density (assumed uniformly distributed) and &p; are the
reduced donor levels [ £, = (E. — E,,; )/ kT 1.

If the crystallite is small we can not use the initial condition & = 0 for 7 = 0 because the
depletion zone is extended over the whole grain and thus the conduction band is shifted

away the Fermi level. However, for symmetry considerations, the electric field in the

centre ol the grain is zero:
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The boundary conditions are Gauss's Law and charge neutrality that can be grouped to-

gether in
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The boundary condition for this equation depends on the solution of eq. (7) hence Pois-
son equation has to be solved self-consistently.

For this model we have used three variables (R, Ny and E;) and the following lixed pa-

rameters
Table 1

Parameter Value
& 13.5
Ep;-Ec 30 meV
Ep>-Ec 150 meV
Np 10¥ ¢cm™
Vo 108 s*
Bo: 1.36 x 107 Pa’!
B0, 2.85Pa’
Eo.-Ec 0.6eV

The Poisson equation has been solved with a program that uses fourth order Runge-
Kutta algorithm with an iterative shooting method (See annex for mathematical details).
In fig. 1 the reduced potential is shown in pure air and in air with four different NO,
concentrations for two grains 65 A diameter at 180 °C (only the two halves are shown).
The NO; energy level used for the calculation is 1.06 eV below the conduction band
edge and the density of adsorption sites is 2.17 x 10'* em™. These are within the same
order of magnitude of the density of oxygen vacancies at the surtace (assuming a uni-
form distribution). We have to note that the intracrystallite potential barrier is as low as
55 mV and that the whole conduction band has shifted upwards with respect to its posi-
tion in vacuum (4 meV at 180 °C). For example, for 200 ppb of NO,. the model predicts

a shift of 140 meV with respect to pure air.



I11. Resistive sensors

For the resistive sensors one has to find a relationship between conductivity changes
and partial pressures (or concentrations) of the gas. The classical expression for the
conductivity is

e (13)
If we can neglect the contribution of the mobility changes, and there are experimental

evidences of a small contribution [8], the sensitivity to an oxidising gas is given by

e (14)
where ng is the effective carrier concentration in the absence of the test gas and n.z is the
effective carrier concentration in the presence of the gas. The ellective carrier concen-
tration is obtained integrating the point carrier concentration in the whole grain and di-
viding for its size
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IV. Structured sensors

A switching tunnel device has been designed based on a MIS switching diode [9]. A
metal, a thin insulator layer 100 A, an epitaxial # semiconductor region and a P’ semi-
conductor region compose the diode. The I-V characteristic of this diode presents three
regions: high impedance, negative resistance and low impedance zones (fig.2).

Forward polarisation induces electron-hole pairs to be generated in the epitaxial n-layer.
The electrons are swept to the p-n junction and the holes begin to accumulate at the ox-
ide - epitaxial layer interface. The current in zone A-B of fig. 2 is mainly due to recom-
bination processes. The corresponding band diagram is sketched in fig. 3. The width of

the depletion zone is given by:
1/2
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&, ¢s and Ny being the dielectric constant, surface potential and donor density, respec-
tively. The tunnelling probability is strongly dependent on the insulator thickness [10].

The total potential across the device may be written as:




W=V 2V (17)

where V., is the voltage across the oxide and V; the voltage drop across the junction.

It can be shown that under the condition used here (d,, ~ 50 A, Np ~ 2 x 10" em™) V.,
represents only a few percent of ¢;. On the other hand V; is small due to the low current
involved. Therefore it is possible to write:

Vizo, (18)

As voltage increases further, X, extend to the junction [15]:

L =W =W, (19)

where W, and W; are the widths of the epitaxial layer and of the depleted zone of the
junction, respectively. At this point the “punchthrough” conditions are stablished. The
switching voltage (point B) correspond to the value:
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For a more rigorous treatment one has to consider the differences in work functions
between the metal and the semiconductor and modify the switching voltage accord-
ingly:

Var = 0pp +0,, 1)
Punchtrough results in the lowering of the junction barrier driving an injection of holes
towards the epitaxial layer. The electric field across the insulator is so low that the large
mjected hole current cannot tunnel through and a significant accumulation of holes take

place. Such accumulation results in two interacting phenomena:

(1) the n-layer moves towards inversion and therefore ¢s and the voltage across the
device decrease,
(i1) the electric field in the insulator increases allowing significantly higher electron

tunnelling to occur.

The overall result is the region of negative resistance (B-C).

Substituting the metal with tin dioxide one can take advantage of the change of work
function with the adsorption of the oxidising species. The presence of NO, should be
detectable as a shift in Vg, Thus we can obtain a switch controlled by the partial pres-

sure of the gas [11].




IV. Results

Resistive sensors

We have calculated the calibration curves (conductivity changes vs. partial pressure) of
oxygen in nitrogen and nitrogen dioxide in air for a series of thin film nanocrystalline
SnO, sensors. Sensors were prepared by reactive sputtering at different temperatures
and oxygen partial pressure [12]. Film thickness between 2990 and 5000 A were ob-
tained. After deposition, the samples underwent a thermal treatment for a period of 12h
at 375 °C to stabilise the defects concentration and distribution. GAXRD analysis
showed that the films were nanocrystallines with crystallite sizes between 2 and 15 nm.
Auger depth profile analysis (AES) confirmed the thickness uniformity and the presence
of impurities (mainly carbon) at the surface.

Electrical response of the sensors were measured in apparatus described clsewhere [13].

The operating temperatures varied between 100 and 350 °C, however below 150 °C the
responsc was very slow. The concentration range was 0.5 -10 % in volume of oxygen in
nitrogen and 50-800 ppb of NO; in air.

In the oxygen partial pressure range studied the sensitivity followed a power law trend.
Theoretical calculations are in excellent agreement with the results. The only parameters
allowed to change at each temperature are the number of chemisorption sites and sur-
face energy level created by the adsorption of oxygen [14].

For NO, in air the calibration curves followed two trends: power law behaviour and
parabolic or saturation behaviour (fig.4). Theory is in excellent agreement with experi-
ments, if the number of adsorption sites and the energy level created by NO, adsorption
are allowed to change with temperature. The density of chemisorption sites is lound to
be, in all cases, of the same order of magnitude of the oxygen vacancies at the surface,

so we can conclude that these are the chemisorption centres.

Structured sensors

The devices have been prepared with p* silicon wafer with n-epitaxial layer as a starting
material. Typically such junctions are covered with a 20-40 A thick native oxide. SnO;
thin nanocrystalline layers (200 to 1700 A) are deposited on top ol this substrate. The
average grain size measured by GAXRD was found to be 70 = 20 A

Depending on the native oxide thickness we have found three types of behaviours [11]:

MOS diode for thick oxides, switch tunnel diode for intermediate thickness and normal




diode for thin oxides. Some sensors exhibit a linear response (switching voltage vs.
concentration) in a wide concentration range (fig. 5) and others showed a saturation of
the switching voltage for high concentrations. Some problems of reversibility arose be-
cause of the low operating temperatures. Calculations for the sensor of fig. 5 gave a 140
meV work function shift for 200 ppb of NO, with the parameters of table I. The meas-

ured switching voltage increment for this concentration is ~ 160 mV .
V. Conclusions

Nanocrystalline thin tin dioxide films are extremely sensitive to very low oxidising gas
concentrations. The generalised Volkenstein isotherm based model can account for the
cxperimental data observed. The most important parameter for these nanocrystalline
sensors is the number of chemisorption sites at the surface. This parameter is very de-
pendent ol the sensor preparation so extreme care must be taken in order to obtain re-
producible responses. The switching device is very promising as an alternative to the

conventional resistive sensors.
Annex
From the original second order differential equation two first order differential equation

are obtained:
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To each equation the fourth order Runge-Kutta formula [15] is applied:
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k, =hf'(x, +h.y, +k;)
where & is the step size and f”is the right hand of equation (A 1).
We only know the initial condition for one of the variables (y2) $0 we have to use a
"shooting method" where the integration proceeds from O to R and try to match bound-

The shooting method implements multidimensional Newton-Raphson [16] to find the
seros of the functions obtained integrating the differential equations.
We generate an initial value V and obtain through integration y> (R).

At this point we define a discrepancy factor

F = 3u(R)- 5 4= 3 N: (P, (R) (A5)

So we have to find a value V that zeros F. We do this by computing the solution of the
equation
-0V =—F (A6)
and then adding the correction back
v =V +6V (A7)
where

g F(v+AV)-F(V)
dv AV

(A 8)

Once solved the equation and obtained the potential we can calculate the effective car-
rier density through (15) and the theoretical sensitivities S°. If we know the experimental

sensitivities we can define an error function

t (83 &
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where N is the number of concentration points at each temperature and S are the
measure sensitivities.

The problem now is to minimise a function of two variables Exo, and Ngg. We use the
Downhill Simplex method to do this [17]. A simplex is the geometrical figure consist-
ing, in N dimensions, of N+1 points and their interconnecting lines, faces, etc. In two
dimensions is a triangle.

The method must be started with 3 points defining an initial simplex. If Py is one of the

starting points the other points are



B=P+ie (A 10)
where e;'s are unit vectors and A is a constant defining the problem characteristic length
scale.

The downhill simplex method now takes a series of steps, most steps just moving the
point of the simplex where the function is larger (high point) through the opposite face
of the simplex to a lower point. This is called a reflection and is constructed to preserve
the simplex volume (area in two dimensions). Other possible steps are: reflection and
expansion away from the high point, contraction along one dimension from the high
point and contractions along all dimensions to the low point. An appropriate sequence

of these steps will always converge to a minimum of the function.
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Figure captions

Fig

. 1 Intracrystallite potential for several NO, concentrations.

Fig. 2 Current- Voltage characteristics of a MIS switch diode. A-B high impedance

Fig

Fig
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region, B-C negative resistance region, C-D low impedance region.

. 3 Energy band diagram of a forward-polarised MIS switch diode before punch-
through.

. 4 Experimental and theoretical sensitivities to low NO; concentrations.

. 5 Switching voltage vs. NO, concentration for a tunnel diode sensor.
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Figure 3
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