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ABSTRACT

The temperature dependence of the electrical conductivity of polycrystal-
line silver iodide and photoirradiation effect on it are studied by using a
compact high temperature furnace that is developed for the analysis of
photoirradiation effectson electrical properties of solid materials. With this
apparatus, experiments at different temperatures under various environ-
ments, i.e., under any gaseous condition or under vacuum condition are
possible. The sample composed of the y-phase Agl showsahump at ~70 °C
in the resistance as a function of temperature. This result suggests the
transformation from the y-phase at this temperature. In the aged sample
composed of the mixture of the B-phase and y-phase, amonotonic decrease
of theresistance with the increase of temperatureis observed below 147 °C,
at which the phase transition to the superionic conducting o.-phase takes
place. Inthe polarized a-phase sample at 155 °C, the conductivity changeis
induced by the photoirradiation of the visible light of 450 nm.
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INTRODUCTION

Electrica propertiesincluding eectrica conductiv-
ity and dielectric response are the most fundamental
among avariety of materid properties, and these prop-
erties have been frequently investigated. Analysis of
photoresponseof el ectrica propertiesof materidsasa
function of temperatured so yieldsfundamental infor-
mation for theunderstanding of their optoe ectronicfunc-
tions. For such studies, analytical instrumentsthat are
equi pped with transparent windows, temperature con-
troller, and signal wiresfor electrica connectionsare
prerequisite. Theana yticd instrumentswith which vari-
able sampl e conditions can be prepared are commer-

cidly available, but most productsaredesignedfor cryo-
genic experimentsand they areusudly quiteexpensive.
Ontheinstruments applicablefor spectroscopy at high
temperatures, afew papers are reported for Raman
spectroscopy and transmi ssion spectroscopy.*3 How-
ever, ahandy furnace which can be used for the study
of optoelectronic propertiesof solid materialsat tem-
peratures much higher than room temperature hasbeen
scarce.

A dassof solid materia sinwhichionic conductiv-
ity isexceptionally high isknown assuperionic or fast
ionic conductors.® In particular, superionic conductiv-
ity in solidshasattracted agreat dedl of interest for the
understanding of the microscopi c mechanism underly-


mailto:nohta@es.hokudai.ac.jp

ACAIJ, 9(1) March 2010

Nobuhiro Ohta et al.

205

ing theiontransportation. In addition, superionic con-
ductorscan be potentiadly used assolid e ectrolytesfor
solid-state devicessuch asbattery or fuel cell. For ex-
ample, a-phaseof silver iodide, i.e., thehigh-tempera-
turephaseof slveriodide (a-Agl) hasbeen extensvely
studied since it shows a high ionic conductivity (>
10 Scm™), whichiscomparableto that of theliquid
dectrolytes Agl isasoknownto show polymorphism.
B—Agl with hexagonal wurtzite type structure and y—
Agl with cubic zinchlendetypestructure coexist at room
temperature, and phasetransition occursto o—phase
at T_= 147 °C.3¥ Recently, we have reported the ul -
traviolet-visible photoirradiation effectsonionic con-
ductivity inAgl at roomtemperature.®” Inthisarticle,
wereport theexperimentsat temperaturesnear or above
the T_. Wewill show the design of the compact high-
temperature furnacethat wasdevel oped for ananalyss
of theoptoe ectroni c property of ionic conductors. The
study of temperature dependence as well as
photoirradiation effectsontheconductivity of polycrys-
tallineAgl will bed so shown.

Thehigh temperaturefurnacefor eectrical mea-
surementswith photoirradiation

Thefirst priority inthedesign of our high tempera-
tureoptica furnacewasthe stability of temperatureand
the selectivity of sampleenvironment. A schematicdia-
gram of thefurnace constructed in the present study is
shown in Figure 1. The main componentsof thefur-
nace are acoupl e of concentric tubes having optical
windows.

The outer shroud isastainless steel tube. Heat-
proof resinisused to sedl the quartz optica windows.
Theinner chamber composed of astainless sted tube
of aone-inch diameter isconnected to acopper block
having the sameinner diameter asthetube. A holeis
prepared at one side of the faces of the copper block
to put aquartz window for the optical measurements.
The quartz window is sealed usingasilicone o-ring.
Theinner chamber isconnected to aone-inch vacuum
connector (Swagel ok, Ultra-Torr series). Thisconnec-
tor and the outer shroud are welded to stainless steel
vacuum flanges of the same size. An o-ringisused to
seal theseflanges. In order to keep the stability of the
sampletemperature, itisessentia to minimizethe heat
conduction fromtheinner chamber tolaboratory ambi-
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Figurel: Schematicdiagram of thefurnace.

ence. Inour furnace, the space between the outer shroud
and theinner chamber servesasavacuum guard. The
ar inthisspace can beevacuated usng avacuum pump
through an evacuation port.

Sampleand sgnd wiresfor eectrica measurements
areplaced insgdetheinner chamber. Sample and small
platinum sensor (Lakeshore, DT series) whichmonitors
thetemperature of thesampleareinstaled onasample
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holder plate made with fused quartz. We have chosen
heat-proof coaxid cablesasthesigna wires. Theplati-
num sensor leads are connected to atemperature con-
troller using phosphor bronzewires. A brassholder is
usedtofix thesampleholder plateuprightly, and theother
end of theholder isfitted with afused quartz rod having
3mmdiameter. Thebrassholder isdesigned suchthat it
can besuitedtothewall of theinner chamber snugly.As
ahesting e ement, nichromewire ($0.3 mm) iswound
on the copper block. The heater current is supplied
through thefeedthroughingtalled onthevacuum flange.
Asan environment of thesample, wecan sdect ether air
or inert gas, which also servesasahest exchange me-
dium. Itisaso poss bleto preparethe vacuum environ-
ment. The purgeof theinner chamber is performed by
using apurge port. Theend of theinner chamber iscon-
nected to avacuum flange, which hasavacuum connec-
tor for thesupport of thefused silicarod. Itispossibleto
adjugt thepogition of thesampleby diding or rotating the
rod at the vacuum connector. Thefeedthrough for the
sgnal wiresisalsoingtdledinthe sameflange. For the
replacement of the sampl e, theflange at theend of the
inner chamber isopened, andthefused slicarodisdrawvn
out together with the sample holder plate. A conven-
tiond PID-typetemperaturecontroller (Nippon Hegter,
Modd TIC) isusedto regulate heater current. A vacuum
pump isused both for the continuousevacuation of the
vacuum shroud and for the purge of theinner chamber.
Any gandard pumpwhichisusedinlaboratory will work,
and adiaphragm pump (ULVAC, DTC-21, 20 L/min)
wasused inour experiments. Themost important factor
which determinesthemaximum operation temperature
of the present furnace may be atolerance of theo-ring
onthewindow of theinner chamber toward the hegting.
Theupper limit of theusabletemperaturerangeof sili-
conerubber isusualy specified to 280 °C, and accord-
ingly we can usethe furnace bel ow thistemperaturein
usua experiments. Inaddition, thefurnace should bein-
stalled such that the sample holder becomesthetop of
thefurnace, sincethislayout isexpected to minimizea
convection of gasinthe chamber and to play animpor-
tant roleinthe stabilization of the sampletemperature.

Application to the measurement of the optoel ec-
tronicproperty of Agl

The performance of the high temperaturefurnace
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constructed in the present study wasexamined asfol-
lows: oneisthe preci semeasurement of thesampletem-
perature; another isthe gpplicability of thissmplefur-
nace for the measurement of the optoel ectronic prop-
ertiesof themateriasat hightemperature. Theexami-
nation of thestability aswell astheprecise detection of
the sampletemperature was carried out by measuring
the temperature dependence of theionic conductivity
of polycrystalineAgl, with theac method, inthetem-
perature range from room temperature to 200 °C.

Agl wasusedinapdlet form. Commercidly avail-
ableAgl powder (Junsai Chemical, 99%) wasgrinded
inthe agatemortar by hand, and pelletshaving 13 mm
diameter and 0.7-0.8 mm thickness were prepared by
using apellet press. TheAgl pellet was connected to
signa cablesby usingthe carbon paste, whichwasused
for the preparation of electrodes on the same surface
of the pellet with distance of 24 mm, and the sample
wasfixed withthesampleholder plate. Carewastaken
tofix theAgl pellet very near to the platinum sensor in
order to measure the temperature of the sample pre-
cisaly. Thedectrica res stance of thesampleasafunc-
tion of temperature was measured with el ectrochemi-
cal impedance spectroscopy technique.® Theimped-
ance spectrawere recorded by using an LCR meter
(HIOKI, 3532-50) inthefrequency rangefrom 42 Hz
to5 MHz. The so-called Cole-Cole plots (Nyquist plots)
were obtai ned from the complex plane plotsof the ob-
served impedance val ue.’® Examples of the dataob-
tained for Agl have dready been reported € sewhere.67
Theimpedance of the electrochemical cdllsincluding
solid electrolyte or electrode can be often modeled by
equivalent RC circuits.® It isthen possibleto separate
theelement corresponding to the bulk resistancefrom
theimpedanceincluding other dementssuchasan elec-
trode polarization.

By using the constructed furnace, Cole-Coleplots
of the polycrystal pellet of Agl weremeasured at vari-
oustemperatures, and the bulk resistance (i.e., con-
ductance) of Agl was obtained as afunction of tem-
perature. Two kinds of samplesof polycrystallineAgl
havebeen examined; oneisthepolycrystalineAgl hav-
ing they-phasejust after preparation of the pellet fol -
lowing agrinding, and the other isan admixture of 3-
and y-phases prepared by aging of they-phasesample.
The crystal structures of both samples at room tem-
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perature were confirmed by the XRD measurements.®
Heresafter, these samplesare called asy- and 3-Adgl,
respectively. The microscopeimagesof thesurfacesof
these samplesaresnhownin Figure2. Thegrain size of
the B-Agl sample is greater than that of the y-Agl
sample. Thebulk resistancesfor both of the samples
areshownin Figures 3 and 4, respectively.

Figure2: Microscopeimagesof thesurfaceof (a) B-Agl and
(b)y-Adl.
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Figure3: (a) Inverseof thebulk resistanceand (b) the bulk
resistanceasafunction of temper aturein the polycrystalline
pellet of y-Agl . (Inset) Cole-Coleplot observed at 30 °C.
Inpolycrysdliney-Agl, thebulk resistance, which
decreaseswith anincrease of thetemperaturefromroom
temperature, showsaminimumat ca. 40 °C. With fur-
ther increase of thetemperature, the bulk resistance
becomeslarger and showsamaximumat ca. 70 °C. At
temperatures above 70 °C, the bulk resi stance mono-
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Figure4: (a) Inverseof thebulk resistanceand (b) the bulk
resistanceasafunction of temper aturein the polycrysalline
pellet of B-Agl. (Inset) Cole-Coleplot observed at 21 °C.

tonically decreases with an increase of thetempera-
ture, i.e., ahumpisobserved at ~70 °Cinthe plots of
theresistanceversustemperature. Itislikely that the
hump isrelated to aspontaneoustransformation from
they-phaseto the -phase abovethistemperature.'”
At atemperatureof 147°C, further, the bulk resistance
decreasesdragticaly exhibiting thefirst order phasetran-
sition to the a-Agl phase, i.e., the transition to the
superionic conducting phase.

In contrast with they-phase, thebulk res stance of
the B-Agl sampledecreasesmonotonicaly withanin-
crease of thetemperaturesfrom theroom temperature
(seeFigure4). Asinthe case of y-phase, however, the
bulk resistance decreasesdrastically at 147 °C, indi-
cating thefirst order phasetransition to the superionic
conducting a-Agl phase. Thus, thephasetrangtiontem-
perature to the a-phase is 147 °C in both - and y-
phases, thoughthereisadifferencein thetemperature
dependence of the bulk resistance. Thisphasetransi-
tion temperatureisthe sasmeasthereported valuefor
the phasetransition to the a-phase.® The sharpness of
thetrangition obvioudy demonstrates an adequate com-
petence for controlling temperature. Thus, the con-
structed furnace can control and measurethe sample
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The photoirradiation effectson the conductivity of
o-Agl at 155 °C were further examined with the dc
method. At first, asampleof polycrystalliney-Agl was
subjected to 0.1V dcvoltage at room temperature; the
samplewaspol arized with the so-called Wagner polar-
ization method.[*! After reaching the polarized- and
steady-state condition at room temperature, the heater
was switched on to increase the sampletemperature up
t0 155 °C, whichishigher than thetemperature of the
phasetransitionto the o-phase (see Figure 3a). Then,
the current was recorded at 155 °C as a function of
timewith an eectrometer (Keithley, Model 617). The
dc current wasinitially measured at the polarized state
without photoirradiation, which correspondstothedark
current. Then, the dc current was measured during
photoirradiation by 450 nmlight, withwhich the photo-
induced changeinthebulk res stance of 3-Agl showsa
maximum at room temperature.® Theresultisshown
inFgure5. Theincreaseof current upon photoirradiation
wasobserved. Moredetailed study isnow in progress
for eucidation of the mechanism of the photoinduced
changeinelectrical conductivity of Agl. Theseresults
demondtrate that the constructed high-temperaturefur-
naceisapplicableto theandysisof theoptoe ectronic
propertiesof materiasat high temperatures.
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Figure5: Current monitored asafunction of timewith thedc
voltageof 0.1V at 155 °C. Themeasurement started under
dark condition and thephotairradiation wasperfor med after
90 s with the visible light of 450 nm.

Insummary, we devel oped ahighly accurate high-
temperature furnace for measurements of the
photoresponse of the e ectric properties of solid mate-
riasat different temperaturesin therangefrom room
temperatureto morethan 200 °C. Thefurnaceisrela
tively inexpensiveand versatile, and experimentsunder

various environments such asunder theair or under
vacuum conditionsare possible. Thetemperaturede-
pendence of theres stance of Agl with different phase
compositions and the photoirradiation effect in the
superionic conducting a-phasewereinvestigated. The
sample composed of the y-phase showed a hump at
~70 °Cintheresistance asafunction of temperature.
Inthe mixture sampl e of the -phase and y-phase, the
temperature dependencedifferent from that for they-
phase samplewas observed. The current of the polar-
ized a-phase sample showed the increase upon the
photoirradiation at 450 nm.
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