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“the 1-V slope. These results are consistent with our earlier reports on degraded devices,
and with the space charge limited current model for emission from electrodes.

X7R chips with no internal electrodes exhibit both ohmic and super-ohmic character-
istics, with activation energies independent of voltage, The super-ohmic is ambient
dependent; the ohmic region is not. This indicates the/ importance of electrode dominated
injection at higher voltages. These measurements are correlated with those from similar
internally electroded chips. It is proposed that space charge limited electron current
controls the steady state leakage current for X7R capacitors above roughly 1 volt bhias.

+A near-exponential rate of current increase with time, accompanied by a linear
decrease in E|, was seen for both X7R and Z5U capacitors The current increase for the
Z5U could be reversed for a time by changing polarity,'@?%h degradation ensuing. This
cyclical phenomenon is attributed to the movement of a 1dw resistivity front across the
ceramic laver,
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1. INTRODUCTION

The objectives of this program are to study leakage currents in MLC
capacitors and capacitor related ceramic, and to try and understand what
controls the current, and causes it to increase.

During the first year of our work, we modelled the leakage current
for X7R devices on space charge controlled emission from non-planar elec-
trodes. Thermoelectric studies on X7R chips indicated that carrier con-
centration and mobility both increase for reduced ceramic, with activation
energy being largely due to mobility. Activation energies decreased for
degraded devices.

During this year, we have made an effort to better understand the role
of grain boundaries from an electrical viewpoint, and how these could control
activation energy and current. There is much literature related to grain
boundary controlled currents for other devices, where current is a key output
parameter (which it is not for an MLC capacitor, except in the context of
degradation). The importance of grain boundaries in current transport is
reviewed, and measurements made on MLC devices are reported. There are
striking similarities between the leakage current properties of barrier layer
and COG capacitors, and those of various other poly crystalline devices.

Last year we proposed the importance of electron injection from electrodes,
which resulted in space charge limited currents, We have extended these
studies to X7R chips with no internal electrodes, and have been able to
separate the ohmic and super-ohmic regimes of current, The latter current
is similar to that seen for X7R capacitors, is dependent on ambient, and is
dependent on the metal-ceramic interface. The distinct ochmic region is not

seen in actual capacitors, due to the thinness of the dielectric; space charge

current dominates for all voltages over about 1 volt,
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The results reported below have enhanced the possible role of grain
boundaries as being major factors in MLC ceramic resistance., These results
also confirm the significance of the metal-ceramic interface with respect

to leakage current.

Additional participants in this program include H. Y. Lee, K. C. Lee,

. J. N. Schunke and S. Agarwal.




2, RESULTS AND DISCUSSION

2.1 ROLE OF GRAIN BOUNDARIES IN MLC CAPACITOR LEAKAGE CURRENTS

It is known that grain boundaries (GB) control charge transport in

several types of polycrystalline materials and devices. These include

(1] [3]

poly-Si , Zn0 varistors[zl, BaTiO., based thermistors

3
(4] and thin film solar cells.[S]

, grain boundary
capacitors Since currents are controlled

by (B in these cases, so is leakage current degradation, since current is

an important output parameter for all of them. A pertinent question there-
fore is: What roles, if any, do GB play with respect to insulation resistance
and its degradation for multilayer ceramic capacitors?

We have addressed this question by reviewing published reports for the
other types of polycrystalline devices, and then applying these analyses to
MLC capacitors., Some background information is first given below, followed
by a discussion of the measurements.

Impedance of a GB to current flow is caused by a potential spike (in the
conduction band for electrons or the valence band for holes) due to charge at
the GB. In an n-type semiconductor or semi-insulator, this charge consists
of electrons trapped at the GB, with an equal and opposite charge induced in
adjacent layers. Additional charge can arise from electrons trapped while
traversing the GB under biased conditions, from a discontinuity in the normal
component of polarization, and from trapped ions. The latter two sources of
charge can be compensating as well, reducing the net charge at the GB.

Several possible types of GB potential energy diagrams are shown in
Figure 1. Any of these, and other, could pertain to MLC capacitors.

The most common depiction of a charged GB is shown in Fig. la, where

negative charge Q trapped at the GB equals induced positive charge in
GB q

adjacent regions. The barrier height @B at zero bias is given by
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Q) APy=0; Qgs = ANgs

Homogenous grains

Examples: poly-si thin films

b) APy=Q ; Ngg
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C) APN = Ngg = 0)
( Flat bands )

Example: reduced Ey
poly-si GB

Figure 1: Grain boundary (GB) potential energy diagrams, for
a) negative charge trapped at GB, b) normal polarization
discontinuity, and ¢) no charge at or near GB.
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where N

. D donor demsity in the grains

NGB = density of filled states in the GB .

1Y)

width of space charge region -

The grains are assumed to be homogeneous in this case. Examples j

v where this model is often applied are poly-Si, thin tilms, and varistors. !
Another source of GB potential barrier is charge Qp resulting from

spontaneous polarization discontinuity, as illustrated in Fig, 1b. Here the

GB state density is assumed zero, and GB charge is due solely to AP the

N,

NP

discontinuity in the normal component of polarization PN’ across the inter- -
*

face: Qp = APN (coul/mz) . The potential is linear because the only charge :

resides at the GB. One model where this type of charge density is used is &

3 that for the low temperature (high conductivity) region of BaTiO, based

-

thermistors. ~d

] ‘l 1'!

If there is no charge in the GB region, then Poisson's equation dictates
that the bands be flat, as shown in Fig. lc. Thermal emission of carriers
across the GB is not impeded in this case, which 1is therefore analogous to a
single crystal., There are some pertinent polycrystalline cases that are
modelled on Fig. lc: a) poly-Si hydrogenated during or subsequent to growth;

hydrogenation passivates dangling bonds at the GB, and NC 2 0; b) BaTioO

B = 3 K

based thermistor heated in reducing ambient (HZ,CO or NH3); ¢) many other b

2

This relation comes from V « D = {;, which results in ADN = pAX. Since j

- + - = X = = :-

D €, E PspP for e > €0 ADN MPN pAX = Qp B
-5 -
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Inhomogeneous Grain

Lower Ny !

Example: e

BaTiO3 Ceramic

( Thermistor )

2nd Material

Example:

BL Capacitor

Filgure 2. Band diagrams for inhomogeneous grain boundaries;

a) high resistance laver near GB, b) 1low resistance
layer, «¢) presence of second material or phase.
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polverystalline materials (including semiconductor thin films) heated in
reducing ambients,

A reduction in the GB barrier height is desirable if lower resistance
is desired (such as for hydrogenated poly-Si, for example). However, this
process can be detrimental if high resistance is desired, and has been used

(6]

to model degraded Zn0O varistors. Reduced thermal activation energies
N and degraded characteristics can be attributed to reduced GB barrier height.
From equation 1, reduced ¢B can result from a decrease in NCB or an increase in

ND (and from the temperature dependence of ¢ in the case of the thermistor,)
Positive ion accumulation at the GB could also reduce QGB and ¢B.

Modelling of electrical properties and degradation of GB impedance
depends on assumed properties of the GB. The grains were assumed homogeneous
for the GB of Fig. la. Other examples are shown in Fig. 2, for the following
cases: a) Lower donor density (ND) region near the GB, which is totally

depleted; b) Higher N region near the GB; <¢) second phase or composition

D
region separating the GB. It is expected that the structure of Fig. 2a will
be less sensitive to applied voltage than that of Fig. la, since it is

"clamped" by the lower ND laver.

The GB charge QCB due to electrons trapped there is given by

(B {Ec
i *
QGB = q ; NCB (E) dE = q i NGB(E)F(E,EF)dE

J J

EV EF

‘)/E P

f N g

or QGB + q !NUB(h)dL () j

Y N T R A T W, . Ty
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where NGB

GB state density (per eV)

*

NGB

occupied GB state density

Sources of the GB states NGB are lattice mismatch dangling bonds
and interface strain and defects. Additional sources of negative charge
are anion acceptors (0= and C1 for example), cation vacancies (eg. Ba
in BaTiO3) and the no%mal spontaneous polarization discontinuity.

Sources of positive space charge adjacent to the GB are ionized donors
(Vé’, Nb+ etc.), and charge resulting from donor density gradieuts. This

*
latter charge is real charge independent of the GB charge, and has the form

T | © 2 5 | ax 3

For example, if N_ increases outward from the GB, then a built-in

D
electric field normal to the GB exists, and the potential energy decreases
awav from the GB. A potential hump will thus exist in this region, and
clectron flow will be impeded in the same manner as if the hump were due to
negative charge trapped in GB states. Homogenization of ND in this region
will smooth out the energy bands and lower the resistivity. This may be

a factor related to stability of non-homogeneous ceramic.

If charge transport is controlled by GB, then the GB barrier height

QP can be deduced from activation energy EA’ using the relation

tg TE T 8¢B/8T (4)

*x1f ND is a function of x, then the built-in field & in l-dimension is

N . R
E = -kT d D . From dE/dx = r/e, where p is the charge density, we obtain
qND dx

cquation 3,
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The temperature correction may be substantial and is often neglected
in the literature. The magnitude of 3¢B/8T is small and negative, paralleling
that of the band gap. (For example, if B®B/8T = -2 x 10-4eV/K and T = 500K
then a4 ~0.leV correction results, which is substantial, since leakage current
varies exponentially with tB).

Changes in ‘B caused by applied voltage (i.e., voltage dropped across the

. B space charge, and/or causing GB state occupation to change) will be

tollowed by a change in E\, since

$B(V) = EA(V) + T d-zB/ﬁT (5)

and the temperature correction term is probably voltage independent. Thus,
with applied voltage, a decrease seen in the experimental parameter EA is

accompanied by an equal decrease in o This fact has been used to model

(1]

B
GB transport for poly-Si and Zn0O varistors,[zl We propose that it may
also apply to certain types of MLC capacitors. In this context, the GB
potential could not only effect leakage current, but a decrease in ¢B with
time could cause degradation of the device. These points are discussed below
in greater detail,

The CB barrier height @B under zero bias is caused by charge in the

*
GB vicinity. Applied voltage is expected to change ¢B by two mechanisms :

*
In a high resistivity grain material, a large fraction of applied voltage

A A
P

r. may be dropped across the grain itself, This fraction depends on grain

E% resistivity and current, which depends in turn on ¢B. In this discussion,
E? we are considering only that fraction of applied voltage dropped across the
F‘.' B, per GB.
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i) g on the forward biased side (negative polarity for n-type grains)

will decrease, similar to the Schottky diode; 1ii) additional GB charge,
and “p increase, can result from trapping in GB states of carriers
injected across the barrier. These two mechanisms are compensating.

If all GB states are occupied prior to biasing, then the bias voltage per
GB is divided equally across the left and right sides of the space charge,

and "B is expected to decrease as

i

\

p = 9hy | 1 - 7o (6)
B BO 4¢BO |

J

where is the un-biased barrier height. Thus, ®B is expected to decreasc
|

BO

immediately with voltage, arriving at a flat band (¢B = (}) condition when

v o= /q. If ¢ leV, this condition could occur when V ~ 4V per GB.

“4po RO *

That such a strong decrease is not seen for poly-Si and ZnO varistors (both
of which have low resistance grains) indicates that the second above
mechanism may also be present. In that case, empty GB states above EF are

occupied by electrons with increasing bias. This tends to increase ¢ but

B)

is compensated by an increase in E remaining essentially constant. This

F’ ¢B
condition persists until all GB states are full, at which point we revert

back to the previous case, and ¢_ rapidly decreases with further applied

B
. voltage., This type of behavior is what is seen for poly-Si and the varistor,
"

t;} and also for the barrier layer (BL) and COG capacitors, as discussed below.
;-‘.

® Then one must ask "How are the transport equations modelled according

to this decrease in @B?" For a Schottky barrier (controlled either by

Py
i

thermionic emission or by diffusion) the I-V relation has the general form

' —¢>B/kT qV/kT
o I =1 e (e -1) (7




where I0 is a constant and V is the voltage dropped across the barrier.
There are other cases, described by different equations, that should also
be considered. Some of these are: a) at low voltages, ohmic behavior
is expected for most transport models; b) current may be controlled by
hopping; «¢) at higher voltages, space charge limited currents (SCLC)
may predominate. Even though these current types have different voltage

dependences, they all commonly depend on a single activation energy, EA:

-BE,/T
I « e A

(8)

where B = constant, EA can be attributed to many mechanisms, including

prain boundary potential (discussed above), hopping potential, band gap,
impurity ionization cnergy, and Schottky barrier height (at a metal-ceramic

interface). For the ohmic and SCLC cases, which apply to MLC capacitors,

(5]

equation 8 arises from electron mobility. From thin film theory ,

effective mobility be can be expressed as

ff
\‘( )/ kT
(e, + 1)
1 1 Lo
-t ok B (9)
eff ¢ dA Ti
where "y = grain mobility
n = grain carrier density
ES
A = Richardson constant

c.
n

grain diameter

For large LY and/or large n, this becomes

4

i :
=S e ; = e (10)

a e T TNy, vow S DA A AN et A et SR et sl T e il S “ U - i e At S e e D e ind
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where m = carrier conductivity effective mass. A similar temperature
(7]

dependence applies to hopping transport of polarons.

Thus, it is known that current is controlled by GB for poly-Si,
varistors, thermistors and BL capacitors. What can we say about MLC
capacitors? To address this, we have measured current and activation
energv versus voltage for COG and X7R capacitor types, with ZnO varistors
and BL capacitors measured similarly for comparison. In order to set a
frame for comparison, the varistor and BL measurements are presented first.

Results for a commercial Zn0O varistor are shown in Figure 3. An
ohmic current region exists below about 10 volts., This is followed by a
stronglv super-ohmic increase, which is accompanied by a strong decrease
in activation energv. The current increase and E, decrease have both been

A
2
attributed to a voltage dependent GB barrier height.[ ]

*
Similar characteristics for a BL capacitor are seen in Figure 4.
Three regions are evident on the I-V curve: 1) ohmic below about 2 volts;
2) sub-ohmic from about 2 to 10 volts; 3) super-ohmic above 10 volts.

These regions are cons:stent with the voltage dependence E constant

A’
below 10V and rapidly decreasing above. The low voltage ohmic regime is
expected for most current mechanisms. The sub-ohmic region has been reported

[1’8], although not for varistors or BL capacitors. Since grain

for poly-Si
boundaries of the Fig. la tvpe can be viewed as back to back Schottky diodes,

the sub-ohmic region represents the onset of current saturation. The super-

ohmic region occurs due to the rapid decrease of EA (and ¢B) above 10 volts.

*
10OnF, Taivo-Yuden
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As far as MLC capacitors are concerned, only COG and X7R types have
thus far been measured. There is a striking difference between the voltage
dependences of these devices., Characteristics for a commercial 0.69nF

COG device are seen in Figure 5. The I-V behavior is unlike those seen

for poly-Si, varistors or BL capacitors in that it consists of two

1.17

distinct linear regions: a near ohmic region (I o V ) below 10V, and

i a super-ohmic one (I a VZ'“’) above.

. The I-V curve linearity above 10V, and concavity of the EA curve,
’istinguish the COG characteristics from those of the varistor and BL
devices. This could be due in part to the following:

1) Voltage drop across the COG grains, which is not a factor for the

BL or varistor devices. With increasing current, a smaller fraction of

voltage is dropped across the GB in the super-ohmic region, since

.
VGB =V ll - v (11)
where RG is grain resistance and V is the total applied voltage per grain,
2) 1If the decrease of EA is caused by GB trap filling, the nature of

the decrease will depend on the energy distribution of the states. According

(9]

to one model , an exponentially increasing state density in the band gap

(as might be expected for a highly disordered material) should result in a

barrier height voltage dependence of the form

L
% = A - B Inv (12)
i where A and B are material-dependent constants. This is the approximate
'f form for the EA curve for the COG, which above 10 volts, can be represented
L by the relation
{ - 15 -
a
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E, = (1.95 - 0.195£nV)eV (13)

A
-EA/kT
This relation resulted from a measurement of the equation I = Ioe at

different voltages, leading to EA(V). The parameter IO is also strongly
voltage dependent (moreso than the linear dependence on V expected in the
ohmic region). This can be seen by substituting equation (13) for EA,
giving (at 150°C)

- T}‘f (1.95 - 0.195¢nV)
I1=1 e =B 1 V (14)

The experimental voltage dependence for the COG (above 10V) is I . VZ.S'

Thus, IO must decrease as V_3 in order for these relations to be internally

consistent. The I0 values corresponding to the E, curve of Fig. 5 above

A
10 volts do decrease with voltage, roughly to the power of -3 * 0.5, which
is in the expected range. Modelling the voltage dependence of IO is more

difficult than that of E since each type of current will have a different

A’
form of Io’ whereas EA may be common to several types (if EA is due to GB
barrier height, for example). The voltage dependence of IO may yield infor-
mation about current mechanisms, and will be investigated in greater detail

in the future.

We have thus established that activation energles are strongly voltage
dependent in the super-ohmic current regions for BL (as expected) and COG
capacitors., Such is not the case for X7R capacitors from two manufacturers,
or for non-electroded X7R chips from one of the same manufacturers. Activation
energies are essentially constant over the entire voltage range.

Characteristics for a 1uF X7R are shown in Figure 6. The near 1.5
power law dependence ahove 10V is consistent with previous findings.[lol

Activation energies do not depend strongly on voltage, even in the super-

ohmic region,
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Non-electroded chips of capacitor X7R material 2mm thick were also
measured, using Pt/Au electrodes fired onto the surface. Both ohmic and
SCLC currents are evident, the latter varying as ~V2 (when measured in
argon), with a transition voltage of about 400V. (The SCLC characteristic
depends strongly on the ambient, and is discussed in a later section.)
Activation energies for the chip were found to be 1,33, 1.33 and 1.3leV at
10, 100 and 600 volts respectively.

The upper voltage region of the chip (400-1000V) corresponds to
10-25V for the capacitor (for equal electric fields), which fell within
the range of measurements, Even though the chip currents have some variation
in the upper voltage region caused by the ambient, their super-ohmic nature
resembles that seen for the capacitor, and is dependent on the electrode-ceramic
interface. Additional measurements related to this are discussed in a later
section.

It is likely that the voltage dependence of EA for the varistor and BL
capacitor is due to the filling of energy states across the band gaps at

grain boundaries. It is also possible that the E, reduction for the COG type

A
is caused by a similar mechanism, with the added condition that applied voltage
is divided between grain bulk and boundary.

The question must be asked as to why the X7R activation energy is
independent of voltage. There are several possible reasons for this. The
larger dielectric constant would result in a reduced ¢B’ since ®B varies as
1/K. The rather large activation energy (1-1.3eV) would then be due to other

transport mechanisms, such as hopping. Another reason could be due to GB

charge Qp resulting from the discontinuity in spontaneous polarization across

the GB. The Qp would tend to compensate the charge trapped in GB states

(Q

CB) at half of the GB area, thus removing the GB as an effective source of

- 19 -
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impedance. (Such is the model for the T < TC regime of the BaTiO3
thermistor.) Again, the activation energy would have to be due to
other mechanisms. A third possibility is that the density of GB states is
s0 large that they don't become exhausted over the range of applied voltage.
A fourth possibility could be a higher resistivity region (i-layer)
straddling the grain boundaries. This could tend to clamp the space charge
region and :B’ and has been discussed in greater detail elsewhere (see
Appendix) .

1f the current is controlled by GB barriers (as it is for the
varistor, PTC and poly-Si devices, and possibly is for MLC devices), then
the maintainance of that barrier is critical for a stable device. For the
simplest GB barrier considered (Fig. la), with ¢B given by eqn. 1, degradation
can occur by two mechanisms (assuming ¢ remains constant). GB change can
be brought about by heating in a reducing ambient (HZ’ co, NH3, etc.),

and by ionic segregation at the GB. NC

b4

B and ¢B are thus reduced. A second
mechanism is increased donor density ND.
The main goal of this section is to raise the possibility, with some
supporting data, that GB barriers may be important with respect to insulation

resistance for some types of MLC devices. BL and COG types have EA voltage
dependences that resemble those of known GB controlled devices; the X7R

does not. The latter point has been addressed; the reduction of the X7R

EA with time under stress will be discussed in the following section. Before
leaving this section, the question should be asked: What other sources of

EA (and aB) can exist in MLC devices other than GB barriers? The conditions
are that a) E, values lie roughly in the 0.7 to 1.3eV range for a new

A

device; b) EA decreases with voltage for some devices (BL and COG) but not
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tor others (X7R - for the devices we have measured); c¢) EA of the X7R
decreases with time, under voltage and temperature stress., Two mechanisms
are listed below,

1. Schottkv type of barrier lowering,

= “SETE (15)

Assuming E IOSV/cm and ¢ = lO-llF/cm (COG), barrier height reduction

is only 0.0leV, whereas the actual ‘g decreased from about 1.6 to 0.9eV
(s

B 0.7eV). Schottky lowering would be even less for a higher K miaterial.

This also applies to the Poole-Frenkel effect in the bulk.

2. If the charge carrier concentration is large enough, potentials
may be screened. Consider the potential in the vicinity of an electron
trapped in a neutral region. For low charge carrier concentration, let the
ionization energy of that electron be Ei (this could also be a deep donor

level,) As carrier concentration increases, Ei is reduced due to screening,

by an amount

>
¢
R, o= ',—1—‘— (17)
i 4 a0
where * is the Debye length. For non-degenerate statistics, - is given by
/_e_%s;l;
o= 2 8
2gn (18
For = IOOr() and T = 300K, this relation becomes
300

= —_— e

vl

ien,
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For n = 10 cm 3, X = 90A, and the resulting hi decrease is cniv O 00l aeV

which is negligible, It is thus difficult to see how screening (ould be
a significant factor, especially for high K materials, a+ the device deprades,
and carrier concentration increases. This discussion alsc .applies to polaron

hopping potentials.

8 2.2 DEGRADATION OF ACTIVATION ENERGY

We have reported, for a large number of degraded X7R devices, that
there 1s a monotonic decrease in activation energy with the degree of

= degradation (device resistivity at 125°C).[lo]

Subsequent thermoelectric
studies on similar but non-electroded X7R chips indicated that EA decrease

could be attributed largely to mobility, even though mobility and carrier

ol al

concentration both increase.

It was desired to observe this EA decrease as leakage current increases
for o single device. Several 10nF X7R capacitors were aged at 150°C and
4 times rated voltage (400V) in air, over a period of 9 weeks. I-V curves

(at 150°, from 1 to 100V) and E, values (at 5V, from 150 to 130°C)were

A
measured periodicallv,

leakayve current increase with time at 5V bias is shown in Figure 7.
The incredase is rouphly exponential,

A group of I-V curves are shown in Figure 8. A trend similar to that

11 . . :
reported eurlierl ], ior the set of degraded X7R devices, is evident: as

. degradation proceeds, the slope of the I-V curve increases. 1In Fig. 8, this
increase is from about 1.25 to 1.65, (The curve would eventuallv become
" ohmic if the test had proceeded further; this was not done for lack of

time,)
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As leakage current increased with time, EA decreased, This is shown

in Figure 9. The linear decrease of EA is somewhat striking, with EA
decreasing from an initial value 1,28eV to a final value of 0.1l4eV, The
linear decrease in EA is consistent with the exponential increase in current
(Flg. 7 and equation 8).

A general model can't be proposed from the characteristics of a

single device. However, some comments should still be made about the

X decrease of EA with time seen in Fig., 9 (and the resulting near-exponential

increase in current,) If EA is GB controlled, its decrease could be related

e

to some of the mechanisms mentioned earlier (decrease in N increase in

GB’

L’ ND). For example, the total number of ions arriving at (or leaving) a GB

could be a linear function of time, over a limited time interval. Processes

such as oxygen ion and vacancy migration, and barium migration, could be

tactors,

2.3 SCLC IN NON-ELECTRODED CHIPS

We previously reported thermoelectric measurements made on non-electroded

[11]

chips of X7R material. We have made additional measurements on similar
. * I3 3
chips for comparison to capacitors of the same material. Measurements on
both the non-electroded chips and electroded chips (i.e. MLC capacitors) are
reported below,
Current-voltage behavior was studied using a 3-electrode guard ring

peometry,.  Chip dimensions are 6,21 x 5,30 x 2.18mm, and Au/Pt electrodes

were fired onto the broad faces. I-V measurements were made from 10 to 1000V,

. *
- Supplied bv Corning Electronics, Raleigh, NC
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at temperatures from 200 to 350°C, in argon and air ambients.
The major points from these measurements are summarized below.
(See Vigure 10)
l+ There are two distinct regions of different voltage behavior:
an ohmic region below about 400V, and a super-ohmic region above 400V.
2. The upper characteristic depends on the ambient; currents increase

1.9-2, .3-1.
! in argon, and as V1 3-1.7

as =V in air. The ohmic region is
independent of ambient,

J.  Activation energies are (1.31 ¢ 0,02)eV, and independent of
voltage.

We attribute the upper voltage region to space charge limited currents

(S(:I.(:). In a model I“c‘p()rted earlier[lo’ll]

, the near 3/2-power law voltage
dependence was attributed to SCLC emitted from electrode asperitles. We
proposed there that, as the ceramic in the electrode vicinity degrades, a
higher power law should evolve, as the increased ceramic conductivity results
in a more nearlyv planar effective electrode.

The upper voltage regions (V > 400V) of Fig. 10 are consistent with
a model whereby current injection depends on metal-ceramic interface properties.
ln these measurements, this interface is exposed to the ambhient (through the
Au/bt electrode, which is oxvgen permeable). According to the above model,
the 1=V slope should increase {f the near-electrode ceramic becomes oxvgen
detficient,  Such slope increases do occur, without exception, in argon, with
the air ambient alwavs resulting in the lower slope.

The time dependence of leakage currents, in air and argon ambients, are
shown in Figure 11, for two sets of electrodes (A-C and A-B, as shown in

Pigure 12 at 10V (ohmic) and 600V (SCLC) .,
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The only case where current is affected by the inert ambient is A-C

at 600V,

If oxygen is leaving the ceramic when measured in argon, only a

very thin region (<1lum) has to be affected. That only a thin layer

(or even just the interface, or the metal itself) is involved is substantiated
by two facts:

1. No change in current occurs in the ohmic region, therefore the ambient

sensitive part is a negligible fraction of the total thickness.
‘)

“e

No change in the resistance between the central electrode and the
guard ring (A-B hookup) was evident.

This latter result is somewhat surprising, since even though a thin
low resistance layer may not show up in the bulk resistance, you could
expect to see a detectable change in surface resistance,

Since none was seen,

it must be proposed that the current increase seen above 400 volts could also

- 30 -
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be due to an oxvgen detficient interface, or even the electrode itself,

o
with no change occuring in the ceramic (outside of 20A or so from the

interface).
[t seems clear, though, that the high voltage increasce is due to an

injection mechanism that depends on the interfacial and/or near-interfacial

(12]

region,

In order to check the validity of the SCLC model in the upper voltage
region, a chip was polished to a thickness of 0.57 mm, and guard ring
c¢lectrodes attached in the same manner as for the 2mm chips. An I-V
characteristic for such a thinner chip is shown in Figure 13, measured
in air and argon ambients.

Current for the thinner sample increases by a factor of 25, which
is expected since it has a slightly larger electrode. However, the ohmic

to SCLC transition voltage V, only decreases to 250V (from ~400V)., For

T

2
SCLC with planar electrodes, VT should increase as d . For this case, the

thinner sample should thus have a VT of = 25V, However, it is known that

the electrode-ceramic interface is not planar. This is seen in Fig. 14,

wvhere the surfaces of as received and polished chips are shown. Some rough-

ness (s seen on both, in varving degrees. According to SCLC theory[13],

V3/2

the main condition for a power relation is that the anode radius T
[e

be much larger than that of the emitting cathode (rc). An 1-V relation of

the torm I = KV3/2

could be expected in both cases, with K depending on the
concentration of traps in the band gap, but independent of both ra and rc,

provided that r oo r.. Thus, it is not expected that VT would decrease as
rapidly with sample thickness as for the planar electrode case. Additional

samples polished to varving thicknesses are being measured in order to clarifyv

these polints,
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I-V characteristics for an MLC X7R capacitor chip made from the

same type of ceramic sheets as the non-electroded chips are shown in
Figure 15, (These measurements were not extended below 10V due to the
long settling times for the currents.,) The near 3/2 slope of these curves
is as reported elsewhere for non-degraded X/R devices. The curves are
similar when measured in air or argon because the device is buried in
ceramic, thus protecting the interface. The 3/2 slope is not inconsistent
with the upper voltage regions of Figure 10. The transition to ohmic
behavior is not evident in Figure 15, From Figure 6, for an X7R made by
another manufacturer, this transition appears at about 1-2 volts,

There is another important correlation between the X7R chips and
capacitors, The 1.,25-1.5 power dependence seen for new capacitors (Figures
6, 8, and 135) corresponds to the lower SCLC curves seen for the chips

(Fig. 10). The power dependence increases (to z2 +0.1) for moderately

degraded X7R capacitors (which we have attributed to a "smoothing" of
the electrodes[ll]). This corresponds to the upper SCLC curve of Fig, 10,
for the chips, which we have attributed in this report to interface effects.
| - It thus appears that an MLC capacitor of the type shown in Figure 6
:5‘ operates in an SCLC regime, when biased above roughly 1 volt. However, the
P.'l‘-
;17 baseline current level is still governed by ohmic current, or the nu product.
[ &
- As this increases, so does the SCLC., And u may be determined largely by the
o grain boundary potential bB'
L.
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2.4 EVIDENCE OF IONIC MOVEMENT DURING DEGRADATION

Some interesting characteristics have been observed during 1.F Z5U
capaclitor accelerated degradation. We show these results to illustrate
evidence of ionic movement during degradation, and to indicate the variabilitv
of characteristics for devices of the same type from two different manu-
facturers,

When tested at 200V (4 times rated voltage) at 150°C, devices from one
manufacturer alwavs proceeded to rapid failure, whereas devices from
another manufacturer actually improved., This is illustrated in Figure 16.
It was found that the degradation process for the poorer class of capacitors
could be reversed by changing voltage polarity, but that failure eventually
occurred if maintained in any polarity long enough, as indicated in Figure 1l6.
This reversal of degradation can be maintained over at least several cvcles
of polarity reversal, as shown in Figure 17. The leakage current minimum
increases slightly each cycle, so the process is not totally reversible,.

The degradation process under these conditions also exhibits a near
exponential time dependence, as shown earlier for an X7R. The activation
energy for the degrading Z5U was also found to decrease linearly with time,
as was the case for the X7R.

An interesting aspect of these measurements is the cyclic changes seen
in Figs. 16 and 17. This is probably caused by a low resistivity front
spreading across the laver, somewhat like that originallv reported by

[14]

Lehovec and Shirn tor point contacts., If it spreads to the anode, the
device fails. The front motion can be reversed by changing polarity, but

failure will occur either wav because the process is the same. Such a

polarity and time dependent phenomena is indicative of large scale ionic

. A LT G e e o . Le
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Figure 16.

Current versus time for l1uF, 50V, Z5U devices from two manufactures
(measured at 200V, 150°C.)
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movement, probably 0 . This is consistent with results we previously

reported, for a similar type of device from the same manufacturer, whereby

a color gradient was evident across the layers of a cross-sectioned

degraded capacitor.[lll
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3. CONCLUSIONS

From the work pertformed over the past vear, we have concluded the
following:

a) Grain boundaries may play a dominant role in the resistance ot
some types of MLC devices,

b) Two distinct current regions were seen for non-clectroded X7R

chips; the upper region is attributed to space charge limited current

and depends on the ambient,
; c¢) No ohmic region is evident for X7R capacitors above 1 volt
because SCLC dominates in the thinner lavers.

d) Leakage current polarity reversal effects are due to the movement

of an ionic front across the layer.
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4. FUTURE WORK

Future work will include the following:

a) To continue to clarify the role of grain boundaries by more
extensive measurements on MLC devices, with comparison to known grain
boundary controlled devices;

b) Further studies on polished non-electroded X7R chips, to

determine the importance of two parameters: i) degree of surface roughness

(related to electrode interface), and 1i) sample thickness (to assist
in modelling the space charge current).

¢) A galvanic cell will be setup to distinguish ionic and electronic
transport numbers for X7R capacitor ceramic (to be supplied by Corning
Electronics).

d) Transport measurements on ceramic samples of varying types of
porosity (to be supplied by Lehigh University).

e) Measurements and modelling for PLZT layers of different thickness

(to be supplied by Sprague Electric).
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VOLTAGE DEPENDENCE OF ACTIVATION ENERGY FOR MULTILAYER CERAMIC CAPCITORS
by

Larrvy C. Burton
Departments of Electrical Engineering and Materials Engineering
Virginia Polytechnic Institute and State University
Blacksburg, VA 24061

Abstract

Current-voltage and activation energy measurements
can be used to probe gruin boundary potentials. A com-
mon tvpe of activacion energy for current conduction in
32 ouvlverystalliine material is that due to the grain F
soundary potential energy barrier. The height of this
Sarrier sepends on occupation of grain boundary energy N
slates. (r$ decrease with applied voltage accounts for
the rurrent breakdown characteristics of polycrystal- Cl)
itae stiifcon, and of ZnU varistors. Barrier laver and
CJG capacitor types exhibit strongly voltage dependent
J:tivacion energies, which can account for their super-
vhmic current-voltage behavior. Activation energies
dre essentlaliv independent of voltage for X7R capaci-
ters and ceramic, even in super-ohmic regions. This
mav pe dccounted for by severai mechanisms. A reduc~-
tion of the graln boundary barrier can resul? in leak-
age current (ncrease and device faiiure.

Grain Boundarv

Introduction

for multilaver ceramic (MLC) capacitors, activa-
tion enerey pertains te the temperature dependence of
leaddge current, dnd may be ascribed to carrier genera-
tion and »r transport mechanisms. Grain boundaries
i3y wan plavy a dominant role in activacion energy and

iedakaze curreat. GB potential barriers (specified by Ee ! ! ~—————

4 barrier neighc energy) can be the dominant impedance :

to butn electron and hole flow. This can be the case Ep - — — — 55' —_— % - =

tor any oolvervstailine material, an\udiq chin = EE

Silms AT, bdr;ig§ layer (BL) capacitors |4, pqlverystal- ot -

tire silreon(=72) and ceramic varistors'='°'/73nd ther- §§ =S

mistors' =8 Thermal activation energies for these de- (:) ! < |

“1oes J4n be attributed exclusivelv to transmission .

avross 3 potential. Figure 1. Grain boundary potential energy dlagréms

for three cases: a) thin boundarv region

se Hlgntture o G ocoatreiled transmission is with uniform donor density in the zrains;

A weitawe depeadent activation energy. We have ascer- b) higher resistivity region (i-layer)_a?—

titned that certain types of commercial MLC capacitor jacent to GB; ¢) laver of second materiai

aotivarion energies decrease with veltage. (B barrier separaring the grains.

netzhe nd its Jependence on voltage are reviewed be-
Low.  Measurements were made on varistors, boundary
laver, LG aad X7R capaclters.  These results are re-

¥

Titead € the redistance and stabllity of MLC cavaclitors.

where (T is a temperature correction, with . being
nesative und in the range =137 to -10'3 eV’/K. The
zero bias barrier height 1s thus somewhat less i(sever-

IRALN BOUNDARY CONTROLLED TRANSPORT al tenths of an eV) than the measured activaticn ener-
o B AL LN LLL ‘ IR

8gy.

Tor alvery i : i . b darie . o

Turog poiveryseslidae material, 2rain Jun=aries At voltage V (per urain boundary), we can lixkewice
can contrg oelectron transport and current activation sav N i
caeregv.  lhe latter 12 determined bv the B barrier

< v N

Geight, whlch ran be voltage dependent. -Bgv) = g*(\) + T [\

Three 7 tvpes are shown in Fieure 1 for n-tvpe The zero voltage harrier height is given by
matertdi. (Similar diagrams pertain ¢~ p-tvpe material, q:V 2
onlyv band-bending 1s in the downward Jirecticn.) . L (1

BO 2-

Figure .4 shows a G3 with enerwv states (~f densi-
e Ngg) occupled up to the Feral envrav £p.  cpy 1S the where Np, o ana < arv donor deasity, peralttivity and
GB barrier helght uynder zero bias cunditions, and Xy Ser cLar e neafTality,

spove caarge widt., resnectovel

and Xy are the space charge widths (X, = X under zero Ihp¥ T oglcp e vhere Ngg 13 tae Hile’ araln toundary

blas). Lf thermal activation energ” £y is due solely state density (here assumed uniivrm). Thus, iy 7am
ty the 0B potential barrier, the two are related bv be written .

S (v { - . (1 RN

F,.\(v = J) = 30 R 1 . ) V‘.“, ..
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thus depends on one UGB paramerer «N ) and two grain

N8

varameters  and N This tvie of arain boundary per-

)
n' -

tains o the polv=Si and BaTlv, based cthermistor.

3

T harrier of Flg, b is similur to that or la
except that there {» 1 higher resistance region
ttarrinate, or t-laver) near the B, Jne consequence
vtothe I-laver {s that space charge width mav be clamped
A0 o vearlt conszant value, independent of voltage.
Tils tvoe will he discussed further in the context of
<K omeasurements.

n Fireyre o, a thin laver of second material
evists hetween the grains. (This can be a 2nd phase or
t dtrferent material.) Charge induced in this material
depends on {nterface states, resiszivity and energy
»and osurameters. This structure pertains to the BL
capacitor, and for smal! fnterlayer tinickness, to the
Lo oaristoe,

Figure 1 shows a uB when under voltage bias. (This
3 could be one of several exlsting in series across an
MLe o capacitor laver. Voltage drop across the bulk of
the grafin is neglected.)

HHHH AL
LERARAARELRINRSA]

B
l ty
2
cieure . Uhltage Vo oacross a4 GB. V=V 4V, and x1 and
L -
«, .re spiace charge widths on the two sides.
I'nbl{ased conduction band edge is shown 1s
dashed lines,

“eoare coencerned with the B barrier height g and
how 1o fs erftected by OB state filling and appliled vol-
tase.  The specific mode of carrent s not of prime

wicers tie. cnmic, thermionfc, Schottxw etc.) since

all tvpes will be effected dv B similarly.

Tero Hias harrier height fBO (Flzg.

hecause of negative charze trapped at the GB, and
equa. nosicive charge induced {n adjacent depleted

la) exists

regions.  The voltage dependence of t% (Figure 2) will
terend o ogvasiability of addftional B states which
anotrap electrons when a voitage is applied., With
rezar! *o R LState occupation, two cases are of

{nrerear,

Case L= AL States Decpted

Cied orior o
troavelling

T thic case all B states are

ptlon e veitage, and 0o e

LT

b LA A A2 A Ty S A B AN AR A S S i S S i A i

across the GB as a result of bilas are trapned. The dlas
increases x,, and therefore xl must decrease so that

total positive charge remains constant. Thus, x
decreases with voltage dS‘/)
- 1 - qV/4: ’
X, X0 (1 qV/ 4 BO) (5)
and barrier height decredses as
L (1 - gV/e:_ )7 (6)

where V i{s voltage across the GB. When Vaétso/q.

the flat band condition is cbrained, and the barrier
height to electron flow rfrom the left is zerc, A rapid
increase in current is expected at this point, limited
only by bulk grain and contact resistance.

Case 2 - Emprv States Above EF

In this case there are empty states {n the band gap
above the Fermi energy E_ which are available for elec-
tron occupation. When such occupation occurs under
bias, E_ moves up due to the increased electron concen-
tration in the CB, and :, is therefore reduced by the
same amount (neglecting %he small voltage drep V, on
the left hand side of the boundary.)* Almost thé entire
voltage V is on the right side of the junction, both x,
and the positive space charge increase, and x, is essefi-
tially clamped. If the density of grain boundarv states
near EF is large, ZEF will be small (<¢EF). Barrier

height voltage dependence as GB states are filling is
then

.B(\r) V‘BO‘_.EF-\‘,L‘.BO-_:EF (7
and %, remains almost constant since lE_ <~ [_ ..
8 13 BO

This situation continues as voltage {ncreases
until all GB states are full, and then reverts back to
case 1: due to charge neutrality the total Jepletion
laver width {s clamped, and the barrier to electron
flow from the left rapidlv collapses, with a concomitant
increase in current.

Examples of such volrage dependent decreases in B
barrier heights, and resulting increases {n current,
have been established for po 7-51(3‘3) and 2nQ varis-
tors.(7)

MEASUREMENTS AND DISCUSSION

It {s known that the most wideiv used tvpes of MLC
capacitors (Z5U, X7R, COG for example) exhibit super-
ohmic currents. As noted above, such {ncreases in
current seen tor poly-Si and varisters can be modelled
on increased transmission over GB barriers. Can a
similar model pertain to anv tvpe(s) of MLC capacitor’
For which MLC types are activation energles voltage
dependent, and if so, what {s the form of the resulting
current increase?

In order to address these questions we have mea-
sured I-V characteristics and activation energies for
BL, X7R and COG capacitor tvpes. For comparison, com-
mercial varistors were also meascred.

Varistor characteristics are shown in Flgure 3.
Current and acti{vacion energv gegendences on voltage
are more or less as expested.(--" It {s seen that

kThe voltage Jdrop Vy acrogs the left hand (for-
wiard blased) side of tho'iunc: on is approximate;y
vaqual £ kT In 2, which 1s negliaible at normal to-v-
cratures and voltapes,

-
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activation energy (which is proportional to GB barrier
height at a given voltage) decreases rapidly near the
current breakdown region of voltage.
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Figare 3. -V and activation energy characteristics

“or commercial varistor.

Lommer. tal 8L capacitors snhow characteristics
sonewnhat rar to those of the varistors (Figure 4).
regions are «vident on the -V cyrve: 1) ohmic
ihour . ovelzs: 1) sub-ohmic rewion for 27V710V;
for V13V, These regions are consistent
cne shape ot the activation energyv: constant

OV ane rapidle decreasing above. A low voltage
chmie reglon s expected for must current mechanisms
twhere the wvoltage per GB is less than kT/q). The
sub-ohmtis region has been predicted and reported for
the polv-5¢ case,(3) although not reported for varis-
Since the grain boundaries can bHe viewed as
biacr-te~back Schottky diodee, the sub-uhmic region
represents 4 partial current saturation similar to the
rotal saturation for a Schottky diode in reverse bias.
The dexree of saturation (le. of sub-ohmicity) should
depend stronzly on donor densitv {n the grain.(‘ The
super-ohmic region vccurs due to the rapld decrease {(n
activatlon energy above 10 voirs.

simi
Three
el W
YYosuper-onmic
i

el

lors.

characteristics for a commercial (06 device (C =
S.h% af) are shown in Figure 5. The I-V character-
{est1c {3 unlike those seen for polv-Si, varistors or
Bl capacitors {n that {t consists of two distinct
linear rextons: g near ohmic region (I 1 vl.2) below
10V, and a super-ohmic one (T +« VZ-3) ar higher
voltages.

CUKRENT (A)
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Figure 4. 1~V and activation energv curves for com-
mercial BL capacitor.
17"
=
10 _o—o—o\& IS
] \o -
\ B
[e
— 1 N
= ° q p— & -
-10
M
= . Q | i
S
R
1 OHMI4
14\"1:
L T l v 1 '
i 100
VOLTATE ()
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for V.49 nF COG capacitor.
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Even though the LUG activation energy does decrease
strikinglvy with voltage, tt does s0 in 4 manner differ-
ent from the BL case or the varistor. This could be
duye to the foilowing:

L) Lt the E\ decredse {s caused »v B trap f{ll-

tng, the nature of the decrease will depend on the (6)
enerqv distributlon of states. Accordiag to levine,
an expornentially increasing state densizv in the hand
Zap (such ad might be expected for a hizhly disordered
material) should result in a CB barrier hetight that
decreases wih voltage as

g " A-81InV (8)
where A and B are material dependent constants. This
{2 rhe approximate form for the decreasing E\ seen in

Figure . The linear approximation to the curve above
W owelts (S

= 1,93 - 0,195 in V (9)
2y The voltage Jdrop across the bulk of the grains
shuuld ne tdgen into account. (This {s not a large
correctiun far the 3L capacitor or varistor due to the
low gratn resist{vicy.) Assuming laryge graln resis-
tiviv o tor the (0G, the [R drop will increase with
current, and the decrease of £ with voltage will be
lews severe Jue o the reduced €raction of volrtage
supzliied to the B, This mav also account for the
slight concavicy or the E% curve seen in Figure 3.

“we have thus established that ictivation energles
are strongiv voltage Jdependent for the 8L (as expected)
and 00 capacitors that we have measured. Such is not
tne case Yor the X7R type. For capacitors from two
manutacturers, and for non-electrodes chips from one of
rne same manufacturers, activartion energles were found
ro be voitage {ndependent, even thourh currents show
super-ohmic voltage behavior.

Chararteriscics Zor a1 _F X7R capacitor are shown
tao Yigure p. The near 1.5 power law dependence above
DY in anaistent with prewd 9 Activa-

us findings.
slon waereles for Jdevices from hoth manufacturers were

C
o
eswentlally valtice fadependent,

otme e s ded cnins Jmmothioxk of capacitor XTR
Materia, were aiso measured, using platinum/gold vlec-
troaces Cired v orRe o surtices.  These chilps exhibit

- ant o wrnace charge ctaracteristics, the tran-

Siteonoetoae seraring at about 300V and being tem-

Lt anferendent. isee Fluure )

o tluation energies for the chip were found to be
o Doty ane LY eV oae 10, 100 and KO0 volts res-
et

feotrgrairten voltyge from oohmic to space charge

1
¢ Lt e e cndp is oabout 400 YV, Where the tran-
on voctage Vo would he far the capacitor (assuming
e same rupe of planar electrode space charge current)
an o he oend by equating the currents at V-Vr,
. 3
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[
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Figure 6. I-V and accivaticn energy characteristics

for 1 -F X7R carpacitor.

Thus, for the capacitor, with d ~ 5 x 10'3 cm, v
{s expected to be about 0.5 V. This is below the
minimum voltage il volt) at which we have attempted -0
obtain stable measurements for X7R capacitors. iHowever,
as seen {n Figure 6, the I-V characteri{stic arpears t.
be approaching ohmic behavicer at the lower voltages.
True chmic behavior (I x V) mighz bYe expected for :nhis
tvpe of X7R capacitor somewhere in the 0.1-1 volt
decade.

-

i

The quadratic veoltage region of the chip (3070 -
1000 V) corresponds to 10 te 25 V for the capacitor
(for equal electric flelds), which fell within tne
range of measurement (Fig. #). Why does the capacitor
current change as V-2 whereas that of the chip goes
as V&7 At present we feel that the Jifferent power
low behaviors seen for the 2mm chip and MLC capacitor
made from the same material are due to the increased
importance of electrcde roughness for the thinner
lavers of the capacitcr.(9

It is likely thar the voitage dependence of EA
for the varistor and BL capacitor {s due to the
filling of energv states distributed across the band
gap at grain boundaries. 1t is also possible that
the EA reduction for <0G devices {s caused bv a

similar mechanism, with the added condition that
applled voltage fs divided between grain bulk and
houndary.

whv 1s the YX'R activation energy (for samples
Yrom twe manufacturers) independent of voltage?
Slrsely, there mav S oo significant CB potential
Sarrfer fn XTR rvpe ceramic to begin with.,  This could
v an iaherent rroperty of the GB twhich s uniikciv,
sioce charged states proetable existi o or due to o the face
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e
: h
e Jdtlelectric constant is larger ror this material and in grain boundaries occurs, positive charge (required
Coovaries as b LN Theretore, !, wouid be smaller and for charge neutralitv) {s supplied bv onlv a verv smajl
3 ) 8 novement of the space charge into the lower resistivity
Tave ess elraect on iurren:. The rather large activa- reglon of the grain, on the right. The left hand side
Tton enerxy i-1.3 eV) would then be due to other trans-

will not collapse as rapdilv under bias {f it extends
anv significant distance into the lower resistiviecy
region. [t is feasible that if the resistivity on
both sides of the GB is large enough, :B could remain

pores mecnantsms, such 15 hopping. 1f this is the case,
et one would act ant{cipate OB contrellied transport
oro % Jdevices either, since {ts dielectric constant
{3 ewven larger.

clamped at its zero bias value. This high resistance
region could be close to intrinsic ({-laver). The
Fermi energy would lie near mid-gap, and the resultine
band bending could influence the barrier helght more
than the occupation of grain boundary states. The
resistivity of this near-grain boundarv i-laver could
thus control leakage current bv virtue of 1ts voltage
independent barrier, which would decrease i{f the laver
became semiconducting n~tvpe Juring voltage/temperiture
stress. Then the barrier height (as reflected ir
activation energy) would decrease and leakige current
would increase, which are botn observed for degraded
X7R devices.

It s worthwnile to examine how degradation of
ceramic resistance can occur {f that resistance ;s
controlled by grain boundaries. We just mentioned a
possible degradaticn mechanism for 3 GB harrier helgnt
of the Figure 1% tvpe. How about for the Fiz. la svpe,
which 1s for homogeneous gcrains” Here the barrier
height 4t zero bias ) is given by equation .

r

"T30

{5 seen that can e :educed by twe mechanisms

"BO
tassuming - {s constanti. 8 charge can De roduved hv
hvdrogen nnealinug or {mpurity segregation for exarple,
Grain boundary states ar. '":assivated” and traoped
charge, barrier height and overall resistance are
reduced. Another mechanism (s to increase the Jdoner
densitv N.. Thus, the maintainance of a large B
pntential'barrier can be fust as {mnortant as 3 low
carrier concentration in the arain tor minim
leakage current.

zine

1. A decrease 1n act:ivation energy with voltaxe
for harrier laver capacitors is accompanied Hv a ranid
rise {n leakage currenr. This Is attributed to a B

R barrier hefght decrease as energv states in the bund
) T T 1 T T | zap at the CB are tfilled.
G L ONG

2. A similar decrease {n @ for CCG devices i
also accompanied by a chanwe in Current from shmic co

VOLTAC T o 5
super-ohmic (I x V<:21. The decrease {n ‘5 13 net as
Toere DoV naracteristics Yor lmmothick, nen- rapi{d as for the Bl tvpe, perhaps due to the larcer
elvctroded chip of XTR cgpacitor matertlal. krain reslatance of the C0C,
A ecomd possible reason for the iadependence of 1, Activation energles for XTR capaciters and
wove L rage conld be that the densi{zy ot inrerface ceramic chips are voltage (ndependent, even though

surrents become super-ohmic. Several possible reasons
for the constant £ are 2i{ven i{ncluding higher dielec-
tric constant, larzer densitw of Interface states,
smallier electron canture r2%e and the existance ot an
i-laver near the (B,

Ltdfes t5 &0 large that theyv don't become exhausced
wer the range of applied voltage., The states mav
Al have small capture cross sections for electrons.

Anvther possihle reason 1s that there mav be a
gher resistivity reglon near the grain boundaries.
Then the band diagram would resemble that shown irn
Yie.o 1. Space charge width could be ciamped, mos<ly
in zhe hagh resfistance reglion. As electron trapping

4. Reduction of the "R “arrier height bv means
of eneryv state passivaticn and/or increase in hulk
doner density will result in lower resistivitv and
enhanced leakage current,
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