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Energy Dependence of the Electron-Capture Cross Section

of Gap States in Undoped a-Si:H Films
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Hsinchu, Taiwan, Republic of China

(Received October 5, 1994; accepted for publication January 10, 1995)

Isothermal capacitance transient spectroscopy (ICTS) has been employed to measure the energy dependence of
the electron-capture cross section of continuously distributed defect levels in undoped a-Si:H film for the first
time, via the proposed novel structure. For undoped a-Si:H films, experimental results show that the electron-
capture cross section of defect levels initially decreases exponentially, reaches a minimum, and then increases
exponentially with energy depth measured from the mobility edge of the conduction band. This v-shaped distribu-
tion of the electron-capture cross section of continuously distributed defect levels in undoped a-Si:H film is differ-
ent from that in phosphorous-doped a-Si:H film. This means that mechanisms other than multiphonon emission
can be dominant in the electron-capture process in the gap states in undoped a-Si:H film.
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Detailed information on the nature of gap states in a
semiconductor, e.g., a-Si:H, is needed to understand
the electronic properties of the material and also for
relevant devices. The capture cross section of the gap
states for electrons and holes is one of the most im-
portant parameters in recombination and trapping ki-
netics. Isothermal capacitance transient spectroscopy
(ICTS) has been considered a useful method for deter-
mining the density-of-state distribution g(£) and the
capture cross section of continuously distributed gap
states. Owing to measurement under the isothermal
condition, it is easy to separate the temperature depen-
dence from the energy dependence of the capture cross
section. This technique had been successfully applied
for investigating the gap states of phosphorous-doped
a-Si:H films.'* However, it is still limited in the appli-
cations to semiconductor films with low resistivity. For
high-resistivity semiconductor (HRS) films, e.g.,
undoped a-Si:H, high series resistance appears in the
conventional Schottky configuration, and the RC time
constant for charging and discharging the depletion
layer capacitance would be too long for the high-fre-
quency capacitance sensing signal.

In earlier work, a novel metal/HRS/n-type low-resis-
tivity ¢-Si structure which has the space-charge region
entirely covering the HRS film and penetrating into the
c-Sisubstrate was proposed for substitution of the con-
ventional Schottky configuration for determining g(F)
by the ICTS method.® Carriers charged and discharged
the depletion layer capacitance through the low-resis-
tivity c-Sisubstrate and metal without passing through
the HRS film. Hence, the depletion layer capacitance,
which reflects the space charge in HRS film, can be
measured at high frequency without the influence of
the high resistance of the HRS film. Thus, the ICTS
:method can be used to determine the g(E) of HRS film.
Nevertheless, the energy dependence of the electron-
capture cross section of continuously distributed defect
levels in undoped a-Si:H remains to be studied.

In this study, the pulse-filling measurements of the
novel Au/undoped a-Si:H ﬁlm/n—type c-Si substrate
structure are performed. The result shows that the

undoped a-Si:H, energy dependence of electron-capture cross section

energy dependence of the electron-capture cross sec-
tion of defect levels in undoped a-Si:H is different from
that in phosphorous-doped a-Si:H film.

For our structure, the ICTS signal S(t) is modified as

_, dff
S (t):t-—(—i? (1)
with
f¥)=1/C?(t)—1/C*(0), (2)

where t is time, and C(t) is transient depletion-layer
capacitance, and C () is the steady-state capacitance.
For a system of continuously distributed defect levels,
the relationship between S(t) and g(E) for an electron
trap is given by

-1
g(Bt)=r—=5() (8)

and
E.—E@t)=kT-In[v.(E(t))-t] (4)

where B=22/e,e.A’Np, x, is the thickness of undoped
a-Si:H film, A the junction area, Np the doping concen-
trations of c-Si substrate, &, and ¢, the permittivities
for c-Si and undoped a-Si:H film, respectively, E. the
mobility edge of the conduction band, v.(E(t))
=N, 0,(E(t)) - vais the attempt-to-escape frequency of
electrons, N, the effective density of states in the con-
duction band, o.(E(2)) the electron-capture cross sec-
tion of defect level E(t), and vy, the electron thermal ve-
locity. In the derivation of eq. (3), it is assumed that
the voltage filling pulse width W; is wide enough to
saturate the initial conditions. However, if W;
decreases, S(t) should decrease in proportion to the
decrease in the number of carriers trapped at energy
level E(t) during the filling pulse. We can therefore de-
termine the electron-capture rate at energy level E(t)
by using

S(t, W)=5(t, ©)-[1—exp [-Wi/m(E®))]], (5)

where
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with n the carrier concentration in the undoped a-Si:H
film during the filling pulse. S(t, ©) is the value of S(t,
W;) at Wy=0. It is noted that eq. (5) is based on the as-
sumption that the electron-emission process is slower
than the electron-capture process within the duration
of the filling pulse. Namely, eq. (5) is valid only when
Wi« 1/e,, where e, is the electron emission rate.

From the measurement of S(¢, W;) for different
Wts, 7(E) can be experimentally obtained using eq. (5).
On the other hand, the characteristic energy E, relating
to the broad peak of S(t, ©) and the value of v,(E,) are
estimated from the temperature dependence of the
positions of the peak in S(t, ©), according to eq. (4) un-
der the assumption that v, is independent of tempera-
ture. Hence, the value of N./n can be determined from
the relation N./n=v,(F,)-7(E,). Once the value of N./
n is known, the energy dependence of v(E), and auto-
matically that of ¢,(E) can be obtained by v.(E)=
N./nr(E) and o.(E)=v,(E)/(N,-vw), respectively.

The undoped a-Si:H films used in the present experi-
ment were deposited in a plasma-enhanced-chemical-
vapor-deposition (PECVD) system. The thickness of
the undoped a-Si:H film is 1200 A, the dark conductivi-
ty is 2.8 X102 Q '-cm ! and the optical gap (E,) de-
termined from Tauc plots is 1.72 eV. After a-Si:H film
deposition, a layer of Au film of area 0.1 X0.1 cm? was
evaporated and patterned. The detailed process proce-
dure was described in an earlier report.”

The transient capacitance signals C(t) after applying
the injection voltage pulse are measured at 280 K.
Figure 1 shows the ICTS signals for different Wy's un-
der the conditions of steady reverse bias Vg=—1.5V
and filling pulse voltage V;=2.3 V. The ICTS signals
S(t, W) increase with an increase of W; and saturate
for W; longer than 50 ms. It is noted that a bump in
g(E) corresponding to the saturated ICTS signal S(t,
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Fig. 1. ICTS Signals for various voltage filling pulse widths W;.
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) is observed. Then, these ICTS signals at a specific
measurement time ¢ for different Wy s are used to deter-
mine 7(E(t)). Figure 2 shows a semilog plot of S(t, )
—S(t, W) vs W; for four different time values, where
the value of S(t, Wi=90 ms) is taken as S(t, ).
Although a nonexponential behavior which has a long
tail with varying capture time due to the slow capture
of carriers on the edge of the depletion region®” is ob-
served, eq. (5) is still valid for shorter W:. The values of
7(E(t)) are therefore calculated from the initial slope of
this semilog plot, as indicated by dotted lines in Fig. 2.
On the other hand, from the measurement of tempera-
ture dependence of S(t, ©), the energy level E, and the
value of v,(E,) are estimated to be £.—0.66 eV and
1.61x 10 s, respectively. The value of N,/n is ac-
cordingly determined to be 1.5 X 10%. Thus, the energy
dependence of ¥(E) as well as the corresponding o,(E),
calculated under N.=10 cm™ and vu=10"cm/s,
which are usually assumed in a-Si:H,*'® can be ob-
tained and are shown in Fig. 3. 0,(E) initially decreases
exponentially, reaches a minimum, and then increases
exponentially with energy depth measured from the
mobility edge of the conduction band. Similar V-
shaped distribution of o.(E) was also found by Kida et
al. for the undoped a-Si:H film, using current transient
spectroscopy.’” As for the n-type-doped a-Si:H film,
Okushi et al.¥ reported a different behavior in which
on(E) monotonically decreased exponentially with
energy, and the multiphonon emission was suggested
to predominate in the electron-capture process in these
deep gap states in doped a-Si:H film. In accordance
with our results, it seems that mechanisms other than
multiphonon emission can be dominant in the electron-
capture process in the gap states in undoped a-Si:H
film. This implies that doping will modify the atomic
structure of the a-Si:H film and change the electron-
capture process in gap states.
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Fig. 2. S, ©)—S(t, W) vs W; for four different values of ¢ ob-
tained from data of Fig. 1.
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Fig. 3. Energy dependence of the attempt-to-escape frequency
v,(E) and the electron-capture cross section o, (E) in undoped a-
Si:H film with optical gap E,=1.72 eV.

Finally, precise g(E) is obtained by taking into ac-
count the energy dependence of o,(E), as shown in
Fig. 4. Obviously, some error will arise if we do not con-
sider the energy dependence of o,(E).

In summary, the ICTS method is successfully em-
ployed for the measurement of the energy dependence
of 0,(E) of continuously distributed defect levels in un-
doped a-Si:H film, via the previously proposed novel
structure. It is found that the mechanisms dominating
the electron-capture process in gap states in undoped
a-Si:H film are somewhat different from those in P-
doped a-Si:H film. This means that doping will modify
the atomic structure of the a-Si:H film and change the
electron-capture process in gap states. In addition, we
also find that it is necessary to take into account the
energy dependence of o,(E) in calculating g(E). If the
energy dependence of 0,(E) is not considered, incor-
rect g(E) will be obtained.

Acknowledgments

This research was supported in part by the Republic
of China National Science Council under Contract No.
NSC-83-0404-E-009-050. Instruction on the ICTS tech-

Y. E. CHEN et al.

10! T T T T T T T

1017

with energy dependence v (E) 1

--------- with a constant Vo

1 1 1 1 1 | 1
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
Ec-E (eV)

1016

Density-of-State Distribution g(E) (cm™ eV'!)

Fig. 4. The density-of-state distribution ¢(E) for undoped PECVD
a-Si:H film calculated with energy dependence of the attempt-to-es-
cape frequency v,(F) and with constant v,.

nique by the National Nano Device Laboratory of Na-
tional Science Council ROC is also acknowledged.

1) H. Okushi, Y. Tokumaru, S. Yamasaki, H. Oheda and K.
Tanaka: Jpn. J. Appl. Phys. 20 (1981) L549.
2) H. Okushi: Philos. Mag. B 52 (1985) 33.
3) H. Okushi and K. Tanaka: Philos. Mag. Lett. B 55 (1987) 135.
4) H. Okushi, Y. Tokumaru, S. Yamasaki, H. Oheda and K.
Tanaka: Phys. Rev. B 25 (1982) 4313.
5) Y. E. Chen, F. S. Wang, J. W. Tsai and H. C. Cheng: Jpn. J.
Appl. Phys. 33 (1994) 6727.
6) A. Zylbersztejn: Appl. Phys. Lett. 33 (1978) 200.
7) H. Tomokage, T. Miyamoto, H. Okushi and Y. Tokumaru: J.
Appl. Phys. 62 (1987) 4806.
8) W. E. Spear, P. G. LeComber and A. T. Snell: Philos. Mag. B
8 (1976) 303.
9) J. Beichler, W. Fuhs, H. Mell and H. M. Welsch: J. Non-Cryst.
Solids 35/36 (1980) 587.
10) P. Viktrovitch and D. Jousse: J. Non-Cryst. Solids 35/36 (1980)
569.
11) H. Kida, K. Hattori, H. Okamoto and Y. Hamakawa: J. Non-
Cryst. Solids 77/78 (1985) 343.



