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Alkali motion in alkali silicate glass was studied by the method of ionic thermocurrent
which was developed as a highly sensitive technique for studying relaxation of polarized

impurity-vacancy dipoles in ionic crystals. Two current peaks were observed in the
temperature range —196-100°C, and were ascribed to orientational depolarization of
pseudodipoles composed of localized alkali-nonbridging oxygen and to thermal
relaxation of space charges near the cathode. Heterogeneous distribution of alkalis in
alkali silicate glass was verified by large differences in ionic thermocurrent and in the
evaluated density of localized alkalis from sample to sample taken from even the same

glass film, as well as by the distribution in activation energies for dipolar orientation
and space-charge relaxation. It was also concluded that the neutralization process of .
alkalis in glass was due to tunneling of electrons through the potential barrier in the °

space-charge-electrode double layer.

PACS numbers: 61.40.Df, 81.40.Rs, 66.30.Dn

INTRODUCTION . *
Alkali motion in alkali silicate glass has been studied so
far mainly by measurements of electrical conduction and
“dielectric rglaxation.'* However, since both tools are insuffi-
cient to discriminate several overlapping processes which
-occur in relation to ionic motion, various explanations were
.made’® to corrrelate them.

The purpose of the present work is to gain further in-

sight into dynamic motion of alkalis in alkali silicate glass by
the method of ionic thermocurrent (ITC) which was pre-
viously developed as a highly sensitive technique for study-
ing relaxation of polarized impurity-vacancy dipoles in ionic ..
crystals.”* In this technique, the dipole system is polarized
in a strong electric field in a temperature range in which
.dipole reorientation is readily possible, and then cooled (un-
Jer field) to a temperature of frozen-in dipole reorientation.

- In a subsequent heating process (without applied field) the

" thermally activated depolarization of the dipole system oc-

JQurs and is detected by measurement of the depolarization

rrent. el

s v

In alkali silicate glasses, some of charge carriers are said
to be localized and cannot contribute to electrical conduc-
tion.* When the above technique is applied to those glasses, it
is very probable that pseudodipoles composed of localized
alkali and nonbridging oxygen give rise to ITC on depolar-
ization. Besides, due to ionic conduction, space charges are
formed near the electrode (s). Some of them are neutralized,
some remaining unneutralized would rediffuse into bulk on
subsequent heating. We will show below that the observed
ITCin alkali silicate glass can be explained in terms of redif-
~fusion of alkalis piled up near the cathode and thermal relax-
ation of polarized pseudodipoles. Space charges affect var-
ious electrical measurements in crystals as well as in glasses.
Although ITC due o relaxation of space charges was rarely
reported,*-'* It will soon be verified that the technique is very
valuable for the study of space charges.
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THEORETICAL .
A theory of ionic conduction in glass'? is extended to

include the distribution in activation energies for conduc-
tion, as

J=

@AEy (= H -

2kT J; ") °Xp( kT) o M
when an unequality e£4 €2k T holds, where j is the current
density, £ is an applied field, A is the average jumping dis-
tance in the direction of applied field, v is the jumping fre-
quency, H is the activation energy for conduction, and n(H)
is the carrier density having an energy barrier H. In Eq. (1),
the current density follows Ohmic behavior. However,
Ohm’s law holds strictly true only when charge carriers
which arrive at the cathode are all neutralized and simulta-
neously charge carriers are injected from the anode at an
identical rate, that is, only when no space charges are formed
near the electrode(s). In the present case, it is almost impos-
sible to obtain Ohmic contact, rather the glass-electrode in-
terface is imagined to be a blocking or partially blocking
contact. !>

Some of space charges thus piling up near the cathode
are neutralized by electrons from the cathode. Neutralized
charge carriers diffuse and coagulate to form colloids in
order to lower the interfacial free energy, or chemically react
with ambient species such as adsorbed water.”” Some re-
maining unneutralized charge carriers are, on the other v
hand, frozen-in by quenching the sample, but can rediffuse -
into bulk on subsequent heating. It is assumed here that
space-charge carriers are crammed linearly along the exten-
sion of each chain of serial sites available for mobile alkalis,
rather than homogeneous buildup in the space-charge re-
gion. If the motive force for rediffusion is Coulombic repul-
sion among space-charge carriers, the repulsive force should
be proportional to 1/7°, where r is an interalkali distance in

-alkali chains in the space-charge region. Since linear cram-
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ming of alkalis infers inverse dependence of r on the space-
charge density n, the repulsive force should be proportional
to n2. Then a differential current dj' due to relaxation of
space-charge carriers of the density n(H ) having activation
energies in the range H~H + dH is given by \

o _An#H) sy Y (_.{1_)4
djif = & dH = cn(H )*v exp T H, (2

where ¢ is a constant. The overall depolarization current due
to relaxation of space charges during warm-up at a rate of
T = T, + Pt is, therefore,

H = o0
1"=J‘ dJ"
H=0
LoD |
=| cvexp| —— !
A iy |
Lol ( ”)dT]"JH | G)
ov— x —— ot— s
t ) T\ TET

' where n,(H ) is the frozen-in space-charge density at T, hav-

ing an activation energy H. Equation (3) implies that the
peak temperature of the relevant ITC should vary with
ny(H ), that is, with polarizing “nditions used. When the
variation of H is small in an early stage of ITC, the following
relation holds:

In/' = const — H /kT. : @

The slope of a logarithmic plot of j’ against the inverse tem-
perature would yield the value of dominant activation ener-
gy (the initial rise method’). Some information about distri-
bution in activation energies can be obtained by applying the
method after partial cleaning of charge carriers having lower
H, i.e., instead of recording the whole ITC at one time, one
should first discharge the lower-temperature tail, quench the
sample, discharge next to progressively higher tempera-

tures, and each fragment of the whole ITC is analyzed by Eq.

). ‘ . :

: We consider next the orientational polarization of alka-
R li-nonbridging oxygen pseudodipoles under an applied field

E, atapolarization temperature T,IfP(H)isa polarization
'L pseudodipoles of the density n(H), a differential current
dj* due to pseudodipoles having activation energies in the

range H~H + dH is’

dji" = _iifs_f{_ldf] = MJH’ » )
where
_ n(H)p’aE,
P (H)= 7 ©

P

is the saturated polarization when pE,<kT, and

7= 1o exp(H /kT) 0]

is the relevant relaxation time, 7, is a constant, p is the dipole
moment, and a is the geometrical factor. The factor a de-
pends on the possible dipolar orientation and is one-third for
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freely rotating dipoles and unity for dipoles having only two
possible orientations, i.e., parallel or antiparallel direction to
E,. Since our pseudodipoles can rotate to any direction in
principle, @ = % An overall current due to polarization of
pseudodipoles having distribution in activation energies is

. H = oo,

jl= djl
H=0
IE 'u , . i !
=2 f 1(-Ii)-exp(—i)dii. ®)
- 3kT, Jo T AN O

\

After polarizing the systemat 7, fora properly chosen polar-
ization time 1, the sample is cooled to To. After the removal
of E, at T, the temperature is raised with constant rate

B = dT /dt, and the thermally stimulated depolarization
current due to relaxation of frozen-in dipoles is'’

peBl [THID [\ 2]

T 3%kT, b AT n(T)/!
| X exp(.— T—‘H—) d.H T O
n Br(T)) |

Equations (8) and (9) indicate that both j* and /~ follow
Ohmic behavior when the related process is orientational
polarization or depolarization of pseudodipoles. As in the
case of relaxation of space charges discussed above, Eq. (9)
shows that partial cleaning followed by the initial rise analy-
sis would give information on the distribution in H.

EXPERIMENTAL -

Glass samples were of the composition Li;0-28i0,
Na,0-28i0,, or (LiO,,;-Na0;,2)-2810;. We abbreviated them
as L2S, N2S, and LN2S. Sample numbers were labeled as
L2S(a), L2S(b), etc. Glass films 4-10 um thick were pre-

LOGyo{ currert & 1 min(A))

FIG. 1. The charging current at 1 min after applying E, under various
polarizing conditions of T}, and E, on L25 (g). LN2S (a), and N2S(a).
Ohmic slope is indicated by the dotted curve.
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FIG. 3. E, and T, dependences of two (P1, P2) ITC peak currents for
L2S(g), LN2S(a), and N2S(a). For all samples studied so far, P1 follows
Ohmic behavior, while P2 is supralinear.

IONIC THERMOCURRENT

or to ionic conduction with Ohmic contact, we will observe
Ohmic behavior [Eqs. (1) and (8)]. It is surely observed when
v T, is low or when the sample resistivity is high, as in LN2S.
FIG. 2. Typical ITC curves of N2S(a) polarized at — 125 and at — 27°C When T, » is increased, however, deviation to supralinearity

under various E,. Asis apparent, P1is gradually overwhelmed by the grow-.. becomes noticeable.
ing P2 with T, and E,

0

T O
=50 0 . ot

- ' = : Figure 2 shows typical ITC curves of N2S. In the mea-

] i . 5 - sured temperature range two I'TC peaks are observed, one is
pared by blowing melt of high-purity materials by oxygen. P1 which is dominant at low 7, while the other is P2 which

The clectrodes were evaPorate.d gold or aluminum on both overwhelms P1 when T » increases. A similar ITC curve is
sides of the samples of dimension 2 cm X 2 cm X (4-10) KM observed in L2S, as is expected from similar activation ener-
'Ithe c.ryostat used t? measure I:I'C was evacuated by an oil- gies for conduction in L2S and N2S.” In LN2S, on the other
diffusion pump having 11qu1d:n1trogen traps. A copper-con-  pa, g only one peak is detected under polarizing conditions
stantan thermocouple glued in the sample holder made of (T,,E,t,) used, and is verified to be P1 through discussions
copper measured the temperature. Electrical measurements  given Jater. Figure 3 shows E, and T, dependences of the
were made with a Takeda-Riken TR 84M vibrating reed ¢ ITCpeak current (I,,) for three glasses. Figures 4 and 5 show
electrometer or TR 8651 electrometer. The procedure to E, dependences of the peak temperature (T,) and I, of two -
measure ITC was as follows: (i) The sample was biased by E, ITC peaks on L2S. If the observed ITC is due to orientation-
at T, for ¢, (=2 or 5 min), (ii) rapidly cooled to 7, al depolarization of pseudodipoles, T, must be independent

(- .196 °C) w1th.m 3 mm' under l‘s‘p_, whe're the cooling tinTe (?f of E,, and 1,, must be proportional to E, [Eq. (9)]. Figure 4
Imin was sufﬁcnen't to give negligible distur b:-mc.:e_t(.) f,SINCe  guggests that P1 corresponds to the prescribed process.
decay of the charging current was large within initial cool-

ing, and (iii) after an appropriate time at 75, £ » Was switched o g

off, and the sample was heated at a rate of ~0.058 °C/sec up 110" (A) , e

to 100 °C. Since the induced current in the measured tem- g 12f

perature range was far less than 10* A when samples were - P §

zero-biased or when studies were made on high-resistivity Z 10t ,

alumina, it was concluded that the observed ITC was due 3 L2S -

primarily to tht motion of charge carriers in glass samples. 38 , F=-125t g Tmf<),

x . H120

RESULTS AND DISCUSSION o 56 ]
Figure 1 shows the charging current at 1 min after ap- 2, ] 100

plying E, on three glasses at different T, Asis apparent in - 180

Fig. 1, LNZS has a higher electrical resxstmty than L2S or 2

N2S due to the mixed alkali effect in glass,” a phenomenon

that the mobility of alkalis decreases when they are progres- 0 L L

sively substituted by different alkalis or pseudoalkalisor =, 0 20 40 50

even their isotopes. In the experimental condition used, an £p (KVicm) .

unequality eE A €2kT, or pE,<kT, holds. Therefore, if the FIG. 4. E, dependences of the peak temperature T, andpeakcurrent Iof

charging current is due stnctly to onentatxonal polarization Plin LZS(h) at T, = — 125 °C where P1 is dominant.
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FIG. 5. E, dependences of T,,,and /,, of P2 in L25(a)at 7, = 0 °C where P2
is dominant.

When the cycle of partial-cleaning—initial-rise analysis is re-
peated on P1 (Fig. 6), it is revealed that the process which
corresponds to P1 has distribution in activation energies,
namely, of the whole carriers giving rise to P1, 53% have
H <0.26¢eV, 12% have H~0.26 eV, and the remaining have
H2Z0.28 eV. A similar treatment on P1 in LN2S reveals
smaller activation energies than in L2S or N2§, i.e., 44% of
the carriers have H <0.09 eV, 8% have H~0.09 ¢V, 11%
have H~0.13 eV, 10% have H~0.15 eV, and 27% have
H>0.15 eV. Moreover, the carrier density in LN2S which

~12 ‘:‘
Q
-3t
=2
O
-
3
3 -4
ht
i ~
, -15 ) I L .
55 60 65 ' 70

oM T (K

FIG. 6. Three cycles of initial rise analysis about P1 of L2S(h) after partial
cleaning of charge carriers having lower activation energies. A dominant,
activation energy in each cycle is indicated in the figure.
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FIG. 7. Four cycles of intial rise analysis about P2 of L25(j) after partial
cleaning of charge carriers having lower attivation energies. A dominant
activation energy in each cycle comes close to 0.65 eV with cycles whichis
the activation energy for lithium conduction in L28S. ’

contributes to P1 is about two orders of magnitude less thas
the carriers in L2S or N2S. Homogenized distribution of
alkalis due to alkali mixing® may be responsible for the ob-
served low density of the carriers in LN2S which contribute
to P1. Meanwhile, the activation energy for P2 comes close
to 0.65 eV which corresponds to lithium conduction in L2§
as derived by measurements of electrical resistivity, dielec-
tric loss,” or NMR.* Of all the carriers giving rise to P2 in
L2S(j), 15% have H <0.56 eV, 25% have H~0.56, 16% '
have H~0.60 eV, and the remaining 44% have HX 0.62¢V §
(Fig. 7). As is evident from Figs. 4 and 5, P1 always follows
Ohmic behavior, while P2 is supralinear. Also, the charging
current at 1 min after applying £ » is Ohmic at low T, but
deviates to supralinearity with increasing T, (Fig. 1). These
results lead us to reasonable assignment that P1 corresponds
to orientational depolarization of pseudodipoles and P2 to
thermal relaxation of space charges accumulated at the
cathode. . . .

Recently, it was inferred® that in glass some of charge
carriers are localized and cannot contribute to electrical con-
ductivity o based on the difference between calculated and  §
experimentally derived values of the ratio f,,/o between o
and the dielectric loss peak f,,,. Due to a large ambiguity in
the reported values of f,, and o,” however, even the rough
estimate of the density of localized carriers (Vo) is hardly
possible at present. The ITC technique can, on the other
hand, yield quantitative estimation of N,... The area S cov-
ered by P1 satisfies Eq. (10), ’

S= _I_V_p_’l?i - - (10)

3T,

- when the polarization is saturated. Suppose N is the overall

carrier density (e.g., 1.87X 10 cm™in L2S) and p = er(ethe
elementary charge), then the distance r between lithium-
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FIG. 8. ITC curves of L2S(k), L2S(1), and L2S(m) taken from the same
blown film. Peak temperatures are shown atop each curve. A large scatterin
ITC curves cannot be ascribed to any uncertainties in the measuring
technique. !

S

nonbridging oxygen in L2S (h) (Fig. 4) is calculated to be
r=0.77 + 0.02 A. Meanwhile, the average distance of lith-
jum-oxygen is 1.94 A in monoclinic Li,Si,0,.? Therefore,
based on the assumption that only localized carriers contrib-
ute to P1 and that 7 is 1.94 & or somewhat larger than this,
N, is calculated to be S0.16N. That is, 169 or less of the
charge carriers are localized in L2S(h). Yet in L2S(g), for

example, only 6% of the charge carriers are localized. Sucha

large scatter in NV, favors the postulate that spatial distribu-
tion of mobile and immobile (localized) carriers varies from
sample to sample. Alkali distribution in glass is imagined to
be heterogeneous in the sense that any alkali ion finds its.
nearest-neighbor alkali at a distance which differs from site
tosite, so some alkalis are hard by steric hindrance to move
long distances in the direction of applied field and therefore
are localized. A supporting evidence is large differences in
ITC curves from sample to sample taken from even the same
blown film, as are exemplified for L2S in Fig. 8. In Fig. 9,
normalized decay curves of the charging current are shown
for L2S biased by E,<40kV/cm at T,= —125°CwhereP1
is dominant. As is suggested from Eq. (8), no exponential
decay of the charging current is observed, contrary to the
expectation for the process with sirfgle activation energy.

-+

125 at-125%C.
Ep S40Wem

~ W e
T T v 1T¢y°¢rY
.
.

T
-
.

CURRENT (normalized )

0 5 1 15 2
© TME(min)

F1G. 9. Normalized decay curves of the charging current in L2S(h) when it
i polarized by £,<40 kV/cm at — 125 °C where P1 is dominant.
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FIG. 10. Decay curves of the charging current in L2S(a) at various E, at
T, =0°C where P2 is dominant.
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Also noted is an independence of normali%ed decay curves

on E,, in fair agreement with Eq. (8).

Figure 10 shows decay curves of the charging current in
L2S which is biased by various E, at T, = 0 °C, where P2 is
dominant. An observed time decay may be due to retarda-
tion on moving alkalis by space charges piled up near the
cathode.” However, the charging current becomes flattened
under large E,,, due perhaps to an increased neutralization of

£
.

- -90¢

LOGno(CHARGING CURRENTI(A))

-125¢

N2S -
Er=1KV/cm

- 1 |
" 1 10 100

tr(sec)

FIG. 11. Decay curves of the charging current in N2S(a) at various T,and
E, = 1kV/cm. An almost identical behavior was observed in L28. .
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iace charges with £,. When the polarizing condition
";,,,Ep,t p) becomes more severe, the potential drop across the
-pletion layer near the anode would come to play the lead-
2 role in the time decay of the charging current.” An ex-
cted decay ts shown in Fig. 11 where, as 'I‘p mncreases, the
urging current becomes flattened first, but on further in-
case in 7, the time decay becomes again noticeable
Figure 12 shows T, and £, dependences of the ratio
', /Qof the areas covered by the charging current (Q-) and
v ITC (Q,) of two glasses. In those glasses, P1 is dominant

vdCuoMm evel

METAL OLASS

(i 13 Energy scheme at the glass-cathode interface. In the absence of
ace charges, electrons at the Fermi level £, face the potential barnier ¢. As
we charges pile up on the glass surtace, an electiic tield £ formed in the
~ctrode-space-charge double layers lowers the barrier. When E grows
-h, the barrier width X becomes thin enough for tunneling of electrons
sceur. Electrons below or above £, are ineftective due to increasing bar-
t width or 1o neghgible electron density.
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FIG. 14, Macroscopic .. cutralization probability P, as a function of recipro-
cal @ for various samples of L2S and N2S with evaporated gold as elec-
trodes (a) and for L2S(u) and L2S(v) with evaporated aluminum as elec-
trodes (b).

at low 7, so the ratio Q,/Q- lies at almost umty, but P11
gradually overwhelmed by the growing P2 at higher 7;
thereby a paralle] increase in the rate of the neutralization

process lowers the ratio.

To understand this process, atl examination of the neu-
tralization mechanism is necessary. First, consider the possi-
bility that neutralization proceeds via the potential barrier at
the glass-cathode intertace by lowering the barner by an
electric field formed in the electrode-space-charge double
iayer (Fig. 13). The electric tield available in the double layer
18

E =q/€e, 1

where ¢ is the space-charge density, €, is the permuttivity of
free space, and €, is the dielectric constant 1n the layer. In the
presence of applied field £, the contact-limited Schottky
emission follows the formula®

J=AT exp( — @ 7kT )y exp(§ £ %), (12)
where j 1s the emisston current, ¢ 1$ the work tuncuon of the
electrode material, 4 is a constant, and B, = (e'/ e€,)*
X (2kT)". Also possible is the neutralization process via tu-
neling of electrons from the cathode to glass through the
potential barrier in the double layer, where the tunneling
probability £, is given by*

logy 5
=—=T—exp( — 28X, (13)
T ¢ t+e)

in which 8, = 2me/#)""%, { is the Fermi energy of the cath-
ode, and X_,, is the tunneling distance. Since the image force
on the tunneling electron is negligible when £ s large, the
equation

(g+¢)_eEXcru:'g (14)
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_ holds; so that . L;?-‘ -0
X .=@/eE.

i 15)
~ Equations (13) and (15) give Fowler-Nordheim-type plots of
InP, against 1/E. P, is equal to the tunneling fraction of in-
coming electrons onto the metal surface as attracted by
space charges accumulating per unit time onto the glass sur-
face. Therefore, strictly speaking, P, should be equal to the
neutralized fraction of space charges accumulating onto the
glass surface per unit time. Fortunately, since time decay of
the charging current varies only slightly under the polariz-
ing conditions used (Figs. 10 and 11), the macroscopic neu-
tralization probability P, defined by the ratio (O — Q,)/Q
can be assigned approximately to P,. Similarly, the space-
charge density ¢ in Eq. (11) can be taken to be proportional
to Q. When these approximations are made, a linear depen-
dence of InP, on the inverse Q. is observed (Fig. 14). Howev-:
er, the Schottky plots of Inj versus Q Y2 cannot give any
linear portion when j is assigned to neutralized charges
0.(=Qc— Q;) or to P,. It is, therefore, very plausible to
say that the neutralization mechanism of charge carriers in
the glass is due to tunneling of electrons through the poten-
tial barrier in the space-charge—electrode double layer. What
we can say further at present is that (i) the neutralization

 probability is indifferent to whether the charge carriers are

lithium or sodium ions and (ii) the probability depends
strongly on the electrode material. When the ratio of work
functions of aluminum (@,,) and gold (@,,) is calculated
from Fig. 14 based on Eqgs. (13) and (15), ¢, /@a,=0.15.
This is far below the reported value of 0.80,%%¢ although the
scatter is very large. This difference may be due to contami-
nation in the present work as compared to an almost clean
surface used in the reported experiments. .

SUMMARY

The ITC technique has allowed us to resolve two differ-
ent relaxation modes of alkalis in alkali silicate glass: the
mode which is dominant at low 7, is orientational depolar-
ization of pseudodipoles composed of localized alkali-non-

bridging oxygen, and the other mode which is dominant at"
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@

. ization process of alkalis is due perhaps to tunneling of elec- -

Vo e e P -~

high 7, is thermal relaxation of Space charges piled up near
the cathode. Localized alkalis arise by heterogeneous distri-

bution of alkalis in alkali silicate glass as is verified by large - - -

differences in ITC and in the evaluated density of localized
alkalis from sample to sample taken from even the same glass
film, as well as by the distribution in activation energies for
two relaxation modes. We have shown also that the neutral-

trons from the cathode through the potential barrier in the
space-charge—electrode double layer.
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