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To detect surface (or bulk trapping) states with small state
density at a semiconductor-liquid junction, we have developed a
capacitance relaxation method. This method is applied to studies

of the electronic structure at the TiOz/Hzo interface.

In recent years, the electronic structure of the semiconductor electrode
surface in contact with electrolyte solutions has been studied by using some

1-3)

techniques developed for detecting interface states at MIS devices. For

instance, we have determined properties of surface states at the Tioz/Hzo interface

b This method is simple but its

by employing the low frequency capacitance method.
usage is restricted to surface states with large state density. On the other hand,
the conductance method has higher sensitivity if no leakage current flows at a

3,4 . .
r4) However, electrochemical reactions

semiconductor and liquid (S-L) junction.
occur at an interface of a semiconductor and an electrolyte solution containing
redox species. Such electrochemical reactions raise the background of a. c.
conductance at the S-L junction and result in a lowering of the sensitivity.

In the present work, we develop a capacitance relaxation method in which the
frequency dependence of - wdC/dw is measured (w : angular frequency), and we apply
this method to the investigation of the electronic structure of the TiOZ/HZO
interface.

A single rutile crystal (1 mm thick) was heated to 900 °C at 2x10°

h. An ohmic contact was made to one side of the crystal by depositing In metal.

6 Torr for 5

The electrolytic solution contained 0.25 M HNO3 and 0.5 M KNO3. The capacitance
and resistance were measured by using an impedance analyser(4192A YHP). Impedance
measurements were performed at frequencies ranging from 5 Hz to 13 MHz. Values of
the capacitance and resistance measured by the impedance analyser were transmitted
to a computer(9801F NEC). Impedance measurements were repeated 50 times, and
subsequently data stored in the computer was averaged.

Application of an a. c. impedance analyser with four probe terminals to an
electrolytic cell enables us to obtain separately the impedance of a S-L junction
alone. When the internal impedance of a reference electrode is large, a value of
the impedance measured at a higher frequency is remarkably affected by the presence
of stray capacitance of sample holders and electrical lead wires. Thus, in an a.

c. impedance measurement, an electrode with the small internal impedance should be
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employed as a reference electrode, instead of a saturated calomel electrode(SCE).
In the present work, a platinum electrode with the surface area of 50 cm was used
as a reference electrode. The d. c. electrode potential was measured with respect
to SCE by using an electrometer with the high internal impedance(TR8651 TAKEDA).
An electric equivalent circuit of a S-L junction is illustrated in Fig. 1.5)
Ro and Co denote the resistance and capacitance of an ohmic contact. Rb and Rs

are the resistance of the semiconductor bulk and of the electrolytic solution,

o

respectively. CSs and Rss are the capacitance and resistance of surface states,

respectively. The resistance Rt and capacitance Ct originate from bulk trapping
states in the space charge layer. We assume that there is no redox species in an
electrolyte solution which interacts with surface states. Under this assumption,
one can eliminate the resistance RSr which represents the reciprocal of the
electron transfer rate between surface states and redox species in solution. The
Faradaic resistance Ri is associated with the leakage current arising from
electrochemical reactions which occur via the conduction(valence) band at the
semiconductor surface. There is possibility that surface states are newly formed
by species which are produced in the process of electrochemical reactions.S) For
simplicity, however, the density of surface states is assumed to be not varied by
the electrochemical reactions. The Helmholtz layer capacitance CH is larger than

the depletion layer capacitance Csc’ so that the parallel equivalent capacitance C

and conductance Gp of the space charge layer are respectively given by5’6)
_ 2.2 2.2
Cp— Coe * Cog/ (L tw™ty ) + C/C L + wity ) (1)
and
2 2 2 2 2 2
Gy = /Ry + w1y O/ (1 + witg) * w'tyC /(1 + witg) (2)

where Tg and Ty denote the relaxation time of the surface states and that of the

bulk trapping states in the space charge layer, respectively. In the depletion

region, the relaxation times Tg and Te for a n-type semiconductor are written as
™l = c__ N_ [exp (Eg=E_-eV ) /KT + exp(-E_/kT)] (3)

ns C

s
-1 -
Tt 2 Cnt NC exp( Et/kT) (4)

where Cns(or Cnt) is the probability per unit time for an electron to be captured

by an empty surface (or bulk trapping) state, NC is the effective density of the

6)

conduction band, eVS represents the band bending, Es(Et) is the depth energy of

surface(bulk trapping) states with respect to the bottom of the conduction

band, Ef is the energy of the Fermi level, and EC is the energy of the bottom of

the conduction band in the semiconductor bulk. In the conductance method, the

relaxation time and state density of surface (bulk trapping) states are determined
R; from a peak frequency and a peak value in a

?g:ﬂf plot of Gp/w vs. w/2mr. The decrease of Ri

CH
Co F— raises the background of Gp/w in the low
Rp Rﬁ%)cﬂﬁﬁ Rso frequency range and shifts the peak frequency

L

JVNAV4 toward lower values. Thus, the presence of

Re CostEs the leakage current is especially severe for
Res(Es;) detecting surface(bulk trapping) states with
Rg{Esi) a long relaxation time. As is evident from

Fig. 1. Electric equivalent Egs. 1 and 3, the parallel equivalent

circuit of S-L junction. capacitance Cp is not affected by the leakage
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current. However, since values of CSS and Ct are generally small in comparison
with a value of Csc' it is difficult to distinguish CSS or Ct from Csc‘
Tomkiewiczz) assumed that a capacitance value approaches to a value of the
depletion layer capacitance with increasing the measurement frequency, and he took
a value of capacitance at about 50 kHz as a value of Csc' As will be discussed
later, however, values of Cp decreased gradually with frequency in the range of 10
kHz to 10 MHz. Consequently, it is not easy to evaluate experimentally an accurate
value of the depletion layer capacitance.

We define the capacitance relaxation signal S as follows

2 2_2 2_2 -2

S = - wdC /dw= 2 o' TgC__ (1 +uTl )7 + 20w tiC. (1 + 0%l ) (5)
P 2 55, 88 S t 7t t
The function 2(wt)“/(1+wt)”)° is plotted against angular frequency in Fig. 2
lO (solid line). For comparison, the function wt/(1l+

(wT)z) included in kau is also shown in Fig. 2

0.5

(dotted 1line). 1In the plot of Z(wr)z/(l+(wT)2)2 vs

w, a peak emerges at an angular frequency equal to
1/t. It should be noted that the plot of 2(wT)2/(1+
(wr)z)2 Vs. w is sharp compared with the plot of wTt/

o1}

(1+(wr)2) vs. w. This implies that the capacitance
relaxation method has higher resolution than the
conductance method.

Complex impedance plots for the TiOZ/HZO inter-

face are shown in Fig. 3. The intercept of loci on

the resistance axis yields R =R, + R_+ R =504Q.
b o so

0o1 ' .

L
0.1'1.' "(-' 10'(-' The values of Cp and Gp are calculated by the
. 2 2 w 222 following equations:
Fig. 2. 2w 17/(l+w 1) " vs G, = (R, - R)/(R, - R 12 4+ x g ) (6)
w2(§olid line), and wt/ (1+ agd ° ° ©
w T°) vs. w (dotted line). Cp= w—lxob/((Rob - R )2 + Xoﬁz) (7)
where Rob and Xob are the measured resistance and
Resistance/ N reactance. Inductive reactance appears at frequencies
0 higher than 2 MHz. This is due to the inductance of
electrical lead wires connecting a sample to terminals
C:400 of an impedance analyser. The inductance of6the
~ _200 electrical lead wires is estimated to be 10 H. At
8 frequencies lower than 300 kHz, the inductive react-
c -300 ance wL of the electrical lead wires is less than
E-AMD 0.5% of the capacitive reactance, so that in this
g frequency range the contribution of the inductance of
g—SOO the electrical lead wires is negligible. In Fig. 4,
600 values of Cp are plotted as a function of the
frequency. The value of Cp is gradually decreased
with frequency. No plateau is observed in the plots
Fig. 3. Complex impedance of Cp vs. W/2T in the range of 10 kHz to 1 MHz. Thus,
plots of the TiOz/HZO an accurate value of the depletion layer capacitance
interface. cannot be estimated from the Cp vs. W/2T plots. 1In

Fig. 5, the capacitance relaxation signal S and Gp/w
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of the TiOZ/Hzo interface are plotted as a function of frequency. The plots of Gp/w
vs. w/2m exhibit peaks, and the peak frequency is shifted toward lower values as the
electrode potential is decreased. The shift of the peak frequency is not ascribed
to the electrode potential dependence of the relaxation time of surface states,
because the peak frequency of surface states given by (2111'5)-l is drastically
decreased with the increase in the electrode potential. This shift is probably
caused by the change in the background of a. c. conductance. On the other hand,

the plots of S vs. w/2m exhibit marked peaks at 400 Hz, and the peak frequency is
independent of the electrode potential. The relaxation time of bulk trapping

states 1, is independent of the electrode potential. Thus, the capacitance relaxa-

t
tion spectra in Fig. 5 are attributable to bulk trapping states. The trap density
19 -3

of 2x10 cm is estimated from the peak values in the S vs. w/2m plots. The peak
frequency in the S vs. w/27m plots is not affected by the leakage current. Owing to
this advantage, the capacitance relaxation method can provide information about the
electrode potential dependence of the relaxation time of surface(bulk trapping)

states even if the leakage current flows at the S-L junction. In addition, this
7 2

method has higher sensitivity. For instance, in the case of CSC =10 " F em” , one
can detect surface states of the state density NSS>5 109 cm—zev_l, and of the
relaxation time Ts < 32><lO_3 s. Therefore, the capacitance relaxation method is

very useful for studying the electronic structure of the S-L junction.

q 107 .
g Temp =40 C
u- (3]
- IE
o 3]
(8] [
-5
510 01V -
.g .
g 06 V B
o] 5
©.N6 31V
10 -6 -7
' X 2 * 3 ‘4 4§ 16 e 1 1 1 1 1 ]
10 10° 100 107 10° 10 2 .3 .4 5

10 10 10 10 10
Frequency / Hz

Fig. 4. Frequency dependence of Cp'

Frequency / Hz
Fig. 5. Plots of S vs. w/2m and
plots of w-le vs. w/2m .
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