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where uOB is the energy varlation at x=Wgp N} is the density of
midgap states between E? and Eog in a-Si:H, EO% is Egg 1in the
neutral region of a-Si1i:H. At thermal equilibrium (i.e., V=0 V),
when the buiit-in potential for a-S1:H is larger than the value
of (E%- Eog)/Q- p I(x) near the Interface exceeds qu because the
Fermi level 1s below Epg near the interface. Thils situation near
the 1interface remains the same even when the reverse blas is
applied. However, as will be discussed later, the contribution
of the excess charges near the interface can be included in the
effect of charged states in the near-interface region.

In the depletion region in p ¢-Si, which is region 1 (—Wl
£xXx=<0) in Fig. 3.11, the space-charge density is given by —qNA
under the reascnable assumption that the p c¢-S51 has only shallow
acceptors whose density is Nj. As a consequence, the space-
charge density can be schematically shown in Fig. 3.11(c).

3-3-2. Simulation

Based on the energy-band diagram mentioned above, the C-V
characteristics of the amorphous/crystalline semiconductor
heterojunction 1is theoretically considered. Simulations of the
C-V characteristiecs of the amorphous/crystalline semicconductor
heterojunctions at 0 Hz were reported.lo_ls) but it is
experimentally difficult to measure their very low frequency C-V
characteristics that would correspond to the simulation data.
Mcreover, the experimental low frequency C-V characteristics vary

with the measuring frequency due to the dielectric relaxation and
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trapping/detrapping processes in the amorphous film.

On the other hand, 1t is easy to measure their high-
frequency C-V characteristics, and when the measuring frequency
is high enough, the dielectric relaxation process as well as the
trapping/detrapping process can be neglected in the amorphous
film. So the change in width of the depletion region 1in the
crystalline semiconductor, produced by the dc reverse bias, is
only needed to calculate the capacitance. This 1leads to an
accurate simulation of the high-frequency C-V characteristics of
highly resistive amorphous/lowly resistive crystalline
heterojunctions. The analytical approach here 1is that the
contribution of a-Si:H to the measured capacitance 1s equal to
the geometric capacitance of the a-Si:H film due to 1its longer
dielectric relaxation time, whereas that of c¢c-Si is associated
with the depletion width of c¢-Si. The measured capacitance 1is
essentially the result of two capacitances in series. In the
following, discussed is the simulation condition for the high-
frequency C-V characteristics of the amorphous/crystalline
heterojunction.

The potential u(x)/q for electrons can be derived from the
Polsson equation;

d?(u(x}/al/d%x = p ;lu(x)1/ & g : (3-19)

where € g2 is the semlconductor permittivity for a-Si:H. The
space-charge Qy1 per unit area in region I (WOBgsxg;Wz) is given
by

u

OB
Qe = [26 6o  p p{uwdu]l/? (3-20)
0
and the electric field (Erl) at x=Wgpp 1s given by
Er1 = Qrr/ e g2 ' (3-21)

In region 10, Eq. (3-19}) can be solved easily with the
boundary conditicons of u(0)=uo, —d[u(x)/q]/dx=ErI at x=Wpg, and
u(WOB)=uOB. because p I=qu, where Nf 1s constant in the region.
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The value of wOB is calculated as a function of ug. Then, the

width (Wl) of the depletion region in p ¢-Si is estimated from
the charge neutrality;

aNAW; = aNIWop + Q1 (3-22)

and the reverse voltage is calculated from the relation

*

VB -V = Uo/q + qNAW12/2£ s1 , (3‘23)

where Vﬁ is the built-in potential and ¢ si 1s the semiconductor
permittivity for c-Si.

Finally, the high-frequency capacitance (C) is estimated as
C= S(e¢ Sl/Wl + £ Sz/L) » (3—24)

because of the long dielectric relaxation time of undoped a-Si:H,
where L is the thickness of a-Si:H and S is the electrode area.

To calculate N; in Eq. (3-17) it is necessary to know the
g(E) In a-S1:H. Because the main midgap states in the a-Si:H are
reported to be the dangling bonds, which will be described in
Chapter V, the g(E) is assumed to have a Gaussian distribution
given by

g(E) = gpaxexp{-[(E - Ep)Z%/2E,%1} (3-25)

where gp.. 1s the maximum value of the Gaussian distribution, Ep
1s the energy level of the maximum value, and Ew Is the half-
width of the distribution.

Next 1t 1Is necessary to consider the interface states and
the states located 1In the near-interface region that is
qualitatively different from the bulk region. Here, one kind of
positively charged layer with thickness ds and density N; are
consldered. This layer is located between c-Si and a-Si:H, and
represents the 1Interface and near-interface regions of the
heterojunction. This layer is called an interface layer in this
section, and the charge Qgg Per unit area is given by N;ds. It
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the effect of the interface layer cannot be neglected, Eq. (3-22)
becomes

aNpWj = aNIWop + Qu1 + Qgg (3-286)

#* *
qNIWOB + Q[‘I + NSdS . (3_27)

The parameters used in the present simulation are given in
Table 3-2 and almost all the parameters are fixed, since the
purpose in this section is to understand the physical background
of the space-charge density (NI) as well as the bullt-in
potential (VB) obtained from the steady-state HMC method which is
described 1in the former section. The value of ¢ g1 1s also
assumed to be equal to the value of = s2°

3-3-3. Rellability of steady-state HMC method

Figure 3.12(a) shows the simulated high-frequency c-v
characteristics of a highly resistive amorphous/lowly resistive
crystalline heterojunction (with parameters of g'max=1016 cm'3eV_1
and Np=10'° em™®), and Fig. 3.12(b) shows the W;%-V relation
obtained from the C-V curve given in Fig. 3.12(a) by using Eq.
(3-10). According to the steady-state HMC method [Eq. (3-11)1,
the wvalues of N1 and Vg can be graphically obtained from the
slope and the intercept on the abscissa, respectively. The value
of N;y obtained in the reverse-blas region (-6 VsVs-1 V) s
2.5x101° ¢em™3, This value is close to Ni of 2.0x101° cm3
calculated from Eqs. (3-16) and (3-17) using the parameters given
in Table 3-2 (gmax=1016 cm™3ev™1l). The value of Vg, which is
obtained from the intercept of the straight line drawn in the
reverse-bias region (-6 V=V=-1 V) on the abscissa, is 0.21 V.
This wvalue 1s a little lower than the glven value of V§=O.30 v,
because the additional potential uOB/q is necessary to make the
space-charge density constant. Figure 3.13 depicts NI and VB as
a function of Nj. Figure 3.14 shows the dependence of Np and Vg
on Npy. From both figures, Nj represents the midgap-state density
well, although Ny is a little larger than the given value of NE.

The simulated high-frequency C-V characteristics, in which
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TABLE 3-2. Parameters used for simulating high-frequency C-V characteristics.a’b

.Amorphous film

Neutral region Midgap states Interface layer Others
a_ _ *_ 18 -3 *_
Ec-EF=0.73 eV E(-E,=0.85 eV Ng=0-10"° cm Vp=0.3 V
Eq-En8=0.97 eV FEy=0.10 eV d.=0 or 50 A L=1.2 gm
¢ "B ¥ 16_,017 . -3.-1 °© 2
gmax=10 -10~" cm “eV S=0.,785 mm

Np=101%-1017 cn™3

& ¥ 1s calculated from Eq. (3-16) using the given Emax-
Ny and VB obtained from the steady-state HMC method correspond to the
parameters N; and VE for the simulation, respectively.
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