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the capacitance determined by the depletion width (Wg) in a-Si:H
instead of the thickness (L) of a-Si:H, as the measuring
frequency decreases from 160 Hz, as long as the capacitance due
to the trapping/detrapping processes is neglected. That is why
the p-n Jjunction analysis should be applied to discussing those
C-V characteristics as will be described in the next section. 1In
the figure, the capacitance measured at V-2 V is independent of
the frequency, while the capacitance at V= -2 V depends on the
frequency, indicating that the information obtained in the range
of V=-2 V 1is unaffected by capacitances (e.g., diffusion
capacitance) which results from the current flow across the
heterojunction due tc an ac voltage.

The low-frequency (<180-Hz) C-V characteristics are affected
not only by the dielectric relaxation process but also by the
trapping/detrapping process of electrons and holes between gap
states and the extended states, indicating that the midgap-state
density obtained from those low-frequency C-V characteristics
depends on the measuring frequency. Furthermore, the simulation
of thelr low-frequency C-V characteristics has been so difficult
that the physical background of the apparent mlidgap-state density
could not be understood clearly, as is similar to the case of
Schottky barrier junctions. Although the zero-frequency C-V
characteristics have been simulated because it is not necessary
to consider the dielectric relaxation process and the
trapping/detrapping process, those cannot experimentally be
measured in fact. Since the high frequency enables us to neglect
the dielectric relaxation process as well as the
trapping/detrapping process, the simulation of the high-frequency
C-V characteristics must be possible. Therefore, the C-v
characterlistics under a frequency much higher than 180 Hz have
been measured and discussed in this chapter.

3-2-2. Steady-state heterojunction-monitored capacitance method
In order to understand the above results more clearly, a
systematic study of undoped a-Si:H/p c¢-Si heterojunctions has
been performed. Undoped a-Si:H films were deposited by the rf
glow-discharge decomposition of pure SiH4 on four kinds of p c¢-Si

40



CHAPTER I C-V CHARACTERISTICS

(0.005-0.01, 0.1-0.15, 1-2, and 5-10 Q cm) substrates heated to
250 °C. Prlor to a-Si:H deposition, silicon wafers were soaked
in a solutlion cof HF to remove 510, and then rinsed in distilled
water. A flow rate of 5 sccm and a gas pressure of 50 mTorr were
maintained during the deposition. Mg was subsequently evaporated
on the a-Si:H films 1in a vacuum of 7x10°’ Torr at room
temperature. Table 3-1 summarizes Mg/undoped a-Si:H/p c-Si
diodes used in the present work, where a film thickness (L) of a-
Si:H, the resistivity (p4) in p c-Si and the density (Nj) of
acceptor 1mpuritles in p c¢-S1 are listed. The value of Ny was
determined by C-V measurements on Mg/p c¢-Si Schottky barrier
diodes.

The C-V characteristics of these diodes have been measured
at 100 kHz at room temperature. This frequency is high enough to
be able to neglect the dielectric relaxation process in undoped
a-Si:H (around 109 Qcm In resistivity). Therefore, one can get
information on the width of the depletion region extending in the
p c¢-Si side regardless of that of the a-Si:H side. In fact, the
capacitance of the diode (sample 5) using p* ¢-Si (0.005-0.01
Q cm) measured at 100 kHz showed a constant value independent of
the dc applied voltage, coinciding with that of the capacitance
determined only by the film dimension of a-Si:H, i.e.,

Cz = £ SZ/L , (3_1)

where ¢ 52 is the dielectric permittivity of a-Si:H and L is the
thickness of a-Si:H measured by Talystep. It clearly indicates
that the measuring frequency is higher than the reciprocal of the
dielectric relaxation time of undoped a-Si:H, and besides, the
depletion region 1is negligibly thin in the side of p* c-si
(0.005-0.01 Qcm). _

Figure 3.5 shows the 1/CZ~V characteristics of sample 7 (1-2
Qcm). The capaclitance level of the diode replaced by pt ¢-Si of
0.005-0.01 Qcm (sample 5) is also indicated in the figure by a
broken 1line. Different from the conventional C-V theory, as is
shown 1in the figure, 1/C2 is not proportional to the applied
voltage.
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TABLE 3~1. Various data of materials and diodes used in the present work.
Experimental results obtained from C-V characteristics are also

listed.
p c¢-Si undoped a-Si:H
Sample 1 Na 618 L o2 b Vp N1 AE ¢ x zc
number (Qcm) (x1015cm-3) (ev) (pm) (eV) (V) (x101%m-3) (eV) (eV)
2 5-10 2.0 0.22 1.16 0.72 C 0.31 6.2 0.13 3.92
R 1-2 9.0 0.18 0.80 0.76 C 0.51 3.6 0.33 3.72
4 1-2 9.0 0.18 2.19 0.72 C 0.37 2.8 0.15 3.90
5 0.005-0.01 —_ 0 1.02 0.72 C —— _ _
6 0.1-0.15 180 0.10 1.02 0.72 C —— — _—
7 1-2 9.0 0.18 1.02 0.72 C 0.42 3.9 0.20 3.85
8 5-10 2.0 0.22 1.02 0.72 C 0.38 4.0 0.20 3.85
9 1-2 9.0 0.18 1.77 0.84 1 0,37 1.6 0.27 3.78
10 5-10 2.0 0.22 1.77 0.84 I (.20 1.8 0.14 3.91

8 § 1=KT1n(Ny/Np), Ny=1.02x1019 cm-3,

b C:capacitlvely-coupled glow-discharge reaction chamber, I:inductively-coupled

glow-discharge reaction chamber.
€ xyp0f 4.05 eV and Eg; of 1.12 eV are used to obtain x 5 .
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Fig.3.5. 1/C%-V characteristics of sample 7. The broken line Is
sample 5.
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Fig.3.7. Changes of charged carriers and charged gap states between bulk and
depletion regions in (a) energy-band diagrams and (b) density-of-state
distributions for the cases of (A) p c-Si and (B) undoped a-Si:H.

symbols of & and O represent a negatively charged acceptor

hole, respectively. The value of NI is the amount of thermally
emitted electrons per unit volume in the black area, which corresponds

to the Integration value of g(E)} from Egp to Ep. The gap
indicated by hatched areas are full of electrons.
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The C-V characteristics 1in the figure 1is reasonably
interpreted by assuming an ideal abrupt heterojunction without
interface states. According to the abrupt heterojJunction model,
the present undoped (i.e., slightly n-type) a-8i/p c-Si
heterojunction can be approximated by the energy-band diagram as
is shown in Filg. 3.6, where y 1s the electron affinity, Vg the
built-in potential, 6 the distance in energy from the Fermi
level to the nearest band edge, Eg the energy-band gap
of the semiconductor, W the width of the depletion region, L the
thickness of a-Si:H, AE the different in energy between band
edges of the two semiconductors, and ¢ m the work function of Mg.
The subscripts 1 and 2 refer to p ¢-Si and undoped a-Si:H,
respectively, and the subscripts C and V refer to the conduction
band and the valence band, respectively.

The depletion regions formed by the undoped a-Si:H/p c¢-Si
heterojunction are considered. When a reverse bilas voltage (V)
is applied, it makes the space-charge regions both in a-Si:H and
c-51 wider. Under the assumption that this p ¢-51 has only
shallow acceptors, the space charge inp ¢-8i 1is formed by
negatively charged acceptors and the space-charge density in p c-
Si becomes Np, as shown in Fig. 3.7(A). However, the amorphous
component possesses gap states. Origin of the space charge in a-
S1:H 1s schematically discussed using Fig. 3.7(B). 1In the bulk
region, all the gap states below the Fermi level (EF) are
approximately considered to be cccupled by electrons, while in
the depletion region the states above Eop indicated by the black
area are approximately considered to be vacant of electrons,
where Epp 1s determined by thermal-emission rates for electrons
and hcles from gap states to the extended states and is given by
(See Appendix)

EOB = EV + Egzlz + (kT/2)ln(y p/V n) . (3—2)
Here, v p and v ,, are the attempt-to-escape frequencies for holes
and electrons, respectively. Since the difference between the
bulk region and the depletion region is based on the change of
electron occupation 1in the black area in the figure, the gap
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Schematic sketches of heterojunction: (a) energy-band diagram; (b}
potential variation; (c) space-charge density for a reverse dc
voltage; (d} charge 1In response to a small 100-kHz ac voltage to
measure capaclitance. The gap states indicated by the black area of
(a) behave as positively charged states.
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states 1in the black area behave like positively charged states,
referred to as donorlike states, and Ny represents the density of
the donorlike states. Therefore, the space-charge density 1is
equal to the midgap-state density [i.e., the integration value of
g(E) from Egg to Egl. So, Ny is referred to as a space-charge
density as well as a midgap-state density in these undoped films.

Figure 3.8 shows schematic sketches of the heterojunction.
The gap states 1in the black area in Fig. 3.8{a) behave 1like
positively charged states. Figure 3.8(b) shows the potential
variation with distance where Vg is the built-in potential. The
depletion width (W;) in p c-Si is given by®

Wy = [2& g1(Vpy - Vq)/aN,11/2 (3-3)
and the depletion width (Wy) in a-Si:H is expressed as

Wy = [26 go(Vpy - Vp)/aNg]1/2 (3-4)
and the charge neutrality in the heterojunction 1s described by

The capacitance is measured using a small ac voltage of 100 kHz.
The resistivity (p 1) of p c¢-81 used in this study is lower than
10 Qcm so that the dielectric relaxation time { ¢ g1? 1) Dbecomes
10_ll s, indicating that the redistribution of holes (majority
carriers in p c-Si) can respond to the 100-kHz ac voltage. The

capacitance (Cl) in ¢~Si, therefore, is given by
Cl = £ Sl/wl . (3—6)

On the other hand, the value of resistivity (p 2) for undoped a-
Si:H is about 10° @ cm. Then, the dielectric relaxation time
becomes 10_3 s, suggesting that the redistribution of electrons
{majority carriers in undoped a-Si:H) cannot respond to the ac
voltage higher than 160 Hz. Thus, the undoped a-Si:H is
considered as a dielectric material in its behavior 1in the case
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sample 3 (L=0.80 zm) and 7 (L=1.02 zm).
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of the 100-kHz ac voltage, lndicating that the capacitance (Cp)
in a-Si:H should be expressed by

Cz = & SZ/L . (3—7)

The measured capacitance (C) at 100 kHz is from a serles of Cl
and Cz. and is given as

1/C = 1/C; + 1/C4 (3-8)

because spatially the redistribution of charged carriers can
respond to the 100-kHz ac voltage at Wl and L, as shown in Fig.

3.8(d). From Egs. (3-3)-(3-5), the following relation is
derived;

(Vg1 = V1)/(Vgg - Va) = Npe gp/Npe gy - (3-9)
The final equation is obtained as

W2 = & 2(1/C - 1/Cy)2 (3-10)

S 22518 gaN1(Vp - VI/aNp(Npe g3 + Nye gp) o (3-11)

from Eqs. (3-3), (3-6), (3-8) and (3-9). As is clear from Eq.
(3-11), the values of N and Vg can be graphically determined
from the slope and the intercept on the abscissa, respectively,
which is called a steady-state heterojunction-monitored
capacitance (HMC) method.

Figure 3.9 shows the wlz—v characteristics of sample 7 (open
circle), which was replotted from the data of Fig. 3.5. The data
reveals quite a good linear relationship, indicating that the
abrupt heterojunction model is applicable to the present system
consisting of amorphous/crystalline heterolayer structure. The
magnitudes of Ny and Vp are graphically determined from Eq. (3-
11), which are listed in Table 3-1.

The thickness dependence of the le—V characteristics 1is
investigated. The similar plot for sample 3 (solid triangle) |1is
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also shown In Fig. 3.9, which is deviated from the straight line.
This apparent invalidity of Eq. (3-11) simply originates from a
thinner undoped a-Si:H layer (0.8 pgm thick). The depletion
layer spreads over the whole a-Si:H (i.e., W2=L) when the reverse
bias voltage exceeds some critical value, resulting in an upward
break of the characteristic curve because much more fraction of
reverse bias voltage is supported in p c¢c-Si than that expected
from Eq. (3-9), On other words, the slope of the le—V
characteristics changes from 2c¢ s18 gaN1/aNp(Nye g1*N1e go) to
2 & S1/qNA as the reverse bias voltage increases from the critical
value to higher reverse bias. Using the value of NI obtained
Tfrom sample 7, the critical bias voltage, at which W, reaches to
L (0.8 ym) for sample 3, was calculated as around -2 V, being
in good agreement with the data in the figure.

The dependence of Ny on the p c-Si resistivity is studied.
The undoped &a-Si:H films of samples 5-8 were deposited
simultaneously on four different p c¢-Si substrates. The
capacitances of samples 5 and 6 (lower resistivities of p c¢-S8i)
were Independent of the applied voltage, resulting from the
formation of the wide depletion region only in the side of a-Si:H
because Np 1s much larger than Ny. On the other hand, the wvalue
of Ny obtained from sample 7 with the p c-Si resistivity of 1-2
@ cm coincided with that of sample 8 with the resistivity of 5-10
Qcm. And also the undoped a-Si:H films of samples 9 and 10 were
deposited simultaneously by the inductively-coupled rf glow
discharge on two different p c¢-Si substrates. Both of NI were
quite similar, as shown in Table 3-1.

From the studies of the thickness- and resistivity-
dependencies, the steady-state HMC method is considered to be
reasonable for the present heterojunctions. From the
resistivity-dependence, one had better select P c¢-Si with NA
which is close to the value of NI' indicating that several p c-Si
substrates should be used in order to estimate N1 in the case
that Ny is unknown at all.

3-2-3. Band discontinulty between a-Si:H and c-Si
Knowing band discontinuities at amorphous/crystalline
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