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Isothermal capacitance transient spectroscopy has been employed for the measurement of the

capture cross section of continuously distributed trap levels in a-Si:H, and the energy depen-

dence of the electron-capture cross section of gap states has been determined for the first time.

Experimental results indicate that an electron-capture cross section of a localized level decreases

exponentially with an energy depth measured from the mobility edge of the conduction band,

suggesting that the multiphonon emission predominates in the electron-capture process at the

deep gap states in a-Si:H.

Detailed information on the nature of gap states of
hydrogenated amorphous silicon (a-Si:H) has been
required for understanding the electronic properties
of the material. The capture cross section of the gap
states for electrons and holes is one of the most im-

portant parameters in recombination and trapping
kinetics. The DLTS (deep level transient spectros-
copy') has been considered as a useful method for
determining the energy level and the capture cross
section of continuously distributed trap levels, but
this method inherently involves a temperature scan-
ning process. This causes the difficulty for separating
a temperature dependence from an energy depen-
dence of capture cross section of continuously distri-
buted trap levels.

In earlier works we proposed the ICTS (isothermal
capacitance transient spectroscopy) for a system of
continuously distributed trap levels and reported the
initial data on the energy-distribution of gap-state
density in lightly P-doped a-Si:H. The ICTS is a
variation of capacitance transient spectroscopy in
which, in contrast to DLTS, ' a transient junction
capacitance is measured in a time domain under an
isothermal condition. Therefore, it can cover a wide
span of time constants involved in the transient capa-
citance without varying temperature, which is one of
the advantages compared with the conventional
DLTS when applied to the system of continuously
distributed trap levels.

In this paper, we present a new method for deter-
mining the capture cross section of continuously dis-
tributed trap levels using the ICTS, and give the first
measurement on the energy distribution of electron-
capture cross section of gap states in n-type a-Si:H.

In the ICTS a main quantity is expressed by

S(t) =-t~
dt

v(t) Vp

c(t)

where S(t) is an ICTS signal defined, t time, and
C(t) a junction capacitance, respectively. 3 The
ICTS signal S(t) is experimentally obtained from the
time dependence of C(t) of the p njun-ction or the
Schottky barrier diode after removing a voltage pulse
superimposed on a steady reverse voltage Vg. As
shown in Fig. I, a height ( Vv) of the voltage pulse is

always kept the same as i Vs . For a system of
continuously distributed trap levels, the relationship
between the ICTS signal S(t) and the density-of-
states distribution g(E) for electron traps is given as

1
'

kTB

and

E, —E = kTln[v(E) t]

where B =

qadi

/2( VD+ Vtt), q the electronic charge,
~ the dielectric constant of the material, A the junc-
tion area, VD the effective diffusion potential at the
junction, v(E(t)) = N, o.„(E(t))v,h the attempt-to-
escape frequency of the electron, o „(E(t)) the
electron-capture cross section, v&h the electron ther-
mal velocity, N, the effective density of states in the

with

f(t) = C'(t) —C'(~), (2)
FIG. 1. Voltage and capacitance transient during ICTS

measurement.
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conduction band, and E, the mobility edge of the
conduction band.

As is clear from Eqs. (3) and (4), g (E) is deter-
mined directly from S(t) if an energy dependence of
v(E) is given. In the derivation of Eq. (3) it is as-

sumed that a voltage pulse width ( W~) is long
enough to fill up every trap below the Fermi level
with carriers. However, when W~ decreases, S(t)
should decrease in proportion to a decrease in the
number of carriers at energy level E(t) trapped dur-

ing a voltage pulse application. We can therefore
determine the electron-capture rate at energy level
E(t) as a function of W~ by using the following
equation:

S(t, W~) = S(t, ~) I —exp—
r(E(t)) (5)

where r(E(t)) =1/no„(E(t)) v,t„.S(t, ~) the value
of S(t, W~) at W~ = ~, and n the density of free elec-
trons. Equation (5) is based on the assumption that
the electron-emission process can be neglected com-
pared with the electron-capture process within the
duration of the voltage pulse application, i.e., Eq. (5)
is valid when W~ (( t =1/e„, where e„ is the elec-
tron emission rate.

From the measurement of S(t, W~) for different
W~'s, r(E) is experimentally obtained using Eq. (5).
Then v(E) is determined from the relation
v(E) =N, /n7(E), since N, /n is independently es-
timated from the activation energy of the dark con-
ducitivity. Thus we can determine the energy depen-
dence of the attempt-to-escape frequency v(E), and
automatically that of the capture cross section o„(E).
in the system of continuously distributed trap levels.

The specimen used in the present experiment was
prepared by the glow-discharge technique. ' P-doped
(0.01 at. %) a-Si:H film was deposited on a crystalline
Si (n+, 0.01 Qcm) under the condition described ear-
lier. ' The optical gap of the specimen is 1.7 eV, be-

ing determined using the empirical relation Vah t

~ h v —Ep, and the activation energy of its dark con-
ductivity is 0.21 eV. The Schottky diode was fabri-
cated by evaporating Au on the film with an area of
1.96 && 10 ' cm'. The present diode shows a good
rectifying I- V characteristic with a diode quality factor
close to unity and the I/O'-Vcharacteristic satisfies
approximately a linear relation. Equation (3) can be
therefore applied for the analysis of the present
diode.

The capacitance signal C(t) after the majority-
carrier introduction was measured under the isother-
mal condition (297 IO in the time range from 10 ' to
10' sec. The signal was led to a minicomputer sys-
tem which performed a detailed calculation of
S(t, W~) as well as a derivation of g(E) from
S(t, ~).

Figure 2 shows the ICTS signals for different 8'~'s

l0 lO

TlME(s)

FIG. 2. ICTS signals of P-doped (0.01 at. %) a-Si:H
Schottky diode for various pulse widths (8'~'s) of voltage
pulse.

under the condition of V~ =1 and V~ = —1 V. As
shown in the figure, the ICTS signals increase with
an increase of 8'~ and saturate for W~ & 5 msec in
the time range between 10 "and 10"sec. It is not-
ed, as mentioned above, that the density™of-states
distribution g(E) corresponds to the saturated ICTS
signal S(T, ~). Figure 3 shows a semilog plot of
S(t, ~) —S (t, W~) vs W~ for four different values of
t, where we took the value of S(t, W, =10 msec) as
S(t, ~).

From these data, both r(E(t)) and v(E) were
determined using Eq. (5) and the relation t (E)
= N, /n r(E). The results are shown in Figs. 3 and 4.
The calculated values of r(E(t)) are given in Fig. 3
for four different values of t. Figure 4 shows an en-
ergy dependence of the attempt-to-escape frequency
v(E) as well as a corresponding electron-capture
cross section a „(E) calculated under N, =10' /cm'
and v&~=10' cm/sec which are assumed usually in a-
Si:H. It should be noted that each obtained nu-
merical value of v(E) is accurate within the experi-
mental errors, while that of o„(E) involves anothe. r

ambiguity originated in the estimation of N, and v1b.

As shown in the figure, v(E) or cr„(E) decrease
exponentially with an increase in the depth of energy
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FIG, 3. S(t, 0o) —S(t, 8'p) vs 8'z for four different
values of t obtained from the data of Fig. 2.

level from the mobility edge of the conduction band.
This fact gives us important information on thc
electron-capture process at the gap states in a-Si:H,

In the present experiment, the observed gap states
lie deeply in the energy range from 0.35 to 0.55 cV
below E„as sho~n in Fig. 4. Judging from the emis-
sion spectra of photoluminesccnce on a-Si:H, 9 a non-
radiative transition might be dominant in the
electron-capture process at these deep gap states. In
general, the following mechanisms have been pro-
posed for the nonradiative transition: (l) the Auger
process, '0 (2) the cascade-phonon process, "and {3)
the multiphonon process, ' respectively. The Auger
process usually occurs through the direct interaction
of carriers, which is, therefore, not likely the
mechanism in thc present system with a relatively
low density of free or trapped carriers. In the easeade
phonon process, a carrier diffuses down thc spectrum
of Coulomb excited states emitting one phonon at a
time. This mechanism is dominant for trapping of
carriers at a shallow and ionized impurities in semi-
conductors, but, as pointed out by Lax, " it does not
work for the capture of the carrier into deep levels
where the lowest states arc separated by more than a
few phonon energy.

From the above argument it appears that the multi-
phonon process is the most probable mechanism for
the capture of the carrier into the deep gap states. In
this process, the electron-lattice coupling is essential,
and the coupling is strong in an ionic bonding system

FIG. 4. Energy dependence of the attempt-to-escape fre-
quency f/(E) and the electron-capture cross section o.„(E) in
P-doped (0.01 at. %) a-Si:H.

while it is very weak in a covalent bonding system
such as a crystalline Si. Even in the covalent bonding
system, however, the electron-lattice coupling be-
comes relatively strong in the amorphous phase com-
pared with the crystalline counterparts, which has
been considered to be a general trend of disordered
system. '3 In thc a-Si:H system such a trend could bc
enhanced because of the flexibility of its structure by
the presence of Si:H bonds. '4

The multiphonon-emission process has been stud-
ied by sevcra1 groups in a variety of insulators is, i6

In a weak-coupling case, a multiphonon transition
rate is theoretically given by""

fV ~ exp( —yE, /it&»)

where E, is the energy gap between the free-carrier
states and trap level, y a constant, and leo the energy
of the phonon. This energy dependence of 8'is
known as thc energy-gap law and has been verified
experimentally in a variety of system such as rare-
earth compounds. "'6

The result shown in Fig. 4 indicates that Eq. (6)
approximately holds in thc present system, which
means that the Iaultiphonon-emission process with a
weak coupling prevails in the electron-capture process
at thc deep gap states in the a-Si:H system. This
conclusion is not so unrea1istic if an electron transi-
tion between gap states is a minor process compared
to the transition between the conduction band and
gap states. %e believe that this result is the first
confirmation of the energy-gap law associated with
thc multiphonon-emission process thI'ough. a weak
coupling obtained in one identical amorphous materi-
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al involving a continuous distribution of trap level
within the energy gap.

Concerning the magnitude of the electron-capture
cross section of deep gap states, the present result ap-
pears considerably smaller than the conventional
value usually assumed. ' But, our recent experiment
on PAS (photoacoustic spectroscopy) and ESR'9 sug-

gests that the bump of the gap states observed in the
present work or those of gap states for various P-
doped samples could possibly originate from the
doubly-occupied dangling bond states (D2). This
speculation is compatible with the model for the gap-
state profile reported by Street on the basis of PL and
LESR (light-induced ESR),9 where the D2 state is

predicted to lie at 0.6 eV below E,. Morigaki et al.
also pointed out independently from their ODMR
(optical detection of magnetic resonance) experiment
that the D2 state is located at a similar energy depth
from E,." It is quite reasonable to consider that an
electron-capture cross section of such a state should
be small because of a Coulomb repulsion of bare
electrons.

In summary, we have presented a new method for

determining the capture cross section of continuously
distributed trap levels by isothermal capacitance tran-
sient spectroscopy (ICTS) and have given the first
measurement on the energy dependence of electron-
capture cross section of the gap states in a-Si:H. In
P-doped a-Si:H (n type, E~=0.21 eV), the electron-
capture cross section decreases exponentially (from
2 x10 to 1 x10 cm for %, =10 / cm and
v,„=10 cm/sec) with an increase in the depth of the
energy level measured from E, (from 0.35 to 0.55
eV).
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