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Miniature Nernstian oxygen sensor for deposition and growth environments
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A miniature Nernstian-type oxygen sensor employing an ionically conducting stabilized zirconia
solid electrolyte and an embedded internal reference electrode is developed and is tested in the
temperature range 275-425 °C. It is intendedficgitu monitoring of oxygen content in deposition

and growth environments. Advantages of this sensomaséu generation of the Ni/NiO two phase
internal reference thin film electrode using a solid-state oxygen Coulometric titration technique, its
small size(5 mmx10 mm), flat geometry(<1 mm thick), relatively low operating temperature, and

the fact that the entire sensor can be immersed in the gaseous environment with the unknown
oxygen content. The latter feature is distinctly different from commercially available Nernstian
oxygen sensors, which employ two-compartment geometries. Depending upon temperature, the time
constants for the sensor response to changes in oxygen pressure ranged from seconds to minutes,
which is exceptionally fast for these moderately low temperatures. The small thermal mass and size
of this single-compartment electrochemical sensor make it suitabia &tu and noninvasive real

time monitoring of oxygen content during thin-film deposition or bulk growth of complex oxides.

© 2002 American Institute of Physic§DOI: 10.1063/1.1424906

I. INTRODUCTION properties often depend strongly upon, and may vary signifi-
Advanced materials often constitute the vital core of newcac\fleyvglt?ﬁa(:)%gnipolngfnsio'ngogitfgl r'1[t Ijucr)if;eno;ri]gecssr?t'he-
technologies. For faster, cheaper, and more effective ways of_ . ' ) ' Of 0Xyg aunng y

sis is accomplished indirectly by flow mixing or postmortem

developing new materials, it is imperative to hawesitu h oo ¢ th " ial Unf |
control of primary synthesis parameters such as compositiofi’a'acterization of the resulting material. Unfortunately,

and temperature at the growing surface. Unfortunately, modf€Seex situtechniques are largely ineffective for rapid de-
methods employed for this purpose are necessarily empiricdfeloPment of complex oxides. Henda,situ monitoring and
in nature and there is no easy and cost effective solution tGONtrol of the local oxygen content around the growing oxide
this urgent problem. Secondary synthesis parameters ardgl Important in order to obtain the desired phase in bulk or
postmortem characterization of the resulting material are ofthin-film form with a prescribed and precise oxygen stoichi-
ten the only tools available for fine tuning of the depositionOMetry.
or growth process. Naturally, development of new sensors The purpose of this communication is to report the pre-
andin situ analytical tool$? will greatly benefit these other- liminary progress regarding the development of a miniature
wise iterativeex situmethods that necessarily lead to expen-Nernstian-type oxygen sensor for the monitoring of oxygen
sive and slow progress. in deposition and growth environments at moderate tempera-
Multicomponent oxides exhibit a wide range of scientifi- tures. As distinct from the commercially available large, tu-
cally interesting and technologically important properties.bular, and bulky oxygen sensors of this kind, this sensor is a
But their inherently complex phase relations and crystakingle-compartment, flat device with an embedded reference
structures pose difficult challenges for the synthesis of thelectrode. It has a logarithmic response and is exceptionally
desired phase with the correct oxygen stoichiometry. There isensitive to detect small quantities of oxygen in a gas mix-
an intimate relationship between the stability of the oxideture. The wide range of oxygen partial pressures it can accu-
phase and the nature of the oxygen environment duringately sense is limited only by the onset of electronic con-
deposition and growtf? Similarly, their electronic transport duction in the ionically conducting solid electrolyte under
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extremely reducing conditions. In the case of stabilized zir-Their high operating temperatures require the use of bulky
conia, for example, the lower boundary of its electrolytic heaters. Maintaining gas-tight structural separation between
domain where the ionic and electronic transference numbeithe oxygen reference electrode compartment and the envi-
become 0.5 eachi.e., 50% of the electrical charge through ronment of interest is also a problem. These considerations
the solid electrolyte is transported by ionic defects and thenake them unsuitable for monitoring the oxygen content in
remaining 50% is transported by electronic speciesabout  controlled environments for thin-film deposition and growth.
10~ % atm of oxygen partial pressure of 1000 °C, and ¥0

atm at 800 °C2 Consequently, the range of oxygen partial

pressure where the zirconia solid electrolyte remains preH. MATERIALS ASPECTS

dominantly ionically conducting is extremely wide, covering N ) )

oxygen activities from 5 atm down to 16° atm at tempera- ' n€ critical component of the Nernstian sensor is an ox-
tures below 1000 °C.lt is for this reason that this type of |d§ ion conducting sol[d electrolyte, ;uch as stabllllzeq zirco-
sensor, in principle, has the ability to detect and monitoria; that allows selective .and fast dlfoSlop of oxide ions at
extremely low oxygen partial pressures. The sensors in thi§lévated temperatures. Zirconia (£jQtself is nonconduct-

study, however, have not been tested below“@tm of N9 both electronically and ionically but displays consider-
oxygen partial pressure. able solid solubility(up to 20 mol % for many alkali and

In contrast to the commercial oxygen sensors, which aréa'€-€arth oxides at elevated temperatures. When the high-
bulky with internal gas cavities and poor thermal shock re{emperature cub|g fluorite phase of zirconia is stablllzeq by
sistance, this single-compartment sensor possesses a ISRPINg with alkali or rare-earth oxides, the dopant cations
thermal mass due to its small size and is also nonobstructiviHbstitute for the Zr* sites in the crystal structure giving rise
in the deposition and growth environments. Naturally, thesd© the creation ,Of oxygen vacancies in order to ma.u'n.taln the
advantages also make this sensor of practical intereshfor charge neutrality of the crystal. Since the solubilities are
situ control and monitoring of oxygen content in other appli- high, the resulting oxygen vacancy concentrations in the

. i i i 9
cations such as flue gases and mixtures, molten metals aﬁl&)ped material are also very high. For example, 10 mol %

alloys, steel-making, metal foundries, combustion processeg,ao sta_b|||zed zirconia contains about 10 mol % oxygen va-

. . - +4 -
medical applications and devices, air management systemg?ncy since each Cd sitting in a Zr'* site leads to the

electronic circuits, and hermetically sealed chips. creation of one oxygen vacancy fqr_ charge compensation. By
Currently, two types of high-temperature electrochemi-the same token, 8 mol %,0; stabilized zirconia YSZ con-

cal oxygen sensors are commercially available. Both use ste@mséabr? ut ﬁ n;]ol % oxygen vacatnclfas. hi f
bilized zirconia as the oxide ion conducting solid electrolyte . tch a nigh vacancy concentration, approaching a frac-
and operate at elevated temperatures 800—1000°C. The fi&?n of the Avogadro numper, faqhtates the sglectlye d.'ﬁu'
kind is a limiting current-type sensot which operates on sion of oxygen through this family of doped zirconia via a

the principle of diffusion limited current induced by the vis- vacznci/_ Fi'fﬁ;s'\'ﬂ"” mech?:sn:, %lym? rlsz tot_ ath'gh lonic
cous flow of molecular oxygen through a small circular ap—Con uctivity. “vioreover, the electrica’ conductivity remains

erture from the measuring environment into a ceramic Cavit)predommantly lanic in naure even at elevated temperatures

that employs a stabilized zirconia solid electrolyte. This senyvith practically no concomitant electronic conduction over a

sor has a linear response with respect to oxygen content bm'de range of oxygen act|\_/|t|es._ In other words, the transfer-
ence number for oxygen ions is near unite., t,>0.99),

suffers considerably from interference effects from other” =~ ' ;

oxygen containing chemical constituents in the environmenﬂ.nd'Cat.mg that allmo'st all current through the solid electrolyte
It also performs poorly at low oxygen concentrations wheré® carried by oxide ions.
limited current plateaus are not well separated to offer satis-
factory resolution for accurate determination of oxygen con-

tent. Hence, this type of sensor may not be well suited fofll. OPERATING PRINCIPLE
deposition and growth environments with low 0xygen con-  gjacirochemical oxygen sensing involves the electrode

tent:rh d kind. which is of icular i hi reaction for oxygen incorporation into YSZ whose elemen-
e second kind, which is of particular interest to t 'Stary step$® can collectively be summarized as

paper, is a logarithmic response concentration cell-type sen-

sor operating on the Nernstian principl& Presently, all 302(= Oadm)» (1)
commercial Nernstian-type oxygen sensors have a two- O £ VO 49l — O @)
compartment tubular geometry where the inside compart- —2dM " T0(Ys2) T £EM) T 0(YS2),

ment is usually exposed to air that serves as the referenaghere, in accordance with Kger—Vink notation,Vy indi-
electrode for fixed and known oxygen activity, while the out- cates an oxygen vacancy in YSZ with an effective charge of
side electrode senses the unknown oxygen content in the2 with respect to the perfect lattice @ neutral oxygen
environment. This type of sensor — also known\asensor  occupying a normal oxygen lattice site in YSZy§is mo-

— is widely used in the exhaust gas manifold of automobiledecular oxygen in the gas phase,q), is adsorbed oxygen
manufactured in Western countries. The accuracy of thesen the metal electrodéM), andey, is an electron with an
commercial sensors is well documented down to*Gatm  effective charge of-1 located in the metal electrode. Equa-
of oxygen partial pressuré$.These two-compartment sen- tion (1) represents the dissociative adsorption of molecular
sors are bulky and prone to thermal and mechanical failureoxygen on the metal electrode surface. The adsorbed oxygen
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Reference Electrode Metal/Metal Oxide layer (50-100 nm)
, Aulayer (<100 nm) / Ag layer (50-100 nm)

Glass layer (~0.5 mm)

~1 mm
E
A
/ . Electrode lead
Sensing Electrode (fine Pt wire)
Porous Pt layer . . .
(~ 1 pm) (in unknown oxygen FIG. 1. Cross-section and top view of the schematic
environment) structure, dimensions, and individual thickness of the
thin-film layers of the solid-state Nernstian oxygen sen-
Metal/Metal Oxide layer sor with embedded Ni/NiO internal reference electrode.
/ covered by Ag layer
/ Au oxygen diffusion barrier
L~ covering M/MO and Ag layer
A
5 mm

Electrode lead
(fine Pt wire)

Y~ Glass encapsulation covering

complete wafer

A

»
10 mm 4

picks up two electrons from the metal electrode, surface difalumina on one side anddm diamond paste on the other. A
fuses to a charge transfer site at a three-phase boundary, atiih layer of porous Pt deposited from an unfluxed Pt paste
is incorporated into the vacancy site in YSZ as a neutraformulation(No. 6926 Engelhard Corpon the rough side of
species in Eq(2). YSZ for better adhesion serves as the oxygen sensing elec-
If there is a difference in the oxygen chemical potentialtrode where Reaction&l) and (2) take place. The sensing
across the solid oxide electrolyte, the resulting difference irelectrode is completely exposed to the ambient environment
the oxygen activitiesao, , is related to the open circuit po- whose oxygen content is to be determined and monitored.
tential E across the electrolyte by the Nernst equation: The Pt paste coating is fired in air at 900°C for 1 h to
Ly remove the organic constituents and form a porous adhered
E=—RTnF In(aozlaoz ’ © layer less than Jum thick. In order to make the electrical

whereR is the universal gas constaiitdenotes the tempera- connection to this electrode, a 0.003-in. di&n0762 mm

ture, n is the gram equivalent for oxygen, and the superfine Pt wire is embedded in a blob of Pt paste placed on top

scripts indicate different oxygen activities on each side of thedf the porous electrode layer and fired at 900 °C for 30 min.

electrolyte. Assuming Reactida) is in equilibrium, i.e., dis-  Alternatively, Ag pastéSPI Supplies, Silver Paste “Plus” 30

sociative adsorption of molecular oxygen on the metal elecGM) was used to attach the Pt wire to the electrode layer

trode surface is sufficiently fast, and that ideal gas behaviowhen lower temperaturege., 250 °C for 30 mihwere re-

is valid for these moderately elevated temperatures,(8q. quired for firing.

can be expressed as A key feature of this sensor design is the internal oxygen

reference electrode formed electrochemically situ and

E=—RTA4FIn(Po,/Precz), 4 made of a suitable metal-metal oxide mixture that has suf-

whereP,0; is the reference oxygen pressure on one side oficient electronic conductivity. The Gibbs phase rule dictates
the electrolyte andPo, denotes the unknown oxygen pres- that the two phase metal-metal oxide binary equilibrium
sure of the environment on the other side. If the oxyger{'xes the oxygen activity at a given temperature. Hence, this
activity on one side of the electrolyte is fixed by a suitablefxed and known oxygen activity serves as the oxygen refer-
reference such as air or a metal/metal oxide two-phase mip€NCe potential against which the unknown oxygen content is
ture, then the unknown oxygen presstig, can readily be obtained in aC(_:ordance W|th Eqﬂ,) Aqother key. feature is

extracted from Eq(4) which, in fact, represents the basic the encapsulation and physical isolation of the internal refer-

principle on which Nernstian-type oxygen sensors operate.ence electrode from its gaseous environment so that ; _does
not exchange oxygen with its surrounding. This is a critical

design consideration for reliable performance of the sensor.
The next step in the process is the fabrication of the
The schematic design of the sensor is shown in Fig. 1lembedded, thin-film reference electrode on the smooth sur-

Single crystal wafers of 10 mol % 05 stabilized ZrQ  face of the YSZ electrolyte. Two techniques, namely, direct

(YSZ) cut into 10 mmx5 mmx0.5 mm elements are used current(dc) sputtering and pulsed laser depositidLD),

as the solid oxide electrolyte. Opposite flat surfaces of thénave been used for depositing thin films of the precursor

YSZ are polished to different surface roughness using®0 layer for the internal reference electrode. Although there is

IV. MINIATURE SENSOR DESIGN AND FABRICATION
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no fundamental reason not to start with the metal layer as ththe YSZ solid electrolyte that serves as an oxygen pump
precursor, for various experimental reasons, we have founskelectively transporting small but precise amounts of oxygen.
that starting out with the metal oxide precursor layer inThis corresponds to changing intermittently the composition
preparation for the metal-metal oxide binary mixture gaveof the NiO layer at each titration step by removing electro-
more satisfactory results. Most important, this strategy elimi-chemically controlled amounts of oxygen from the NiO/YSZ
nates inadvertent oxidation of the metal precursor layer durinterface and subsequently allowing the cell the relax to its
ing subsequent coating of the Au barrier layer, as well as theew equilibrium. The Ni/NiO binary mixture forms when the
molar volume expansion during oxidation that may causedxygen activity at the interface eventually attains the thermo-
cracking of the encapsulation. If such cracks develop, oxydynamic value where Ni and NiO coexist in equilibrium at
gen from the ambient may leak into the embedded referenciat temperature. The major advantage of using the Coulom-
electrode, destroying the two-phase equilibrium giving riseetric titration technique is the ability to generate the two-
to catastrophic failure of the sensor. phase Ni/NiO internal reference electrodesitu.

The initial experiments using Cu or CuO precursor lay-
ers to prepare the Cu/@d or Cyp,O/CuO reference elec-
trodes were not successful partly due to high diffusivity andV' RESULTS AND DISCUSSION
solubility of Cu in the Au and glass encapsulant layers inthe  Of the 16 sensors that have been fabricated, only few
case of Cu/Cy0 and to insufficient electrical conductivity of were operational. The majority failed for mechanical, ther-
the CyO/CuO mixture. Thus the results reported in this ar-mal, or chemical reasons at various stages of fabrication and
ticle involve the use of Ni/NiO reference electrodes only. testing. The sensors that were electrically and mechanically

YSZ wafers that already have the Pt sensing electrodeis tact were tested in air for the temperature dependence of
on the rough face were coated with 50—100-nm-thick NiOtheir open circuit potentials using a temperature program-
films on the highly polished face. The NiO layers coveringmable heater. At a ramping rate of 5 K/min, the temperature
an area of 3 mnx6 mm were often deposited by PLD using coefficients for the open circuit potential of the sensors var-
a 248 nm excimer laser source and a Ni metal target. Oxygeied in the range from-0.46 to—0.50 mV/K, in good agree-
partial pressure in the deposition chamber was 20 Pa whilment with the expected value 0f0.488 mV/K for the
the single crystal YSZ wafers were maintained at room temNi/NiO equilibrium.
perature. A nonporous 0.1-dm-thick layer of Au deposited The sensors were tested for their response to changes in
by PLD, sputtering, or from a paste formulation is used asoxygen pressure in the temperature range 275-425°C. The
the oxygen diffusion barrier that completely encapsulates thepper limit of the temperature range is set by the softening
NiO layer. Typically, this is done by coating the NiO film by point of 447 °C for the glass frit used for encapsulation. A 1
a 100 nm Au layer using PLD at room temperature and dl/4-in.-diam and 18-in.-long quartz tube equipped with an
pressure of X104 Pa, which led to the best results. It 8-in.-long external cylindrical resistance heater is used for
should be noted, however, that attention must be given tthis purpose. In actual deposition chamber environment,
thermodynamic considerations such as solid solubility andheating of this miniature sensor to the desired operating tem-
chemical compatibility between different layers in Fig. 1. For perature may be achieved using a thin Mo sheet heater. The
example, the solid solubility of Ni in Au is 13 atm.% at sensor assembly can be placed close to the substrate to moni-
500 °C. This necessitates the insertion of a chemical barrigior oxygen activity during deposition of complex oxides
layer to prevent Au alloying with Ni in the Ni/NiO reference films, but care should be taken to properly shield the sensing
electrode and affecting the local oxygen activity. Silver isPt electrode from the plasma during physical vapor deposi-
found to be an effective barrier interlayer and provided thetion.
best results. The 50-100-nm-thick Ag interlayer was also  The sensor element is placed inside the quartz tube that
deposited using PLD following the deposition of the NiO is connected by a switching valve to a cylinder of He and a
layer while keeping the YSZ wafer in the vacuum chambercylinder of air, so that the gases could be switched rapidly
To ensure a good electrical connection with the referenceroviding sudden changes in the oxygen environment of the
electrode a fine Pt wire embedded in a Au paste formulatioisensor element. Even at these rather moderate temperatures
(Hanovia UR No. 01-FMis placed on the Au layer and is of 275-425°C, the sensors responded rapidly to changes in
fired in air at 850 °C to remove the organic binder. The lasthe oxygen activity indicating good sensitivity and suffi-
step of the encapsulation process involved the use of a Cormiently fast kinetics on the Pt sensing electrode. The response
ing No. 7570 grade glass frisoftening point: 447 °Cto  behavior of one of the sensors at 425 °C is depicted in Fig. 2,
coat the Au barrier layer and achieve complete isolation ofvhich shows a full cycle switching from air to He gas and
the internal reference electrode. The PbO-based glass fihen back to air environment. The drop in open circuit po-
coating was fired at 500 °C for 30 min. The thickness of thetential upon switching to He flow corresponds to an oxygen
glass coating was approximately 0.5 mm. partial pressure of 4210 4 atm which is typical for the

After encapsulation, the final stage of the fabricationoxygen impurity content in regular purity He gas cylinders.
process involved the generation of the Ni/NiO internal refer- It should be noted that the sensor response is of the order
ence electrodén situ, by partly decomposing the NiO em- of seconds, impressively fast for these moderate tempera-
bedded layer. Solid-state oxygen Coulometric titrdtfomas  tures. Based on these findings, this sensor may be operated at
employed for this purpose. It involves the application of aaround 400—425 °C for best results. And although it has only
small dc bias galvanostatically or potentiostatically acrosseen tested down to about 1batm of oxygen pressure, this
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FIG. 2. Time-dependent variation of the open circuit potential of the sensor
depicting the response at 425 °C to changes in the oxygen content as the
environment around the sensor is switched from air to He gas and back to
air.

sensor should be able to detect much lower oxygen pressures 14 15 16 17 18 19
as does its commercial counterpart. This is because the zir-
conia electrolyte, which is primarily responsible for the ac-
curacy and resolution of detection, remains predominantlyFIG. 4. Arrhenius plot for the time constants of sensors. The squares denote
ionically conducting down to extremely low oxygen partial st_Jdden decrease ir_1 oxygen _activity switchi_ng from air to He, while filled
pressures at these temperatL?res. triangles represent increase in oxygen activity from He to air.

The small, sudden increase of open circuit potential
upon switching from air in the quartz jacket to flowing He by ) ) ) ) o
opening the He cylinder valve can be contributed to the cool€N@Nges in oxygen environment manifests itself as distinct
ing effect of the flowing gas. Indeed, the 3.8 mV increase irfctivation energies. Clearly, the activation energy is much
the open circuit potential in Fig. 2 corresponds to a temperal@rger for the case of decreasing oxygen actiyitg kJ/mo)
ture drop of about 7 °C, which agrees with experimentali’ the enwronmen(l.e.,_fr_om_ air to He)_than it is for the case
observations. It is also clear from Fig. 2 that there is asymWhere the oxygen activity is increasirig8 kJ/mo). Unfor-
metry in the response behavior of the sensor going from higﬁunately, it is not possible at this time to attribute these en-
to low oxygen activity(i.e., from air to H¢ as opposed to €rgies to a particular physical phenomenon.
going from low to high activity(i.e., from He to ai. It is well known, however, that molecular oxygen readily

The sensor response to Changes in the oxygen enviro@.dsorbs on Pt surfaces with very low activation energy of
ment is adequately represented by an exponential functio@bout 12 kJ/mot> Below 120 K, oxygen adsorbs predomi-
Figure 3 shows a good fit to the experimental data for théantly in molecular form and dissociates into atomic oxygen
ear|y part of the response forx2 min. Time constants de- when Pt is heated to 300 :}é,With an activation energy of 33
rived from the best fit to the exponential decay in the sensokd/mol for the dissociation of molecular adsorbed oxytfen.
response are presented in an Arrhenius plot in Fig. 4. Th&onversely, the values of the activation energies for oxygen
scatter in the data is considerable and may be related to teriesorption from Pt surfaces are much higher and vary up to
perature variations resulting from the cooling effect caused13 kJ/mot”*® depending upon the particle size, site, and
by differences in gas flow rates as He and air are switche@rystal surface of Pt as well as the extent of atomic oxygen
back and forth. The asymmetry in the sensor response téoverage on the Pt surface. Obviously, these literature values
do not reconcile with the activation energies extracted from
Fig. 4. However, the literature data clearly point to the highly

1000/T (1/K)

0'68.1‘1 activated nature of the desorption rate compared to adsorp-
o,esiﬂ ----------------------------------------------------------- tion of oxygen on Pt surfaces. Indeed, temperature pro-
q grammed desorptiofTPD) studies of oxygen on Pt surfaces
S 0,64 E: """""""""""""""""""""""""""""" with varying degrees of oxygen exposure history consistently
WO AT indicate that desorption is observed only at temperatures
3 above 600—800 K>18
067" F%ﬁpr """""""""""""""""""""""""""""" This qualitative argument suggests that Reactigrmay
0.5 4 %ﬁ_rfmmmmw_ _________________________________________ be governing the overall sensor response behavior and this is
' ‘ consistent with the surface kinetics of the Pt&ystemt>~18
0,% . The dissociative adsorption of molecular oxygen on Pt,
0 50 100 150 200 which is in effect what happens when the oxygen activity in
Time (s) the environment is increased, seems to be much féister

it of th ated o smaller time constankghan the process of associative de-
FIG. 3. Exponential fit of the simulated sensor response to the experimens ; ;
. = rption of atomic oxygen from the Pt surf when the oxy-
tally observed behavior of the sensor at 425 °C. The solid line representstltnéo ption of atomic oxygen from the Pt surface en the oxy

simulated response while the squares denote the experimentally measurg_@n activity 1s decreased. The latter of course has a |0nger
data. time constant, as observed here.
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