
Sensors for Detection of Gases in High-Voltage Power Transform rs:
A Research Program for Understanding and Improving Their Performance*

M.D. A1lendo@
A. E. Lutz

Combustion Research Facility
R. Bastasz

D. J. Klinke II*
Integrated Microtechnology Laboratory

Sandia National Laboratones The anbrnti maxmecrfpt be besm

Livermore, CA 94551-0969 authored by a tintraator of the United
States Government under codraet.
Accordingly the United States Gov-
ernment retains a non - exclusive,
royalty-free license to publish or re-
produce the published form of this
contribution, ox allow others to do so,

Abstract for United States Government prm-
poeee.

The operation of metal-insulator-semiconductor (MIS) sensors is described. These devices are
sensitive detectors of hydrogen and can be used for the purpose to monitoring hydrogen in high-
voltage power transformers. The utility of these devices could be increased greatly if they could
be designed to detect other gases indicative of impending transformer failure, such as acetylene,
ethylene, and carbon monoxide. In this paper, we report initial results of a research project at
Sandia National Laboratories/California designed to improve the understanding of MB device
operation so that multi-gas sensors can be developed. To date, we have successfully
implemented a model that predicts the steady state response of a palladium-based MIS sensor to
mixtures of hydrogen and oxygen. This model uses the commercially available software suite
known as Surface Chemkin, which is extensively used to model complex chemically reacting
systems. In addition, since time-dependent behavior can be exhibited by these devices, we are
incorporating into the model the ability to predict transient phenomena as well. Comparison of
model predictions with a limited set of experimental data indicates that published rate constants
for reactions of hydrogen/oxygen mixtures on palladium surfaces may require revision in order
to accurately predict observed experimental behavior. A combined modeling and experimental
effort is underway to accomplish this.

introduction

Sensors based on metal-insulator-semiconductor (MIS) devices are an attractive technology for
monitoring gases dissolved in the oil or appearing in the head space of high-voltage power
transformers. Such sensors are compact, electronically simple, and potentially economical to
manufacture if modern solid-state electronic device fabrication techniques are employed. MIS
sensors have been an active area of research for some time, but have primarily been developed
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for the detection of hydrogen.l-g However, such devices are capable of detecting other gases that
are important signatures of transformer malfunction, such as a~etylene (CZHZ),carbon monoxide

(CO), and ethylene (CZH,), but several technical problems must be surmounted before practical
application becomes feasible.
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Figure 1. Schematic of MIS sensor design and operation.

The concept behind these devices is shown schematically in Figure 1. The upper-left portion of
the diagram shows the device structure, which consists of three elements: 1) a layer of
catalytically active metal, such as platinum or palladium, whose outer surface is exposed to the
analyte gases; 2) a-layer of dielectric material, typically silicon dioxide; and 3) a doped-silicon
substrate. Depending on the configuration of these layers and the wiring of the associated
electronic circuit, sensors that function as resistors, capacitors, or transistors can be made. The
upper-right and lower portions of Figure 1 illustrate the operating principles of the capacitor-type
MIS sensor. Hydrogen, either dissolved in transformer oil or present in the head space above the
oil, is adsorbed (i.e., chemically bound) to the metal surface. When this occurs, the hydrogen
molecule dissociates into two hydrogen atoms. It is well known that atomic hydrogen can diffuse
rapidly through metals such as platinum and palladium. Hydrogen atoms arriving at the metal-
dielectric interface can become chemically bound at interface sites. This causes a change in the
electronic properties of the device (a change in the work function is thought to occur), which
causes a voltage shift in the capacitance vs. voltage curve (Figure 1, lower schematic). This shift
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can be readily measured and, with appropriate calibration, indicates the external concentration of
hydrogen.

The presence of other gases affects the ability of MIS sensors to detect hydrogen. For example,
oxygen binds more tightly to metals than hydrogen and thus can block hydrogen from adsorbing.
Hydrogen containing gases, such as acetylene, can dissociatively adsorb and form atomic
hydrogen at the surface, which then travels to the interface and registers as a signal. Since this
signal cannot be distinguished from signals caused by Hz, multi-sensor units must be designed
using more than one catalytic metal to detect more than one gas. Quantification of these signals
requires a detailed understanding of the interactions of the various gases with the sensor, an
aspect of sensor science that is directly addressed in this project.

Sandia is conducting a research project whose objectives are to develop a fundamental
understanding of the operation of MIS sensors and use this knowledge to design new sensors
capable of detecting the various gases of interest to high-voltage power transformer monitoring.
Sandia also developed expertise in the area of hydrogen sensors through internally funded
programs over the past decade. Several studies describing the fundamental processes occurring

in these devices have been published.b~7 In addition, research at Sandia’s Combustion Research
Facility (CRF) led to the development of sophisticated models capable of predicting the detailed
surface chemistry of gases such as hydrogen, oxygen, and various hydrocarbons with noble

metals, for applications such as catalytic combustion and chemical synthesis of ethylene. 10This

modeling made extensive use of Surface Chernkin,~ I a software package designed to assist in
modeling complex interactions between gas flows (which may be undergoing chemical reaction,
as in a combustion or chemical vapor deposition system) and a reactive surface. Thus, the
ingredients needed to develop the next generation of MIS devices are available. In this report, we
summarize our research efforts over the past year and describe future directions for the project.

Modeling the Surface Chemistry of an MIS Sensor

As mentioned above, chemical reactions between gases above the sensor and the catalytic metal
on its surface are responsible for the ability of these devices to detect hydrogen and other gases.
Since the presence of more than one gas in the analyte can affect sensor response, it is essential
to have a clear understanding of the details of this process. Such reactions can be quite complex
and require multiple chemical pathways to describe them.

The interaction of hydrogen and oxygen with the surface is particularly important to understand,
since oxygen, which is present at some level in aII transformers, can bind strongly to the sensor
surface and react with hydrogen. Figure 2 schematically shows the chemical reactions involving
hydrogen and oxygen that can occur on a noble-metal surface. These reactions basically consist
of three processes: 1) adsorption of hydrogen and oxygen to form adsorbed atomic species; 2)
reaction on the surface to form adsorbed OH and HZO; and 3) resorption of product HZO as well
as H2. (Because hydrogen is relatively weakly bound, its adsorption can be considered a
reversible process. Adsorption of oxygen at the temperatures typical of sensor operation is
essentially irreversible.)
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Figure 2. Schematic of surlace reactions involving hydrogen and oxygen. The
subscript “s” refers to species adsorbed on the surface. (), refers to an open
surface site.

The rates of the chemical reactions shown above have been the objective of intense study for
several decades. As a result, it is possible to predict quantitatively with some accuracy both the
steady-state and time-dependent composition of the surface as a function of the pressure,
temperature, and composition of the gas. During the past year, Sandia conducted an extensive
investigation of this behavion some key results are described below.

Steady State Sensor Response

We first consider the steady state response of the sensor, which reflects the performance of the
device after it has equilibrated over a relatively long period of time with the gas. The surface

kinetics used in these simulations are those published previously by Johansson et al.,8 but we

have used another published mechanism and obtained similar results. The operation of an MIS
sensor within a transformer can be simulated in one of two ways, both of which we have used.
One way is to use a model known as a continuously stirred tank reactor (CSTR). In this model,
gases flow through a vessel with a specified surface-to-volume ratio (S/V). The walls of the
vessel are catalytically active and simulate the surface of the sensor. A large WV is used to
reflect the very large amount of gas present in the transformer relative to the size of the sensor.
Alternatively, one can integrate the chemical reaction rates as a function of time and obtain the
solution at very long times. An example of results from the latter approach is shown in Figure 3.
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Figure 3. Steady state prediction

le-01 le+04
H2pressure (torr)

of surface composition for an MIS sensor as a function of
hydrogen pressure.

The curves in Figure 3 show that the species present on the sensor surface change dramatically as
a function of hydrogen concentration. At low hydrogen pressures (below 10 torr hydrogen in air),
the surface is fully covered by oxygen.* (Note: the sudden discontinuity in the ~ coverage
fraction below 10 torr is caused by the inability of the model to reach steady-state after
integrating the equations to 3 x 1015s and is not expected to be a real effect). At a hydrogen
pressure of about 10 torr, however, the fraction of hydrogen on the surface (K) begins to climb.
When the amount of hydrogen reaches about 10 torr, the surface is completely covered by
hydrogen. Prior to and during this transition, the concentration of hydrogen at the interface
steadily climbs, indicating that the MIS device should be sensitive to hydrogen over a wide range
of pressures. The behavior displayed in Figure 3 agrees with an earlier investigation by

Johansson et al.,g who were able to simulate actual steady state experimental data obtained from
a palladium:based sensor. Thus, we now have a predictive capability for simulating the steady
state sensor response to hydrogetioxygen mixtures. —

*In the mechanism used, oxygen occupies four surface metal atom sites on a (100) surface; thus its maximum
coverage fraction is only 0.25. Hydrogen occupies only one, so full coverage comesponds to a coverage fraction of 1.0.
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Time-Dependent Response of an MIS Sensor

Ideally, sensorperformance shouldbe independent oftime, i.e., there shouldbe nodrift inthe
signal or other changes that might indicate a false reading. However, MIS devices can display
long-term drift as well as sudden shifts in their output voltages. It is thus desirable to understand
the factors leading to this time dependence so that steps can be taken to eliminate it.

To model the time-dependent behavior of MIS sensors, we modified an existing Sandia batch-
reactor code intended for modeling only gas-phase reactions so that it could also incorporate
surface chemistry. The new code, which we call Surjace SHWZV, integrates the rate equations
for various chemical reactions as a function of time, providing a time-dependent view of the
species on the sensor surface. A sample of the output of one calculation is shown in Figure 4.
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Figure 4. Concentration of surface hydrogen and oxygen (H, and 0,, respectively) and
hydrogen at the metal-dielectric interface as a function of time.

.—

As is evident from Figure 4, the species present on the sensor surface can undergo dramatic
changes as a function of time. For example, in 76 torr of hydrogen mixed with air, the bare
palladium sensor surface rapidly reacts with oxygen, to the point where adsorbed oxygen (0,)
completely covers the surface after only about 1 VS. After less than 1 s, however, this oxygen is
replaced by hydrogen (~) in a smooth transition. During this time, hydrogen at the interface ~
steadily increases, reaching a steady-state value at about the same time that the surface becomes
saturated with hydrogen. When lower concentrations of hydrogen are present (0.76 torr in
Fig. 4), the transition from an oxygen-to a hydrogen-covered surface occurs extremely rapidly,
but at much longer times than at higher pressures.
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Although the reasons for this behavior are somewhat complex, they can be determined
straightforwardly by analysis of the information on reaction rates provided by Sur.$aceSENKIN.
In brief, the metal surface is so reactive that it is initially covered almost completely with
oxygen, leaving only a few open sites where hydrogen can adsorb. The adsorbed hydrogen reacts
quickly with the oxygen to form water, which then desorbs, opening up several new surface sites.
The number of open sites that become available is related to the crystalline face exposed to the
gas. Once a few sites open up, the rate of hydrogen adsorption and water formation increases. A
positive feedback loop is created that ultimately leads to an event somewhat like ignition, in
which all of the surface oxygen is suddenly “burned” to form water vapor, leaving the surface
occupied by hydrogen atoms.

From the point of view of MIS device fabrication, there appear to be at least two important
conclusions that can be reached from these results. First, the transition to the steady state
condition in which the surface is hydrogenated can be accelerated by using high concentrations
of hydrogen. Second, the time required for the transition to occur is closely linked to the number
of sites occupied by oxygen atoms. In the present model, oxygen requires four metal atoms to
adsorb, which is based on the assumption of a surface of the (100) type. This surface does not
have the lowest energy, however. The lowest-energy surface is typically the (111) surface, in
which oxygen occupies sites with three-folds ymrnetry; in this case, only three metal atoms
interact with an adsorbed oxygen atom. So, the time required to reach steady state is expected to
depend on the grain orientation of a sensor’s metal surface.

Surface Chemkin Model

Although equations describing the steady state and time-dependent response of the sensor could
be solved in a number of ways, there are several important advantages to the models we have
developed, which use the Surface Chemkin software to predict the concentrations of surface
species and interracial hydrogen. First, this software package is designed to handle large-scale
surface mechanisms involving many species and reactions. Thus, it will be straightforward to
add to the model reactions describing the interaction of gases such as acetylene. Surface
Chemkin contains an interpreter that allows the user to input reaction data through a simple
ASCII file, with no need to directly construct the corresponding mathematical equations. Second,
the Surface Chemkin software is commercially available; PC and work-station versions are

available from Reaction Design. 12The model can thus be used by individuals directly engaged
in sensor design and manufacture. Finally, Chernkin is an extremely robust package; it is the
world-wide standard for modeling high-temperature combustion problems and as such has been
thoroughly tested by more than 2,000 users.

Model Calibration by Comparison With Observed Time-Dependent Sensor
Response

As described in the introduction, Sandia developed palladium-based MIS sensors that can detect
hydrogen. As part of this effort, experiments were performed to measure the time-dependent
response of MIS sensors to short pulses of hydrogen. These data can be used to test and calibrate
the model we are now using to predict MIS sensor response (Figure 5). The transient CSTR
model referred to above can be used to model these data and the results are shown in Figure 6.
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Figure 5. Time-dependent response of a Sandia MIS sensor (right) to a pulse of H2 (left).

As is evident from Figure 5, the sensor response characteristics are temperature dependent. At
lower temperatures (below 100 “C), the voltage increases smoothly with time, approaching a
steady state value. At higher temperatures, there is a sharp initial rise, after which the signal
begins to fall. This variation in behavior indicates that, at the lower temperatures, hydrogen
accumulates at metal-dielectric interface sites. But, at higher temperatures, hydrogen resorption
must be occurring, resulting in a depletion of hydrogen at the sensing junction.
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Figure 6. Time-dependent response of the Sandia MIS sensor as predicted by the transient
CSTR model.

The model as presently configured does not reproduce this behavior (Figure 6). In contrast to the
multiple phenomena that seem to be apparent in the experimental data, the model predicts a
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steady decrease in the steady state voltage as the temperature increases. If one extrapolates the
experimental data to very long times, the relative ordering of the curves with respect to
temperature appears to be correct. This suggests that the thermodynamics of the model are at
least qualitatively consistent with experiment. However, the particular reaction rates used in the

model reported by Johansson et al.8 may be not be applicable in this case. This disagreement
provides an opportunity to determine the actual rate constants by adjusting the model to
reproduce the behavior shown in Figure 5. The validity of this approach can be tested through
additional experiments that are conducted under different conditions and compared with model
predictions. We have begun the fitting exercise to provide data necessary to fully validate the
model. These efforts should be complete by the end of the 2000 project year.

?-

Summary and Conclusions

Our modeling efforts to date have produced three key results. First, we have successfully
implemented the model proposed by Johansson et al. to predict the steady state composition of a
palladium-based MIS sensor. This model can be transformed using equations described by

Johansson8 to yield the actual sensor voltage, if desired. Using this capability, we can predict the
behavior of such as sensor as a function of gas mixture and account for the effects of oxygen in
the transformer oil or head space. Second, since this model uses Surface Chemkin, a robust,
commercially available software package, it can be be efficiently coded and executed. Finally,
we now have the ability to predict the time-dependent behavior of an MIS sensor. To our
knowledge, a model of this nature has not been available until now. Preliminary results reflect
anecdotal evidence that MIS sensors can sometimes display sharp changes in their output
voltages after long periods of time.
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