CHAPTER ‘I C-V CHARACTERISTICS

semiconductor heterojunctions is important in order to describe
their electric properties as well as to design a heterojunction-
bipeclar transistor (HBT) with a wide-bandgap emitter.l) As 1s
clear from the energy-band diagram shown in Flg. 3.6, the energy
difference between the conduction band in a-Si:H and the Fermi
level at +the interface is expressed as qV82+6 2 in the 'a-Si:H
side and A.EC-qVBl+Eg1—6 1 in the c-Si side. Therefore, AEqs 1is
expressed by

AEC = 4 1 + 4 2 - Eg‘l + qVB . (3-12)
On the other hand, AEq is defined as

AEC = X 1~ X 2 . (3-13)
Experimentally, the value of § 1 is estimated from NA as shown in
Table 3-1 and the value of & 9 1s the same as the activation
energy of dark conductivity of a-Si:H. By substituting
quantitative data on § 1+ 6 9. X 1 Egl' and Vp to Egs. (3-12)
and (3-13), the values of AEq; and g are determined as

AEg = 0.20 + 0.07 eV
and

X9 =3.85 £ 0.07 eV )
using Egl=1.12 eV and 1=4.05 eV.g) Figure 3.10 shows the
energy-band diagrams for the diodes (samples 5-8) with four

different p c¢-Si resistivities, sketched on the basis of the

above results.

3-3. Simulation of High-frequency C-V Characteristics

3-3-1. Modeling
Though only the undoped (i.e., slightly n-type) a-Si:H/p c-
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Fig.3.10.

Fig.3.11.
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Energy-band diagrams in interface regions for heterojunctions using p
c-51 with different resistivities. Resistivities of p c¢-Si are (a)
0.005-0.01 Qcm, (b) 0.1-0.15 Qcm, (c) 1-2 Qcm, and (d) 5-10 Qcm.

pc-Si undoped a-Si:H

-qN,

Schematic sketches of p c-Si/undoped a-Si heterojunction: (a) energy-
band diagram, (b) energy variation for electron, and (c) space-charge

density varlation for dc reverse-bias voltage condition.

Gap

indicated by hatched area of (a) are occupied by electrons.

52

states
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S1 heterojunction 1is considered in thls section, 1t 1is easily
able to expand this discussion into a general discussion about
highly resistive amorphous/lowly resistive crystalline
semiconductor heterojunctions. Although there are reports on the
simulation of the zero-frequency C-V characteristics of those
heteroJunctions.lO_lS) there is no report on that of the high-
frequency C-V characteristics. Here, the following models for
simulating the C-V characteristics of the heterojunction are
adopted;

(1) one kind of g(E) in undoped a-Si:H, instead of two kinds
of g(E) [1.e., donorlike g(E) and acceptorlike g(E)],
because it 1s unnecessary to classify g(E) 1into two
kinds of g(E) as is getting clear from the following
discussion;

{(2) a carrier occupation function for gap states in the
depletion region, which is derived from emission rates
for electrons and holes, instead of the Fermi-Dirac
distribution function, because the heterojunctions
exhibit good rectifying properties in current-voltage
(I-V) characteristics, which is quite different from the
MOS diodes.

Figure 3.11 shows an energy-band diagram, an energy variation
[u(x)} for electrons, and space charges produced by the dc
reverse blas (V) for such a heterojunction. When V 1is applied
across the heterojunction, the depletion regions in both a-Si:H
and c-Si are formed as shown in Fig. 3.11(a). Because a-Si:H has
continuous distribution of the gap states, the spatial
distribution of the space charge in the a-S1:H depletion region
is not simple. The difference between the a-Si:H depletion
region (ngswz) and the neutral region (xng) is based on:

1. Whether electrons exist at gap states between Erp and Egp:

2. Whether electrons exlst in the conduction band as well as

in the conduction-band tail.
These changes will result in the formation of the positive space
charge 1in the depletion region of a-Si:H. In this analysis,
therefore, charged states {(e.g., shallow donors) in both neutral
and depletion regions need not be explicitly considered.
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In the neutral region, for instance, the electron
concentration (n) 1in the conduction band of undoped a-Si:H 1is
about 6x109 cm_3, which 1is calculated using the relation
0 9=au 9n, where the dark conductivity (o 9) 1s 1079 S/cm, the
electron charge (q) is 1.8x107 1% C, and the drift mobllity (u 2)
is 1 em?v1lg 1, Since this value Is much smaller than the
expected space-charge density (;1015 cm_3, which 1is the
experimentally obtained value of NI) in the depletion region of
undoped a-Si:H, the contribution of the electrons 1in the
conduction band to the production of the space charge can be
neglected.

The electron density (ngp) in the conduction-band tail can
be estimated as

E
C
Ep

where f(E) is the Fermi-Dirac distribution function, N(Ec) is the
density at the bottom of the conduction band, E§ is the Fermi
level in the neutral region of a-Si:H, and Epgr 1s the
characteristic energy for the conduction-band tail of a-Si:H.
The value of ngp 1is 2x1013 cm~3 using N(EC)=1021 em ™ Sev 1
(EC—Eg)=O.73 eV, and EBT=50 meV, suggesting that the contribution
of the electrons in the conduction-band tail to the production of
the space charge can be also neglected. Since EBT of 50 meV is
overestimated (i.e., Egr 1s usually considered to be smaller than
40 meV),l4) other gap states above Ep must be hidden by the
assumed conduction-band tail states. Therefore, the change of
occupation at the gap states below the Fermi 1level mainly
produces the positive space charge in the depletion region.

The electron occupation at gap states 1in the depletion
region 1is governed by a balance between the thermal emission
process and the capture process of electrons and holes between
15,16) It 1is useful to
consider one particular energy level (Egg) at which the thermal-

gap states and the extended states.

emission rate for electrons equals that for holes in the
followlng discussion.
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The quasi-Fermi level of electrons (EFn) is almost constant
in the whole depletion region and rises toward the Fermi level
near the edge of the depletion region in p c-Si, while the quasi-
Fermi 1level of holes (EFp) falls near the edge of the depletion
region in a-Si:H, as shown in Fig. 3.11(a). The concepts of EFn
and EFp are Iimportant to calculate the carrier densities in the
extended states. On the other hand, the concept of the
occupation function is important to estimate the trapped carrier
density at gap states especially between EFn and EFp' The value
of EOB In a-Si:H is given by (See Appendix)

and the states above EOB are approximately considered to be empty
of electrons while the states below Egp are approximately
considered to be full of electrons, as long as Eop>Efn- Here, k
1s the Boltzmann's constant, T is the absolute temperature, Ey 1is
the top of the valence band of a-Si:H, Egz is the energy bandgap
of a-Si:H, and v n and v p are the pre-exponential factors of
thermal-emission rates (i.e., attempt-to-escape frequencies) for
electrons and holes at the gap states, respectively.

Now considered 1is the space charge in the two depletion
regions (region I and region 1) of a-Si:H which are divided by
the cross point (Wop) at Epp=Egg. In region I (Wop=x=W,),
where Ep, 1s above Egps the space-charge density (p 1) at the
spatial position (x) is expressed as

a
p plu(x)] = IEF g(E)dE , (3-15)
E%—u(x)
where u(x) is the energy variation shown in Fig. 3.11(b), E% is
the Fermi level in the neutral reglon, and g(E) is the density-
of-state distribution in a-Si:H. Here, for simplicity, the
Fermi-Dirac distribution function and the electron occupation
function for gap states are approximated by step functions.

In region I (0§X§WOB). where Ep, 1s below Egp. the space-

charge density is kept constant and is expressed as
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Ef
e ylugg) = f g(E)dE (3-18)
E&-u
F “0B
and
qu'-' o I(UOB) (3-17)
with
ugg = E§ - Egf : (3-18)

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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