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The influence of heterovalent doping of LaF3 with SrF2 on the electrical behavior of a 
silicon-based chemical sensor and ion conductivity of the doped LaF3 layer were investi
gated. An improved quality of field effect devices was achieved using a La<o 964JSrco.036JFc2.96J 
layer instead of the insulator. Capacitance voltage curves of metal/ionic conductor/ 
semiconductor (MICS) devices are much steeper than for conventional metal/insulator/ 
semiconductor (MIS) devices. It was proven that interface, not insulator-bulk, capaci
tances dominate the behavior of the field effect device. The results obtained can be applied 
to field effect devices other than chemical sensors. 

1. Introduction

A chemically sensitive semiconductor sensor was introduced as an ion-sensitive field

effect transistor (ISFET) in 1970 by Bergveld.C[) In numerous studies, the more simple 
electrolyte/insulator/semiconductor (EIS) structure has been used, which is identical in 
construction to the gate region of the ISFET.c2J These sensors are characterized by 
capacitance/voltage (CV) measurements. For potentiometric sensors, high-precision mea
surement is necessary, since an error of only 1 mV in the potential shift determined 
corresponds to an error in concentration of 4% (exchange of one electron). Therefore the 

steepness of the CV curves is of great importance for achieving accurate measurements. 

The shape of the CV curves is determined by the carrier concentration in the silicon 
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substrate, the thickness of the insulator and the density of interface states.(3J Improved CV 
behavior of EIS sensors has been achieved using porous silicon_c4J The substitution of the 
insulator by the ionic conductor LaF3 which is in direct contact with the silicon without 
intermediate insulating layers, also leads to a field effect device. cs.GJ The resulting fluoride 
ion sensor was proven to be very stable and advantageous for precise measurements, 
considering its very steep CV curve. It was shown that the ·density of surface states was 
very low for the Si/LaF3 interface. Recently, we developed gas sensors for the determina
tion of oxygen and fluorine or hydrogen fluoride using a Si/LaF/Pt structure0-9) of the 
MICS type. 

Fluoride materials with the tysonite structure (LaF3) are considered to be some of the 
best superionic conductors with fluorine ion conductivity. The introduction ofheterovalent 
impurities such as SrF2 into the LaF3 leads to a further improvement in the ion conductivity 
by about two orders of magnitude_Cl0l 

The purpose of this work is to achieve further improvement of the sensor electrical 
characteristics by influencing ion conductivity in such a way that the interfaces, not the 
bulk properties of the material, determine the capacitance of the device. We employed the 
simultaneous evaporation of LaF3 and SrF2 to produce a thin layer exhibiting high ion 
conductivity onto the silicon. Following gate metallization the electrical properties of the 
gas sensor were determined. Impedance spectroscopy and DC measurements were used to 
analyze the electrical properties of the thin layer structure. 

2. Materials and Methods

MICS sensor structures were produced using p-type Si with p = 10 Q. cm and (111) 
orientation. Thin films of LaF3 doped with SrF2 were prepared by thermal evaporation in 
a vacuum from LaF3 :SrF2 pellets. The content of SrF2 was 2 wt.%. The vacuum during 
evaporation was better than 5 x 10-6 mbar, the substrate temperature was 823 K, the rate of 
evaporation 0.3 - 0.6 nm/s and the film thickness 400 nm. The DC cathode-sputtering 
method was used to fabricate Pt thin films (30 nm). The ohmic contacts to Si were made 
with thin films of Al. Samples for electrical conductivity measurements were fabricated on 
sapphire substrates with Pt contacts to LaxSr

y
F,. 

For characterization of the sensor structures, high-frequency CV measurements were 
used. Impedance measurements were carried out in the frequency range of 5 x 10-2 

- 106 

Hz (IM5d; Zahner Electric, Germany). Electrophysical experiments were conducted in the 
temperature range of 300 -573 K. To prevent changes in the surface chemistry at high 
temperature, the conductivity and CV measurements were carried out under vacuum (l0-1 

Pa). The crystalline structure of LaxSr
y
Fz films was investigated by X-ray diffraction 

measurements. The chemical composition of the film was determined using XPS measure
ments. 

The influence of heating in an oxygen atmosphere (synthetic air) on the electrical 
behavior of the structures was investigated in the temperature range from 300 to 623 K. 
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3. Results

3.1 Sensor properties following preparation under vacuum 
The improvement in accumulation capacitance and steepness of high-frequency CV 

curves for Si/LaF3/Pt sensors with a direct-contact Si/LaF3 (MICS) compared to a Si/SiOz/ 
Si3NJLaF3/Pt structure is shown in Fig. 1 (curves a) and b)). As discussed in ref. (11) the 
increased steepness is due to three different reasons. First, a very low density of surface 
states ( < 1010 cm- 2 e v-1) was observed at the Si/LaF3 interface. This is related to a
surprisingly high reproducibility of the flat-band voltage for independent preparations 
(only± 60 mV). Second, the higher dielectric constant of the LaF3 leads to an increased 
capacitance in accumulation for comparable layer thicknesses. Third, the high ionic 
conductivity of the LaF3 leads to a voltage drop across the bulk of the LaF3 layer equal to 
zero for DC voltage. The insulating properties of the field effect device are determined 
here by the blocking ion conductor/semiconductor interface. The total voltage drop V0 for 
the field effect device is split into band bending Vs in the semiconductor and voltage drop 
across the insulator (Qs/C15). In eqs. (1) and (2) C3l us and uB are the normalized surface and
bulk potential, respectively, Q5 is the normalized space charge and C15 is the insulator 
capacitance under DC conditions: 
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Fig. 1. Capacitance/voltage curves of field effect structures (Ap, = 3.1 mm2);f = 10 kHz. a) Si/SiOi/ 
Si3NJl,aF3 /Pt (Si02 d = 76 run; Si3N4 d = 80 nm). b) Si/LaF3 /Pt. c) Si/La,Sr

y
Fz/Pt. 
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(2) 

For the MICS structure, C1s is equivalent to the interface capacitance and for a MIS

structure, to the capacitance of the insulator layer. Because of the much higher value of the 
interface capacitance compared to that of thin insulator layers, the relation between the 
surface potential in the silicon and the external gate voltage (eq. (2)) is different between 
MICS devices and classical structures with insulator layers (MIS), leading to steeper 
curves.01) 

The aim of doping the LaF3 layer with SrF2 was to improve the AC behavior (capaci
tance) in addition to the DC behavior, based on the increased ion conductivity known for 
heterovalent doped material.00J The increase in the capacitance for Si/LaxSr

y
F,/Pt samples 

having the same area is shown in Fig. 1, curve c). Since the capacitance is so high that it 
cannot be seen in the accumulation region of the CV curve, Fig. 1 is rescaled in Fig. 2. The 
expected improvement in capacitance is clearly shown, but there is a drawback in the fact 
that, in contrast to the theoretical prediction, the capacitance in accumulation does not 
become constant. We found that the reason for this behavior is a leakage of DC current. 
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Fig. 2. Capacitance/voltage curves of field effect structures (rescaled). a) Si/SiOi/Si3NJLaF3 /Pt. b) 

Si/LaF3 /Pt. c) Si/La,Sr
y
FJPt. 
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3.2 DC behavior of the sensor 
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The DC current behavior of a Si/LaxSryFz/Pt sample is shown in Fig. 3, curve a). For 
very high current it is easy to understand th.at the CV characteristics are disturbed. 
Therefore, we tried to improve the sensor behavior with different treatments which do not 
change the sensitivity of our sensor. The most efficient approach was thermal treatment in 
synthetic air. ln Fig. 3, the strong reduction in current through the sensor after heating it in 
synthetic air at 623 K for 4 h is shown. 

This behavior can be explained by the chemisorption of o;xygen and OH- groups from 
air. The chemisorption of oxygen and OH- groups by these films after heating in air was 
proved by X-ray and XPS measurements. It leads to the formation of additional negative 
charge in the film and reduces the conductivity ofF-ions. Furthermore, the Si/LaF3 contact 
becomes blocking, which leads to a significant reduction in DC current. After heating the 
sample in a vacuum at a temperature above 500 K, we again observed an increase in DC 
current through the structure. Therefore, the process of chemisorption of active gases is 
reversible. 

ln Fig. 4 the results of impedance spectroscopy measurements on the Si/LaxSryF2/Pt 
structure are shown. The DC current ofnontreated samples acts as a parallel resistance, as 
is obvious in the low-frequency range. Of course, this description is too simple and 
therefore, an influence of the heating procedure was al� found for higher frequencies. For 
the nontreated structure, there is no frequency e�ibiting a. pure capacitive behavior, as 
would be expected for field effect devices. In contrast, after thermal treatment, there is a 
large frequency domain (J> 10 Hz) that can be used. It should be noted that the reduced 
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Fig. 3. Influence of heating in air on the DC current of the structure SilLaxSryF2/Pt: a) without 
thermal treatment; b) after heating the sample in synthetic air for 4 h at 623 K. 
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Fig. 4. Impedance spectroscopy for a SilLaxSryF/Pt probe: a) without thermal treatment; b) after 
heating the sample in synthetic air for 4 h at 623 K. 

phase shift at high frequencies is not common for MIS structures. The reason for this 
behavior is the very high capacitance of our MICS structures and therefore, the small 
resistances of the Si bulk and the La,SryFz bulk are dominant at high frequencies. 

3.3 Properties of the ion-conducting layer 
The composition of the La,SryFz layer was analyzed using XPS measurements. Apart 

from some oxygen found in all the samples, the composition of the fluoride ion conductor 
was proven to be L<l(o.964)Sr(o.o36)F(2.96)· 

The investigation of the ion conductivity of this doped LaF3 layer when fabricated onto 
silicon is not very exact as there are problems with leakage current for DC measurements 
and additional resistances (silicon bulk and ohmic contact) for high-frequency investiga
tions. Therefore we used La(0_964iSr(0 .036JF(2.96l prepared on an insulating sapphire substrate, 
and two platinum contacts on top. 

The DC measurement of electrical conductance is complicated by the large (1 µC/cm2) 
polarization effect in such films, leading to an apparent static dielectric constant of l06.<12

l 

When a step voltage V was applied across the thin film sample the current increased 
rapidly to a maximum value /( o) and then decayed with time to a steady-state value /( oo) 
(Fig. 5). 

It has been pointed out by Sutter and Norwick(13l that if the polarization results from a
space-charge buildup due to blocking electrodes, then the conductance is given by /(o)/V; 
if it is the result of a dielectric relaxation phenomenon, the true conductance is given by 
/(oo)/V. 
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Fig. 5. Time dependence of DC current for a Si/LaxSr
y
F,/Pt structure, U = 2 V. 
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In agreement with the results for single-crystal LaF3 it has been determined that the 
polarization in these thin films is a space charge effect. A procedure for measuring 
conductivity is to measure I( o) using a step voltage. Furthermore, we used impedance 
spectroscopy to investigate the ion conductivity of these samples. Ohmic impedance 
corresponding to the bulk properties of LaxSr

y
Fz was found in the low frequency range of 

10 mHz -1 Hz. The results of the two measurements are in good agreement. 
The temperature dependence of conductivity <Jfor thin LaxSr

y
Fz films is shown in Fig. 

6. The electric conductivity of tysonite, LaF3, is due to the migration of fluorine anions,
according to the vacancy mechanism. Fluorine vacancies are ion current carriers in
tysonite structures. We observed a change in the dependence of <Jon temperature at T(c) = 
420-450 K. In the temperature range 300-600 K, the a(T) curves consist of two regions,
and satisfy the Arrhenius-Frenkel equation (eq. (3)), which is in good agreement with the
results for single crystals:0°l 

<JT = <J0 
exp(-Afl( <J)/kT), (3) 

where AfI is the activation enthalpy of conductivity. For the low0temperature region, AfI
= 0.335 eV and for the high-temperature region, AfI = 0.127 eV.

The conductivity of Lac0.964)Src0.036JF(2.96J films was determined to be 1.35 -1.6 x 10- 3 SI

m at 300 K and 1.3 � 2.2 x 10-1 Sim at 523 K. 
A comparison of the conductivity of LaxSr

y
F 

2 
films and LaF3 films at 300 K shows that 

the conductivity of doped films is at least two orders of magnitude higher than that of LaF3 
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Fig. 6. Temperature dependence of conductivity for Lac0.964lSrc0.036if <2.96l films (from impedance 
spectroscopy measurements). 

films. (Our measurements were not optimized for this low-conductivity LaF3, but in the 
literature, values for polycrystalline layers are 10- 5 -10- 1 Sim. <14•15l) 

3.4 Sensor characteristics 

For a sensor structure, Si/LaxSr
y
F/Pt, following thermal treatment in synthetic air, an 

improved CV curve was obtaind, as shown in Fig. 7 (compare with Fig. 2c). As predicted 
by the MIS theory, in the more negative voltage range, a nearly constant capacitance is 
dominated by the "insulator" capacitance (here interface capacitance; see below) of the 
MIS or MICS structure while the space-charge capacitance of the semiconductor is so high 
that it becomes negligible. This is a very advantageous curve in terms of the determination 
of gas concentration because the very high steepness of the CV curve reduces the error in 
potential caused by fluctuations of capacitance. 

To prove that sensor properties are not changed by the thermal treatment, the sensitivity 
to fluorine was investigated. A typical result is shown in Fig. 8. The sensitivity 
corresponds to the Nemst equation with a formal exchange of half an electron, and is in 
good agreement with the results for samples not exposed to thermal treatment and not 
doped with SrF2.<9l The dynamic behavior is also comparable between the two prepara
tions. The mechanism of the sensor reaction was discussed in ref. (9). 
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Fig. 7. Capacitance/voltage curve of the field effect structure Si/La,Sr
y
Fz/Pt after thermal treatment 

(Ap, = 3.1 mm2);f =10 kHz. 
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Fig. 8. Response of the field effect structure Si/LaxSr
y
Fz/Pt to different concentrations of fluorine. 
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4. Discussion

Following thermal treatment, the DC current of the sensor structure is small enough to 
be negligible with respect to the sensor behavior. For the discussion of the electrical 
behavior of this high-capacitance MICS structure, we use a simplified equivalent circuit, as 
shown in Fig. 9. Typically for a MIS structure the total capacitance CMis is determined by 
the insulator bulk capacitance C1s ( 4) and the voltage-dependent capacitance of the space
charge region of the semiconductor Csc (5) (surface state charge is neglected here). 

CMIS = 1 1 
- -+-.
Csc Crs

(4) 

For the ion-conducting layer, capacitance (2) and resistance (3) can be used for the 
description of the electrical properties. If there is direct contact between the ionic 
conductor and the silicon, as in our MICS samples, capacitance (4) can be omitted. The 
interfaces Si/LaF3 and Pt/LaF3 should each be represented by a resistance and a capacitance 
in parallel, but because of the very high resistance, a simplification leads to one capacitance 
(1). 

For the LaF3 without heterovalent doping, the ohmic impedance of the layer is high 
compared to the capacitive impedance for the frequency range of interest and has only a 
minor influence on the total impedance. At the same time, the interface capacitances of Pt/ 
LaF3 and Si/LaF3 are higher than the bulk capacitance of the LaF3 layer. The total 
impedance is complex<11J but the value is close to that of the bulk capacitance. 

1 ... 

2 8 

Fig. 9. Schematic of the sensor and equivalent circuit (see text). 
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For the Si/LaxSr
y
Fz/Pt structure the high ion conductivity leads to a bulk resistance of 

typically 80 Q (gate area 2 mm2). Compared to a capacitance of 1.3 nF, the bulkimpedance 
is dominated by the resistivity for frequencies up to 1 MHz. Furthermore, the resistance is 
small compared to the interface capacitances up to about 30 kHz (see Fig. 4). For the 
structure used it is not possible to distinguish between the Pt/LaF3 and Si/LaF3 interfaces. 
The total capacitance of both was found to be 900 nF/cm2

• This is a value that can be 

explained by a thin space-charge region formed by a distribution of fluoride ions near the 

interface. 

5. Conclusion

We have shown that the heterovalent doping of LaF3 by SrF2 leads to thin layers of 

LaxSr
y
Fz which can be used in a MICS sensor structure with improved electrical properties. 

At the same time, the behavior of the chemical sensor is not changed. The capacitance of 

the field effect device is determined by interface capacitances, while the bulk capacitance 

of the MICS is negligible, leading to much higher capacitances. 
The application of this improved behavior should not be restricted to chemical sensors 

but can also be applied to supercapacitors and other field effect devices. Cl6) 
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