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Abstract

The fabrication and performance of an ultra-thin-film integrated gas sensor for detecting impurities in semiconductor
process gases are described. Detector responses are based on gas-induced resistance changes in an ultra-thin
Ti-P film mounted on a thin dielectric window supported by a silicon rim. The window temperature can be
shifted several hundred degrees Celsius in less than one second. Gas-induced resistance changes are composed
of thermal and chemical components. The gas concentration and its thermal conductivity determine the thermal
contribution, whereas the chemical interactions between the gas and the sensor surface create a superimposed
change of resistance, which can be observed when the detector is operated at constant temperature. Pretreatment
of the as-deposited Ti-Pt thin films under controlled environmental conditions allows tailoring of the electrical,
sensing, and microstructural characteristics of the films. One such pretreatment scheme allows the creation of
films that, when operated at 150 °C, respond chemically to O, from 1000 torr down to the 1077 torr level without
any evidence of hysteresis or long-term drift over hundreds of cycles of temperature and gas. There is no chemical
response to CF,, which allows detection of sub-ppm levels of O, in CF,. Temperature-programmed desorption

(TPD) of O, is shown to be a control requirement for dynamic sensing.

Introduction

High process cost and chip complexity are driving
increased levels of semiconductor process equipment
automation in order to effect the rapid and accurate
real-time evaluation of tool and wafer diagnostic in-
formation. Such automation requires complex distrib-
uted sensing systems with appropriate detectors tar-
geting the parameters of interest. One of the key
parameters to be controlled is the composition of
semiconductor process gases, with particular emphasis
on gas purity.

Among the many possible methods for gas detection,
solid-state gas sensors appear promising due to their
potential for high sensitivity at relatively low cost.
However, present solid-state gas detectors have a num-
ber of shortcomings, ranging from insufficient sensitivity
and selectivity to the time-related problems of slow
response, long-term drift, irreversibility, and hysteresis.
There are inherent difficulties in controlling
gas—detector interactions, which are compounded by
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the multi-variant analyses required to deconvolute the
resulting electrical signals.

Improvement in these characteristics requires films
that interact with targeted gases in a predictable and
desirable way based upon previously observed mech-
anistic behavior, For example, in the case of conventional
continnous metal gate chemFETs [1, 2], Pd-gate MOS
devices respond to H, faster and with greater sensitivity
than MOS devices with other gate metals (see, e.g.,
ref, 3). This observed difference is mechanistic; it is
well known that H, diffuses through Pd but not through
other metals. Devices with discontinuous metal gates
not unexpectedly exhibit an enhanced response not
only to hydrogen but to a variety of other gases as
well [4-9]). Some of the chemFET pioneers have also
extended these principles in interesting ways, such as
applying a pulsed light beam to generate a photo-
capacitive current that varies with the surface potential
of an array of discontinuous films [10].

Among the critical considerations in film selection
is the reversibility of the response mechanism. Clearly,
irreversible reactions between the transducing film and
the gas should be avoided to ensure long-term stability
in the environment of interest. Thus, one set of possible
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transducing film candidates is the metal catalyst family,
since catalysts increase reaction rates but are not con-
sumed during the reaction itself. This paper describes
the usé of ultra-thin (100 A or less), preferably dis-
continuous, metal films for gas detection. The targeted
mechanism is reversible gas adsorption, leading to gas-
specific film conductivity changes.

Detector design and fabrication

The selected detection films were incorporated into
a silicon-based transducing structure. The structure
described is a modified version of one described else-
where [11). In this version, the thin transducing film
resides on top of a 1.3 mm square, 1.3 um thick dielectric
window of Si0O,, Si;N,, SiO,, micromachined in a silicon
wafer as shown in Figs. 1 and 2. The layered dielectric
structure provides stress compensation for improved
window integrity. A 5 um thick meandering deep boron-
diffused heater under the window allows heating to
temperatures above 1000 °C with a time constant of
about 15 ms and does not compromise the planarity
of the dielectric window. Additional structures include
thermocouples and thermopiles for independent tem-
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Fig. 1. Top view of the detector window with meandering heater,
thin metal transducing film with associated electrodes, and ther-
mopile structure. The window measures 1.3 mm X 1.3 mm.
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Fig. 2. Cross-sectional view of monolithic gas detector. The typical
thicknesses of the dielectric window, the boron-diffused heater,
and the overall silicon substrate are 1.3, 5 and 300 wm, respectively.

perature evaluation, contact resistance measurement
structures, and various detecting film geometries to
explore possible correlations between gas sensitivity and
transducing film surface area. A 300 um thick silicon
rim provides structural stability to the devices.

The detector fabrication process begins with a
1175 °C solid-source boron diffusion into a silicon wafer
masked by a patterned oxide. This diffusion defines
the heater and the silicon rim area on the front and
the final window area and chip dimensions on the back.
This patterned oxide is removed, and a thermal oxide
is grown, followed by polysilicon deposition, doping,
and patterning for the thermocouple and thermopile
structures. Films of LPCVD Si;N, and SiO, complete
the dielectric window stack. A buffered HF etch and
an r.f. plasma etch open contacts through the SiQ, and
Si;N, to the buried heater and the thermocouples. An
ultra-thin film, in this case 65 A Ti and 35 A Pt, is
then evaporated and subsequently lifted off outside the
lithograihically defined thin-film area. Similarly, films
of 200 A Ti and 1500 A Ir are sputtered and lifted
off to define the sensing and thermocouple electrode
regions. Additional metal layers of Ti and Au are placed
in the external pad areas to improve Au wire bonding,
Gold is not used in the interior of the device, since
the robust boron-diffused heater allows heating well
above the Au-Si eutectic temperature of 377 °C. Pho-
tographs of the fabricated detector are shown in Fig.

Detector test system

A custom-built vacuum system, interface circuit, and
automated test system were designed and constructed
for reproducible detector characterization (Fig. 4). The
vacuum system, supported by a Balzers turbomechanical
pump, had a base pressure of 103 torr. A 1.33" stainless-
steel testing chamber was connected to a rack of test
gases, the turbomechanical pump, and a VG Instruments
mass analyzer. The sensor was mounted on a 10-pin
electrical feedthrough connected to an external interface
circuit. An ionization gauge, a 1 torr Baratron gauge,
and a 1000 torr Baratron gauge measured pressure in
the system. The mass analyzer was placed so that the
background gases, the gases in the testing chamber, or
the feed gases could be analyzed.

The interface circuit provided an a.c. or d.c. signal
to the transducing film and the corresponding outputs
(D/A) were amplified and sent to the data-acquisition
system. The d.c. portion of the interface circuit (Fig.
4) compared a known resistance R, and an unknown
transducing film resistance, R,. The Ry, and Ry, values
were set at 2.5 k) and 100 Q, respectively. In these
experiments, only d.c. measurements were taken.



Fig. 3. Photograph of an array of detectors (above) and a single
device in transmitted and reflected light. The overall chip is
2.875 mm on a side.

Dynamic proportional-integral heater control was
achieved via GPIB interfacing to an 1IBM PC/XT com-
puter, and temperature overshoot was minimized to
prevent the accidental desorption of any species of
interest. Sudden pressure drops greater than a few
orders of magnitude caused control problems, since the
resultant temperature changes occurred far more rapidly
than the data-acquisition turn-around time for a single
measurement. Data-acquisition speed was limited by
the computer-controlled gain adjustments applied to
the ranging amplifier, A,. Smaller pressure changes,
faster data acquisition, or an appropriately placed pres-
sure sensor to detect large impending pressure changes
would alleviate this temperature-control problem.

Detector characterization

The average boron-diffused heater resistance was 585
) with an average temperature coefficient of resistance
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Fig. 4. Schematic of the overall test system (above) and the d.c.
portion of the detector interface circuit.

of 1573 ppm/°C. The heaters can be operated either
at a fixed heater current or at a constant temperature.
In the constant-heater-current mode, the thin-film re-
sistance change induced by the presence of gas contains
both a thermal and a chemical component. Alternatively,
in constant-temperature mode, the heater current re-
quired to maintain the fixed temperature indicates the
thermal component, whereas the thin-film resistance
change corresponds to the non-thermal, or chemical,
component. The nomenclature ‘chemical component’
would be slightly inaccurate for the case of a strongly
endothermic or exothermic reaction between gas and
sensor surface, because such a reaction would be in-
corporated into the thermal component despite being
chemical in nature.

A comparison of the heater-control modes is depicted
in Fig. 5 for the case of CF,. The detector only responds
thermally to CF, since there is a response at fixed
heater current (chemical and thermal components) but
not at fixed temperature (chemical component only).
The same quantities of differing species do not respond
identically; in fact, the differences are related to the
thermal conductivity of the gases present. The detector
will sense virtually all gas species even if they are
chemically inert to the film chosen. For a given species,
the required heater current is a function of the gas
pressure and the chosen temperature. An example for
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Fig. 5. Percentage resistance change at constant heater current
and constant window temperature vs. CF, pressure for a typical
monolithic gas detector.

7
< 67
E 4
5_
T
2
§ "
oy 1@150°C
s a 1@125°C
H 2_' ¢ l@100°C
T 4
) o 1@75°C
1 T T A T T T
o 200 400 600 80O

Hydrogen Pressure (mTorr)

Fig. 6. Heater current at various temperature vs. H, pressure.

the case of hydrogen is shown in Fig. 6. For a fixed
temperature, the heater current is adjusted depending
upon the desired temperature, the species type, and
the quantity of gas. While the thermal response provides
some information on the gaseous species present, the
thermal conductivities are not additive and are difficult
to deconvolve if multiple gas species are present.
The resistance of the as-deposited thin film ranged
from 189 to 249 €. With behavior paralleling that of
conventional catalysts, the detector performance was
enhanced by a stabilizing pretreatment. The pretreat-
ment aim was dispersion of the metals into istand-like
structures to increase the film resistance and the avail-
able surface area for adsorption, thereby targeting a
response time and sensitivity enhancement. In order
to effect this change, cycles of H, and O, were used
to alternately reduce and oxidize the Pt film, which is
known to increase Pt dispersion. The amount of ad-
sorbed oxygen deliberately allowed to remain on the
surface after the last oxygen cycle was also a pretreat-
ment variable. The final step involved a rapid high-

temperature treatment in various oxygen concentrations.
This treatment step also defined the upper temperature
limit for stable operation of the device. The degree of
dispersion as judged by the treatment times, temper-
atures, number of cycles, amount of adsorbed oxygen,
along with the conditions of the final treatment step
influenced both the final resistance and temperature
coefficient of resistance. The best performance was
obtained from those detectors exposed to the least
amount of oxygen. in the final step. As can be seen in
Table 1, a variety of films was created from the as-
deposited Pt-on-Ti combination during experiments to
determine the optimum pretreatment procedure. Some
of the detectors shown in this Table were further treated
after these measurements; two intermediate values of
detector G are shown, for example. Table 2 shows
qualitatively the role of oxygen in the final film char-
acteristics.

The relatively large nominal film thickness of 100 A
ensured good contact between the sensing films and
the substantially thicker sensing electrodes. Films thin-

TABLE 1. Resistances and temperature coefficients of pretreated
films of 65 A Ti plus 35 A Pt

Sensor Resistance TCR
«) {ppm/°C)
A 189 +360
A 400 +288
D 356 —118
B 425 +94
G 824 +701
G 2173 +863
F 4539 +771

“Untreated case.

TABLE 2. Pretreatment role of oxygen on the final electrical
characteristics of the detectors ‘Environment’ refers to the amount
of background oxygen present during the final pretreatment phase.
Note that the TCR value for F went from positive 771 to negative
766 with additional treatment in mtorr-range oxygen

Sensor Environment Resistance TCR

w {ppm/°C}
B high vacuum 423 +85
D atmospheric air 356 —-251
o mtorr-range O, 3298 —766
Sensor Adsorbed O, Resistance TCR

() (ppm/°C)
G* significant 2320 +1020
B intermediate 400 +800
r minimal 351 +377

*Films with fairly significant Pt redispersion.



ner than 100 A could be used to increase the sensitivity,
provided contact is not compromised. The detectors
responded to changes in gas type or concentration in
less than one second, faster than the time required for
a single data-acquisition measurement. In other words,
data acquisition was rate limiting, preventing quanti-
fication of the actual speed of the sensor response. All
of the detectors listed in Tables 1 and 2 responded
thermally and chemically to O, and H,, but only ther-
mally to CF,, He and CO. The chemical inertness of
the film to CF, allowed the detection of sub-ppm levels
of O, in the presence of CF,. Hereafter, only the
chemical responses will be described, since the sensors
were operated at fixed temperatures to compensate for
the thermal effects.

Oxygen was detected in the range 10-°-1000 torr,
as seen in Figs. 7 through 9. The data in Figs. 7 and
8 (film resistance of 395 ) and TCR of +283 ppm/
°C) were collected at operating temperatures of 119
and 167 °C, respectively. The Fig. 9 data (resistance
of 427  and a TCR of +348 ppm/°C) were obtained
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Fig. 7. Percentage resistance change at 119 °C vs. O, pressure
for detector A (R, of 395 ).
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Fig. 8. Percentage resistance change at 167 °C vs. O, pressure
for detector A (R, of 395 Q).
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Fig. 9. Percentage resistance change at 150 °C vs. O; pressure
for detector A (R, of 427 ).
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Fig. 10. Percentage resistance change in O, and vacuum vs.
temperature steps for an oxygen cycle of 150 °C followed by a
cycle in vacuum. Each step represents 25 °C, where steps 1-5
are increasing from 25 to 150 °C, and steps 6-11 are decreasing
back to 25 °C (detector A).

at 150 °C. In each case, the data are shown with respect
to Ry(T), which is the film resistance in vacuum at the
temperature of interest. The best vacuum achieved
during these experiments was 8 X 102 torr, which de-
fined, a priori, the lowest possible detection level. Al-
though the detectors quantified O, throughout this
range, the resolution was best in the 10~*-10" torr
range. Based on the detection mechanism (adsorption),
the range of greatest accuracy can likely be predeter-
mined either via the amount of transducing material
or the available surface area for adsorption. There will
be a trade-off between the available adsorption sites
and the resulting sensitivity once the films are thick
enough to be continuous.

Temperature-programmed desorption (TPD) of O,
was demonstrated with these Ti and Pt films. Cycling
the temperature in the presence of O, in 25 °C steps
with a step duration of approximately 20 s from 25 to
150 °C and back (Fig. 10) revealed hysteresis in the
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resistance change on the downward cycle. This suggested
either a slow equilibration, or an accumulation of
oxygen at the surface at higher temperatures that was
not subsequently desorbed at lower temperatures. Dur-
ing a second cycle, this time in vacuum, the detector
barely recovered at 25 °C, whereas temperatures above
100 °C enhanced the rate and extent of recovery. This
allowed dynamic flow experiments to be run at 150 °C,
since the sensor could continuously recover its ad-
sorption capacity via the on-going desorption of the
species already on the surface. When the device was
operated continuously at lower temperatures, the film
resistance did not track concentration or pressure in
real time because of accumulated surface oxygen. In
terms of long-term stability when operated at 150 °C,
the detector exhibited no memory effects during
hundreds of temperature and gas cycles.

This temperature dependence of the adsorp-
tion—desorption mechanisms can be further investigated
by extracting the film’s activation energy of conductance.
This has its basis in the relationship

In[G(TY/Go(T)] = —Ec/kT M

where G corresponds to the conductance at the tem-
perature of interest, (i, is the reference conductance,
E is the activation energy of conduction, & is the
Boltzmann constant and T is the temperature, so a
plot of In[G(T)/G(T)] versus I/T reveals E from the
slope. The data are plotted in this manner in Fig. 11
for four different oxygen pressures. The kinds in these
curves indicate differing conduction mechanisms de-
pending on the temperature. In each case, the curves
appear to have two regimes: one corresponding to the

in [G(T)/Go(T)] x 1000

-25 — e ——— ———
2.2 2.4 26 2.8 3.0 3.2

YT x 1000 (1/K)

Fig. 11. Natural logarithm of the ratio of the conductance in
various oxygen partial pressures to the conductance in vacuum
vs. reciprocal temperature. If curves were linear, the slope would
correspond to the activation energy of conduction. The nonlin-
earity indicates that more than one conduction mechanism was
involved.

100-150 °C range and the other to the 25-100 °C range,
which correlates well with the experimental evidence
from TPD.

The differing film pretreatment histories also resulted
in a variety of gas-sensing characteristics. An example
of sensitivity differences is shown in Fig. 12. A response-
time comparison was difficult, since most of the detectors
responded more quickly than the data-acquisition system
{<1 s). In many cases, the recovery times were also
too small to be quantified. Figure 13 shows the response
of a particularly slow detector to a step change in
oxygen concentration. The time constant of the response,
7, is defined to allow comparison of various detectors
as in Fig. 14. The higher-resistance detectors behaved
like conventional semiconducting oxide detectors with
high sensitivity, but also with the time-dependent prob-
lems of slow response, hysteresis, and long-term drift.

The differences in electrical and sensing character-
istics suggested microstructural differences were also
present. Scanning tunneling microscopy (STM) was
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Fig. 12. Percentage resistance change vs. O, pressure at 150 °C
for detectors A, F, G, and H, further illustrating differences in
sensitivity to oxygen.
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Fig. 15. STM scan comparison of the respective unique features
found in 2 0.8 um X 0.8 um region of a good performing detector
(H) (right) and a poor detector (F) (left). Detector H has a
much smaller grain size with striations aligned along the direction
of the meandering heater lines below the window.

chosen for preliminary characterization, since a non-
destructive area-specific method was required. A poor-
performing detector (F) and a good performer (detector
H) were compared for possible microstructural differ-
ences. The photographs taken of 0.8 um by 0.8 um
regions are shown in Fig. 15. Although the detectors
had some microstructural characteristics in common,
these photographs represent features that were unique
to each detector. In Fig. 15, the diagonally-striated
pattern on the good detector is parallel to the deep
boron-diffused heater lines, which suggests that the
electrode thin-film orientation could significantly impact
on both the film resistance and the device sensitivity.
Based on the conducting and non-conducting regions
in this Figure, it would also suggest a higher metal
dispersion in the good performer, but it should be
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noted that the contributions of Ti and Pt cannot be
separated.

Conclusions

An ultra-thinfilm gas detector [11-13] has been
developed with characteristics of high sensitivity, high
selectivity, rapid response time, and the absence of
long-term reliability problems. An appropriately pre-
treated transducing film of Ti and Pt was sensitive to
oxygen over a range of 10 orders of magnitude in
pressure and was stable over hundreds of temperature
and gas cycles. The detector was chemically inert to
CF,, thereby enhancing selectivity for the detection of
small quantities of O, in CF,. Temperature-programmed
desorption (TPD) was demonstrated and shown to be
an essential part of dynamic measurements. A variety
of films with differing electrical, gas sensing and mi-
crostructural characteristics was created from the as-
deposited films with appropriate pretreatments.
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