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Electronic relaxation of deep bulk trap and interface
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This paper investigates the electronic relaxation of deep bulk trap and interface state in ZnO ceramics based
on dielectric spectra measured in a wide range of temperature, frequency and bias, in addition to the steady state
response. It discusses the nature of net current flowing over the barrier affected by interface state, and then obtains
temperature-dependent barrier height by approximate calculation from steady I-V (current—voltage) characteristics.
Additional conductance and capacitance arising from deep bulk trap relaxation are calculated based on the displacement
of the cross point between deep bulk trap and Fermi level under small AC signal. From the resonances due to deep bulk
trap relaxation on dielectric spectra, the activation energies are obtained as 0.22 eV and 0.35 eV, which are consistent
with the electronic levels of the main defect interstitial Zn and vacancy oxygen in the depletion layer. Under moderate
bias, another resonance due to interface relaxation is shown on the dielectric spectra. The DC-like conductance is also
observed in high temperature region on dielectric spectra, and the activation energy is much smaller than the barrier
height in steady state condition, which is attributed to the displacement current coming from the shallow bulk trap

relaxation or other factors.
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1. Introduction

ZnO ceramics have been widely used for over volt-
age protection and surge absorption in power systems,
because of the excellent non-linear I-V (current—
voltage) characteristics, which were arising from back
to back Schottky barrier at grain boundary.'=3! At
grain boundary interface, large amounts of negative
charges are trapped by interface states, which are
originated from impurities segregation, dislocations
and dangling bonds. For electric neutrality, positively
charged depletion layers appear on both sides of grain
boundary interface, forming the back to back Schottky
barrier.l!! As varieties of defects*9] existed in ZnO ce-
ramics are due to the inherent non-stoichiometry, the
distribution of both positively and negatively charged
defects in grain boundary region is rather complicated.
Complex electronic structure and defects distribution
have a great effect on the electronic behaviour in grain
boundary region, but it is difficult to detect and rep-
resent.

From the current flowing over the Schottky bar-
rier measured by small current (j < 107% A/cm?)
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DC characteristics of ZnO ceramics, we can obtain
steady-state parameters such as the grain boundary
barrier height and interface state density.[ But the
effect of the electron trapping and emitting by inter-
face states cannot be obtained, even a two-step elec-
tron transportation model is considered.[”=1% While
from the dynamic response, more parameters about
charged carriers, such as their density, energy level
and capture cross section can be obtained.[*1:12]

Different from the deep level transient spec-
troscopy and thermally stimulated current measure-
ments, the broadband dielectric spectroscopy has ad-
vantages of wide measuring temperature and fre-
quency range, simplicity and nondestructive nature.
Moreover, information about deep bulk trap and in-
terface state, such as trap density, capture cross sec-
tion, activation energy and relaxation time can all be
calculated from the dielectric spectra.[*3=191 So broad-
band dielectric spectroscopy becomes an important
means of investigating electronic behaviour of grain
boundary. 16!

It was found that a significant loss peak near the
frequency of 10° Hz appeared on the dielectric spectra
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of ZnO ceramics.1719 This loss peak does not de-
pend on specific formula and process of the ceramics,
but depends on the composition and defect structure
of grain boundaries.['?! In this paper, the additional
currents rising from relaxation of deep bulk trap at de-
pletion layer edge were analysed, which is responsible
for the loss peak. Then the main defect in the de-
pletion layer was regarded as native defect interstitial
Zn and vacancy oxygen based on the activation ener-
gies obtained from the resonance on dielectric spectra.
Furthermore, interface state relaxation and DC like
conductance were also detected from dielectric spec-
tra.

This paper provided a convenience way to repre-
sent deep bulk trap, and to reveal the effects of deep
bulk trap and interface state on the dielectric prop-
erties of ZnO ceramics. After these effects are con-
trolled properly, lots of problems in engineering ap-
plication can be solved, including reduction residual
voltage and improvement of degradation properties.

2. Experiment

In this paper, the sample is commercial ZnO
ceramics consisting of ZnO (97 mol%), BiyOs
(0.5 mol%), MnO (0.5 mol%), CoO (1 mol%) and
SboO3 (1 mol%). The specimens were 10 mm in diam-
eter by approximately 1-mm thick. The surfaces were
cleaned by using an ultrasonic cleaner before gold elec-
trodes were sputtered on each side of the specimens
by vacuum evapouration.

The current—voltage characteristics were mea-
sured at various temperatures in an Environmental
Test Chamber (DELTA 9023), and an HP 34001A dig-
ital multimeter was used to read the current. The
dielectric spectra of the sample were measured from
0.1 Hz to 107 Hz, -160 °C to 200 °C, and bias from
0 V to 40 V by Broadband Dielectric and Impedance
Spectroscopy (Novocontrol).

3. Results and discussion

3.1. Steady-state properties

Figure 1 shows the current—voltage curves of
Zn0O ceramics from 90 °C to 200 °C. The curves
are nonlinear, and the nonlinear coefficient a =
1/10g(U1r ma/Up.1 ma) decreases from 5.61 (90 °C) to
2.77 (200 °C), which is not high enough to consider
the tunneling effect29:2!) in the measuring current and
temperature region, but comes from the thermionic
emission current cross the Schottky barrier in the

grain boundary region.
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Fig. 1. Current—voltage curves of ZnO ceramics from

90 °C to 200 °C

3.2. Nature of steady-state current in
ZnO ceramics

Negative charges are trapped at grain bound-
ary interface, where the energy band bending occurs,
forming back to back Schottky barrier. Figure 2 shows
the schematic energy band diagram of Schottky bar-
rier when the applied voltage is zero, where E., Ey,
Eq4, Er and E, are the bottom of conduction band,
shallow donor level, deep donor level, Fermi level and
the top of valence band, respectively.

Fig. 2.

Schematic energy band diagram of symmetric
Schottky barrier.

The barrier is symmetric, and the quasi-Fermi
level of interface is the same as the bulk Fermi level.
The barrier height &5 and width of depletion layer
x can be obtained by solving the Poisson’s equation
including interface chargel!l

Q?
Pp(V=0)= —— 1
B( 86880710 ) ( )
Qi 26860 @B 1/2
= = —_— 2
Zo 2n0 no ) ( )

where @Q; is interface charge, ng is density of shallow
donor, e is electron charge, g¢ is permittivity of vac-
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uum and e is the relative permittivity of the dielectric.

Ey

©
) |
Fig. 3. Schematic energy band diagram of Schottky bar-
rier. It shows the forward thermionic emission current j,
reverse current j exp(—eV/kT), trapped current from the
right side jrt and the left side jj; by interface states, and
re-emitted current to both sides by interface states jem/2
when voltage V' is applied across the barrier.

When the applied voltage is not zero, the bar-
rier is no longer symmetric, as shown in Fig. 3. The
interface states are in quasi-equilibrium state, and
the capture probability can still be expressed by the
Fermi distribution function, but a difference appears
between the quasi-Fermi level of the interface and
the bulk Fermi level, which is determined by balance
condition: the number of electrons trapped and the
electrons emitted from the interface should be the
same.['8] Considering this difference, the relationship
between the thermionic emission current density flow-
ing over the barrier and the applied voltage can be
written as

j=A"T?exp[—(ePp(V) + ¢) /KT, (3)

where A* is Richardson’s constant, e¢ is the difference
between the quasi-Fermi level of the interface and the
bulk Fermi level, T is absolute temperature.

As electrons transport from one grain into another
in a two-step way, interface trapping and emitting
should be involved during the electronic transporta-
tion process. Now we discuss the details about the
net current flowing over the barrier affected by inter-
face state in steady state condition.

As shown in Fig. 3, the current on the left side of
the barrier jj, consists of four components: thermionic
emission current from left to right j, from right to left
jexp(—eV /kT), the small currents of electrons being
trapped from the right-side j,; and re-emitted to the
left side from the interface states jor, /2, assuming that
emission from interface states is isotropic, thus we can
write the left side current as

I =3 (1 —exp(—eV/kT)) — jom/2 + jrt- (4)

In the same way, the right-side current can be written
as

Jib = J(1 — exp(—=eV/ET)) + jem/2 — jis- (5)

The trapped current ji = jix + jit+ depends on the
electron capture cross section of interface ¢(FE),

Je = (1 + exp(—eV/KT))
x / AE(E)N(E)(1 — f(E)).  (6)

The emission current out of interface state is deter-
mined by charge emission rate b(E)

Jom = / AEB(E) exp(~ (B, — E)/KT)N(E) f(E), (7)

where Ey, — F is the activation energy for thermionic
emission out of the interface.

However, the interface state capture cross section
is very small (~ 10716 cm?) in ZnO ceramics, thus
the effect of interface capture can be ignored in steady
state condition.?] Note that Jb — Jrb = Jt — Jem = Ji»
thus in steady state, the interface current is zero.
When eV > kT, the reverse current can also be ig-
nored. The net current through the barrier can be
approximated as j in Eq. (3). In addition, the dif-
ference ¢ is comparable to kT, and therefore can be
ignored in approximate calculation,[® so the net cur-
rent flowing over the barrier in steady-state condition
can be approximately written as

Jae & j = AT? exp[—e®p (V) /ET). (8)

According to the Schottky thermionic emission
theory, the relationship between effective barrier
height and applied electric field can be expressed as
Pp(F) = & — BVE, then the static current is!??!

KT ®)

j~ AT? exp ( W),
where A is Richardson constant, T' is absolute tem-
perature, k is Boltzmann’s constant, @, is the barrier
height when the applied voltage is zero, (3 is a constant
dependent on the material itself. At a fixed temper-
ature, the Inj ~ v/E curve should be linear, and the
value of In jo can be obtained from the intercept. Af-
ter values of In jo at all temperatures are obtained, @,
can be obtained from the slope of In jo ~ 1/T, accord-
ing to Eq. (9), and ignoring the change of @, with
temperature.

The experimental In jo ~ 1/T curve is shown in
Fig. 4, where the dashed line is the experimental result
and the solid lines are linear fitting in two temperature
regions.
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Fig. 4. The Injo ~ 1/T curve (dashed line) of ZnO ce-
ramics. Where jo are obtained from the intercept of the
linear fitting line of Inj ~ v/E curve at temperature from
90 °C to 20 °C. From the slope of linear fitting line of
In jo ~ 1/T curve (solid line), the temperature-dependent
barrier height can be obtained.

The value of @y is 0.69 eV in the temperature
range of 160 °C~200 °C, and is 0.58 eV in the tem-
perature range of 100 °C~150 °C. The Injy, ~ 1/T
curve is split into two straight lines, because the as-
sumption that @y will not change with temperature
is no longer satisfied in the whole temperature range.
The change of @y with temperature is rather com-
plicated, since it depends on various parameters such
as dielectric constant, the density of interface state
and the temperature-dependent interface quasi-Fermi
level.[10]

In summary, from the steady state characteristics
of ZnO ceramics, we can obtain that @, decreases with
decreasing temperature, the interface current is zero,
and the interface capture current is too small to be
detected.

The current in breakdown region is quite different
from the condition in pre-breakdown region, and we
will not discuss it in this paper.

3.3. Dynamic response dielectric spectra

As a small AC signal V(t) = Vo + Vel*!, eV <«
kT is applied across the grain boundary, the inter-
face charge and depletion layer charge become time-
dependent. The complex admittance ¥ = G + jwC
depends on frequency, temperature and bias, and is
affected by deep bulk trap and interface states.

As opc x exp(—FE,/kT), from the relationship
between conductance G and temperature T', we can
easily obtain the information about DC-like conduc-
tance. In addition, the information about relaxation
can also be obtained from the relationship between
conductance and temperature at different frequencies
and biases as shown in Fig. 5. So in this paper, the

dielectric spectra are figured in the form of the rela-
tionship between conductivity and temperature.
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Fig. 5. Relationship between conductivity and tempera-
ture at different frequencies when the bias is (a) 0 V, (b)
20 V, and (c) 40 V. Deep bulk trap and interface relaxation
are indicated.

3.4. Relaxation of deep bulk trap

When the bias Vy=0, the shape of the barrier is
still symmetric, but the cross point position x of the
deep bulk trap and Fermi level appear to have a small
displacement under AC signal, leading an additional
current jq as shown in Fig. 6.2

When the voltage increases from V to V' =
V 4+ dV, the cross point on the left side of the barrier
moves away from the interface, from z to 2’ = z +duz,
part of the traps thereby shifts above the Fermi level,
emits electrons. While the voltage decreases again, the
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opposite occurs. The situation is the opposite on the
right side. Under AC signal, electrons emitting and
trapping by deep bulk trap lead an additional current

Jd-

Fig. 6. Schematic diagram of deep bulk trap relaxation
under zero bias small AC signal. Additional current rising
from deep bulk trap relaxation j4 is indicated.

The charge emitted due to the displacement from
z to ¥’ = x + dx can be written as

dQ = eNyAdz, (10)

where e is electron charge, Ny is deep bulk trap den-
sity and A is the barrier area.

As the emitting and trapping electrons always oc-
cur at the edge of the depletion layer, dx can be ap-
proximated to dzg, namely the change of the width
of depletion layer. Considering the effect of the deep
bulk trap on carrier density, dxg can be written as

265()@13 1/2
- , 11
no= (572 (11)

By deriving the integrated Poisson equation, we can
obtain(??]

dv
dag = <=0, (12)
o €N
Thus
eNgA (eeqN4 1/2
dQ = —_— dv, 13
@ ng ( 2e dg ’ (13)

where, ng is the bulk carrier density. The difference
between ny and N, arises from the deep bulk tarp.
Let

NgA <€E()€N+)1/2 )

o 2 QSB

we can obtain d@Q = AdV. Under AC signal, dV (t) =
dVel®t, the current is given by

jd(t) = T4 = enQ(t)v (14)

where e, is the emission rate of the trap.

As Q( ) =
€n dQ f(] ]d

ja(t) = en [AdV(t) - /0 t jd(t)dt} . (15)

t)dt, we get jqa(t) =

fo ja(t

Let tand = e, /w, we can obtain the solution as
Ja(t) = Aen cos 0dV expli(wt + 0)]. (16)

So jq is out of phase with the signal, and can be
written as two components: one in phase jphase and
the other in quadrature jquad,

A
jphase = 26+ dv eXp(l ("Jt) (17)
. AeZw T
Jquad = + ———dVexp [ <wt + 2)} (18)

The admittance ¥ = j/dV = G + iwC, can be
presented by G and C

|jphase| )\enw2

G = T 24 (19)
qua A 2

C — |Jq d‘ — en (20)

wdV €2 4+ w?’

At high frequency, the barrier is analogous to
parallel plate capacitor with a plate separation cor-
responding to the total depletion width sandwiched
between the well conducting grains!*?

1/2

egpd eepeN4
= = . 21
Cur Zo ( Sdn ) (21)

Thus A = CyrNg/np, and

Ny e w?

G= CHF?”TO e2 + w?’ (22)
Nd 6121

C=Cur " 2 (23)

It can be seen from Eqs. (22) and (23) that the
relationship between G, C and w is of Debye type.
So the electron trapping and emitting by deep bulk
trap is a Debye-type relaxation, with a relaxation time
= 1/en~[12715]

The relationship between emission rate and tem-
perature is

en = eno exp|(Fa — E¢)/kT). (24)
The G has a maximum when e, = w, at a temperature
T = [(Eq — Eo) /KT In(w/eno)] " (25)

Namely

nw = (B — E.) /kT]Ti Flneo.  (26)

m
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Thus the energy level of deep bulk trap F4 can be
obtained from the In(w) ~ 1/T, curve.

Considering the DC conductance and k kind of
deep bulk trap, we can write the conductance as

k

Nygi  eniw?
G=Go+Cur Y —2
i=1

—_— 27
no €2 + w? (27)

From the experimental result shown in Fig. 5, two
resonances can be seen obviously on the curves of con-
ductivity versus temperature even when the bias is
zero, and they nearly change with bias, as shown in
Fig. 7 when the frequency is 10° Hz.
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Fig. 7. Deep bulk trap relaxation on conductance versus
temperature curve at 10° Hz and various values of bias.

According to Eq. (26), the activation energy can
be obtained from the slope of In f ~ 1000/Ty, curve,
as shown in Fig. 8 when the bias is zero.

14
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8 L L L L L L L
2.5 3.5 4.5 5.5 6.5
(1000/Tm) /K1
Fig. 8. The Inf ~ 1000/Tym curve obtained from

deep bulk trap relaxation resonances on dielectric spec-
tra shown in Fig. 5(a).

The activation energy also hardly changes with
the bias, as listed in Table 1, so the deep bulk trap re-
laxation at the edge of depletion layers is independent
of the bias, only depends on the nature of the trap it-
self. Generally, in the depletion layer, main defects are
positively charged ions, including the stable trivalent

substitutional ions, oxygen vacancies and sub-stable
interstitial Zn ions. As the value of the activation en-
ergy is about 0.22 eV and 0.35 eV, which is close to
the electronic energy level of native defect interstitial
zinc and oxygen vacancy, % it can be concluded that
the relaxation at zero bias comes from the relaxation
of deep bulk trap, interstitial zinc and oxygen vacancy
at the edge of depletion layers.

Table 1. Activation energy of deep bulk trap relax-
ation at different bias calculated from resonances on
dielectric spectra.

bias/V 0 10 20 30 40
peak A E,/eV 0.23 0.24 0.20 0.22 0.23
peak B E,/eV 0.36 0.35 0.31 0.34 0.34

Besides the activation energy of deep bulk trap
relaxation in depletion layers, the emission rate can
also be obtained from the intercept of In f ~ 1000/T,
curve based on Eq. (26), and the trap density can be
obtained from the peak value of G.

3.5. Interface relaxation

As the bias is not zero, the barrier is no longer
symmetric, so electron trapping and emitting by in-
terface states are not instantaneous, leading to the
change of interface charge. When the interface charge
changes, the barrier height will change, thus addi-
tional current will flow over the barrier, exhibiting as
a resonance on the dielectric spectra.

Ey

Fig. 9. Schematic diagram of interface relaxation under
non-zero bias small AC signal. Additional current rising
from interface state relaxation j; is shown. The barrier
height @g(t) and net current flowing through the barrier
Jac(t) become time-dependent.

As the grain boundary is under a small AC signal
V(t) = Vo + Vei¥t eV < kT, the time dependence
barrier height can be written as &g (t) = &5 —d Pp(t).
As discussed in Section 2, in the steady state condi-
tion, the net current through the barrier can be ap-
proximated as thermionic emission current j written
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as Eq. (8). While under the small AC signal, due
to the change of barrier height, an additional current
should be involved in the net current through the bar-
rier, namely

djac(t) = AT? exp{—e[@p(V) — d®p(t)]/kT}
= jacexpled P (t)/kT). (28)

It can be seen that the additional current dja.(t)
is not in phase with dV'(¢), but depends exponentially
on dPp(t), this out-of-phase modulation of the bar-
rier height can give rise to a large capacitive current
proportional to jqc.

As dPg(t) is determined by charge neutrality con-
dition, the relationship between d@g(t) and dV(¢)
can be obtained by interface charge equilibrium. As
Y: = djac/dV (t) = G; + iwCi, the equivalent conduc-
tance and capacitance rising from the interface relax-
ation can be obtained and verified to be of Debye type,
with the relaxation time 7; given as[12:16:24]

e expl(ePpo +¢)/kT)
~ 2AT2c 1+ exp(—eVo/kT)

Ti (29)
As the relaxation time 7; decreases with increas-
ing bias, when the bias is zero or not high enough, the
relaxation time is too long to be detected in measur-
ing frequency range. In addition, from the resonance
on the dielectric spectra, we cannot obtain the energy
level of interface states, which is independent of the
relaxation time 7;. Temperature is involved both in
numerator and denominator, so the variation of relax-
ation time 7; with temperature is not so obvious.
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= e =g —_— 0V
B o100 —10V
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Fig. 10. Interface relaxation on conductance versus tem-
perature curve at 10 Hz and various values of bias.

From the dielectric spectra shown in Fig. 5,
we can see that the resonance appears on the
conductance-temperature curve near 300 K, under
non-zero bias. This resonance can only be observed
in low frequency region, and is most obvious when the
bias is 20 V as shown in Fig. 10 when the frequency
is 10 Hz. As we discussed above, when the bias is less
than 20 V, relaxation time is too long due to the high

barrier height; while the bias is higher than 20 V, the
resonance is superposed with DC conductance, which
increases with increasing bias, so the resonance is con-
cealed at high bias.

3.6. The DC-like conductance

In the high temperature region, the InG ~
1000/T curve is almost a straight line, which is the
same as DC conductance. But in the temperature
range of 160 °C~200 °C at the frequency of 10 Hz,
the activation energy is 0.48 eV, which is much less
than the barrier height 0.69 eV obtained in steady
state. This may be attributed to the effect of relax-
ation conductance, which presents like a peak and de-
clines at high temperature, leading to lower activa-
tion energy. But this effect is not so significant, a
more advisable reason is that the high temperature
region conductance is different from DC conductance
in nature. Under AC signal, conductance comes not
only from charge transportation between electrodes,
as the steady state; on the other hand, displacement
of charge can also give rise to dielectric loss, which
presents as conductance in dielectric spectra, although
there is no other resonance in our measurement re-
gion, we cannot represent the nature of this relaxation,
which may come from the shallow bulk trap or other
factors

4. Conclusions

In this paper, the steady state and dynamic re-
sponse of ZnO ceramics are investigated theoreti-
cally and experimentally, especially by dielectric spec-
troscopy.

In a steady state condition, the nature of net cur-
rent flow over the barrier was discussed by considering
the interface trapping and emitting, quasi-Fermi level
difference between the interface and bulk Fermi level
and the reverse current. Approximate calculation was
carried on, and temperature-dependent barrier height
was obtained from the steady I-V characteristics.

As for the dynamic response, the additional con-
ductance and capacitance coming from deep bulk trap
relaxation were calculated based on the displacement
of the cross point between deep bulk trap and Fermi
level under small AC signal. Resonances due to deep
bulk trap relaxation are shown on dielectric spec-
tra, even when the bias is zero. From the slope of
In f ~ 1000/T}, curve, the activation energies are ob-
tained as 0.22 eV and 0.35 eV, which are consistent
with the electronic level of the main defect interstitial
Zn and vacancy oxygen in the depletion layer. Under
moderate bias, another resonance due to interface re-
laxation is shown on the dielectric spectra. Because of
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the barrier height dependence of long relaxation time
Ti, and the superposition with DC conductance in high
temperature region, interface relaxation can only be
observed in special frequency and temperature region
under moderate bias.

In addition, the DC-like conductance is obtained
from the dielectric spectra in high temperature region,
and the activation energy is much smaller than the
barrier height in steady state condition. So we can
say that displacement current coming from the shal-
low bulk trap relaxation or other factors contributes
a lot to the total conductance under small AC signal.
In conclusion, we can obtain temperature-dependent
barrier height from the steady I-V characteristics;
whereas the electronic level of the main defect inter-
stitial Zn and vacancy oxygen in the depletion layer

can be obtained from dielectric spectra of ZnO ceram-
ics. All these can give lots of guidance to engineering
application. As interstitial Zn has a great effect on
the degradation of ZnO varistor,®! from the dielectric
spectra, we can easily obtain information about inter-
stitial Zn, and then judge the degradation character-
istics. In high-current region (j > 10% A/cm?),[! the
grain boundaries are broken down by tunneling effect,
the residual voltage is attributed to the resistance of
grains and the voltage drop of the grain boundary, and
the latter is quite dependent on interface state. As we
can obtain the information about interface state from
the interface relaxation showing up on dielectric spec-
tra, interface state can be easily detected. After it is
properly controlled, the residual voltage of ZnO varis-
tor can be declined, although further study is needed.
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