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The model for simulating high-frequency capacitance-voltage characteristics of
amorphous/crystalline heterojunctions has been developed, where the high frequency indicates
a frequency higher than the reciprocal of the dielectric relaxation time of the amorphous
semiconductor. The physical background of the space-charge density of the amorphous film
and the built-in voitage of the heterojunction, which are experimentally obtained from the
heterojunction-monitored capacitance method, is discussed using the calculated results.

i. INTRODUCTION

Measurements of capacitance-voltage (C-¥) character-
istics of junctions are very important for determining space-
charge densities of crystalline semiconductors because the
theory of the C-¥ characteristics has already been estab-
lished.” In the case of amorphous semiconductors, however,
the theory of the C-¥ characteristics has not been well devel-
oped, although many researchers have theoretically investi-
gated C-¥ characteristics of Schottky barrier junctions” '/
as well 23 those of amorphous/crystalline heterojunc-
tions.'*! There are two main problems when one simulates
the C-Vcharacteristics: One is how to deal with energetically
distributed localized states in the gap, and the otherishow to
treat the frequency dependence of capacitance, which is re-
fated to the dieleciric relaxation time of the amorphous film
and the trapping/detrapping time of carriers at the localized
states. Because of the latter problem, most models can accu-
rately simulate only zero-frequency -V characteristics
which cannot experimentally be measured. For instance, al-
though a plot of the inverse sguare of the capacitance of
Schottky barrier junctions measured at a low frequency
yields a straight line,”** the physical background of the
apparent space-charge density and the apparent buiit-in vol-
tage obtained from the plot is not yet clear.

We have recently developed the heterojunction-moni-
tored capacitance (HMC) method®* which can experi-
mentally determine midgap-state densities in undoped
hydrogenated amorphous semiconductors from high-
frequency (1 MHz) C-¥ characteristics of amorphous/
crystailine heterojunctions. Since this frequency is high
enough to be able to neglect the dielectric relaxation process
as well as the trapping/detrapping process in the amorphous
film, one only requires the thickness of the amorphous film
and the width of the depletion region in the crystalline semi-
conductor produced by dc reverse bias in order to calculate
the capacitance, indicating that it is able to simulate
accurately the high-frequency C-V characteristics of
amorphous/crystalline heterojunctions. In this paper, we
simulate the high-frequency C-¥ characteristics. The model
for simulating the C-¥ characteristics adopts (1) one kind of
density-of-state distribution g(£) in the amorphous semi-
conductor, instead of two kinds of g{ E)’s, i.e., donorlike and
acceptorlike g(E)’s, and (2) the carrier occupation function
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of the localized states in the depletion region, which is de-
rived from emission rates for electrons and holes, instead of
the Fermi-Dirac distribution function, because we consider
amorphous/crystaliine heterojunctions which exhibit recti-
fying properties in current-voltage (/-¥) characteristics to
be different from metal-oxide-semiconductor (MGS) di-
odes. Those assumptions were already used for Schottky
barrier junctions.!>'* Furthermore, we discuss the validity
of the HMC method.

il MODELING

Let us consider an undoped (slightly n-type) amor-
phous/p-type crystalline silicon (#-a-Si:H/p-c-Si) hetero-
junction. Figure ! shows an energy-band diagram, a poten-
tial (x) for electrons, space charges produced by dc reverse
bias (¥}, ), and charges (40, ) in response to a smal! high-
frequency ac voltage to measure the capacitance. The differ-
ences between the depletion region (O0<x< W, ) and the neu-
tral region {x> W, ) are {1) whether localized states below
the Fermi level (E) trap electrons or not, and {2) whether
electrons exist in the conduction band as well as in the con-
duction-band tail or not. These changes result in the space
charge in the depletion region of a-Si:H. In this analysis,
therefore, the density of charged states in both neutral and
depletion regions is not necessary to be taken into considera-
tion.

In the neutral region, for example, the electron concen-
tration (n) in the conduction band of undoped «-Si:H 1is
about 6 X 10° cm 3, which is calculated using the relation
o, = g, n, where the dark conductivity (o, ) is 187° S/cm,
the electron charge (g) is 1.6 X 10~ * C, and the drift mobil-
ity (u, ) is I em?/V/s. Since this value is much smaller than
the space-charge density (>>10'° cm 3, which is the experi-
mentally obtained value) in the depletion region of undoped
a-Si:H, the contribution of the electrons in the conduction
band to the production of the space charge can be neglected.
The electron density (n,r ) in the conduction-band tail at
room temperature can be estimated as

E:
gy = JUEIN(E Yexp| — (B¢ — E)/Ey, |dE,
E4
(1
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where f(E) is the Fermi-Dirac distribution function,
N{E_) is the density at the bottom of the conduction band,

% 1s the Fermi fevel in the neutral region of a-Si:H, and Eq
is the characteristic energy for the conduction-band tail. The
value of nyr is 2X10V om™® using N(E:) = 10%
cm eV (E.—E%)Yy =073 eV, and Ey; = 50 meV,
suggesting that the contribution of the electrons in the con-
duction-band tail to the production of the space charge can
also be neglected. Since Eg, of 50 meV is overestimated,*
other localized states above E % must be hidden by the as-
sumed conduction-band tail states. Therefore, localized
states below the Fermi level mainly produce the positive
space charge in the depletion region. The space-charge den-
sity (p) at the spatial position (x) is expressed as

plu(x)] =qf 2(EYE, (2)

Ef- u(x)

where g{E)} is the density-of-state distribution in a-Si:H.
Here, for the sake of simplicity, the Fermi-Dirac distribu-
tion function and the occupation function for electrons at the
localized states are approximated by step functions.

The carrier densities in the conduction and valence
bands in the depletion region are governed by the quasi-Fer-
mi levels.®*® The quasi-Fermi level (E,, ) for electrons is
almost constant in the depletion region and rises toward the
Fermi level near the edge of the depletion region of p-c-8i,
while the quasi-Fermi level (E,,) for holes falls near the
edge of the depletion region of -8i:H, as shown in Fig. 1(a).

In region I (O<x< Wy, ) where E, is below £, the
space-charge density is kept constant, and it is expressed as

rEY
P(uon)=QJ g(E)dE, (3)
EDs
and
gNp=p(tiop), (4)
with
e =E5 — Efp, (33

where N, is the real midgap-state density between £ % and

%5 in the a-Si:H, E %, is Eyp in the neutral region of a-
Si:H, and E,; is determined from the condition that the
thermal-emission rate for electrons is equal to that for holes,
given by*"?

Eopy =E,, + (kT/2)In(v,/v,), (6)

because the I-J characteristics of the heterojunction are
quite similar to those of p-n junctions,”*? not to those of
MOS diodes. Here, E,, is the midgap (E- — E,.)/2, and v,
and v, are the attempt-to-escape frequencies for holes and
electrons, respectively. This concept is important for dis-
cussing the occupation of the deep levels in the depletion
region of the diode which exhibits a rectifying property in /-
¥ characteristics.'>'*?"3% This concept produces the con-
stant space-charge density in the part of the depletion region
of a-8i:H, and it is different from the concept used by Rubin-
elli ez al.'*?® and Xu ef ¢l?' In their simulations of zero-
frequency C-F characteristics, two kinds of localized states
(i.e., donorlike and acceptorlike states) are considered.
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Donorlike states above Ey, are positively charged, and ac-
ceptorlike states below Ep, are negatively charged. As is
clear from Fig. 1({a), since the densities of positively and
negatively charged states depend on the spatial position, the
net space-charge density is not constant even in region 1.

At thermal equilibrium (i.e., ¥, =0 V), when the
built-in potential for ¢-StH is larger than the value of
(E & — Ep), p(x) near the interface exceeds gV, because
the Fermi level is below Ep near the interface. This situa-
tion near the interface is held even when the reverse bias is
applied. However, the contribution of the excess charges
near the interface should be taken into account as the effect
of charged states in the near-interface region which is men-
tioned later.

On the other hand, in region I (W5 <x< W, ), where
E., isabove E,p, Eq. (2) is valid. In the depletion region in
p-c-Si {region 11}, — W, <x <0}, according to the depletion
approximation, the space-charge density is given by — g/,
where &, is the acceptor deesity of p-¢c-Si since p-c-§i has
only shallow acceptors. As a consequence, the space-charge
density can be schematically shown in Fig. 1(c}. The follow-
ing items are required from the approximations [Egs. (2)
and {8} ]: (1) Space-charge density in the depletion region
of the amorphous film is much larger than the carrier densi-
ties iz the conduction and valence bands in the neutral re-
gion of the amorphous film, which is satisfied by highly resis-
tive g-Si:H films, and (2) heterojunctions should exhibit a
rectifying property in 7-¥ characteristics, which is satisfied
by undoped a-8i:H/p-c-8i heterojunctions.

Hi. ESTIMATION

The potential 4 (x) for electrons can be determined from
Poisson’s equation

d*u(xy/ql/d *x = p/e,, (7}

where €, is the semiconductor permittivity. For shortness’
sake, €, for ¢-Si is assumed to equal €, for ¢-Si:H. The space
charge @; in region I { W, <x<W,) is given by’

Hop 172
O = (2@ p(u)du) , (8)
(4]
and the electric field (E;) at x = W, is given by’
E, =@ /e, (%)

In region i, Eq. (7) can easily be solved with the boundary
conditions that ¥(0)=u,, du/dx = E; at x = Wy, and
u( Wop ) =u,,, because p = ¢N,,, where N, is constant in
the region. The value of W, is calculated as a function of
4,. Then, the width (W) ) of the depletion region in p-c-Si is
estimated from the charge neutrality

gN W, = gNp Wop + O, (10}
and the reverse voltage (V. ) is calculated from the relation

Vip — Ve =uo/g+qN,Wi/2e,, (1)
where ¥, is the built-in voltage. Finally, the high-frequency
capacitance {C) is estimated as

C=¢e5/(W, + L), (12)

because, spatially, the redistribution of charged carriers can
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respond to the high-frequency ac voltage at W, and L dueto
the long dielectric relaxation time (€,/0,) of undoped a-
Si:H, as shown in Fig. 1{d). Here, L is the thickness of a-
8i:H, o, is the dark conductivity of the amorphous film, and
S'is the electrode area. As for the localized statesin the amor-
phous film, we tentatively assume a Gaussian distribution of
localized states:

GLE) = g, xp] — (E— £,)Y/2E% ], (13}
because main localized states in the midgap are assigned to
be dangling bonds.

Let us consider interface states as well as states of the
near-interface region which is a gualitatively different layer
{about 50 A) near the interface from the bulk.?! In this
paper, we assume one kind of positively charged layer with
the thickness of d, and the density of N, between p-¢-Si and
a-Si:H in place of the interface and the near-interface region.
This representative layer is called an interface layer in this
paper, and the charge O, per unit area is given by N, 4,.

Since we would like to know the physical background of
the space-charge density as well as the built-in voltage ob-
tained from the HMC method which is described in the next

p ¢-Si

undoped a-SiH Mg

= x (¢}

-W, 2l | . jdgac
> x{d}
-da g 0 W
ac

FIG. 1. Schematic sketches of the heterojunction: (a) cnergy-band dia-
gram, (b) potential variation for electrons, (¢} space-charge density for de
reverse bias, and (d) charge in response to a small high-frequency ac vol-
tage to measure capacitance. The localized states as indicated by the
hatched area of (a) are full of electrons. Magnesium (Mg} is used to get an
chmic eontact with undoped a-Si:H.
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section, almost all of parameters for the simulation are fixed,
as shown in Table I.

V. HETEROJUNCTION-MONITORED CAPACITANCE
METHOD

Let us consider the HMC method®® ** which can experi-
mentally determine the midgap-state demsities (N;) in
amorphous semiconductors as well as the built-in voltages
(V) of these heterojunctions from high-frequency C-¥
characteristics. In the HMC method, we neglected region 1
shown in Fig. 1 as well as the interface layer. We adopted the
depletion approximation in both depletion regions. We can
easily derive the relation

Wi=[e(l/C—1/CHY (14)
=26 N (Vy — Vi )/gN (N + Ny, (15)

where C is the capacitance measured at a frequency higher
than o, /27¢, of the amorphous film, C, is the saturated
capacitance at higher forward bias which is equal to the geo-
metric capacitance of the ¢-Si:H, N; is the density of the
midgap states which should correspond to N, in Sec. Ei,
and ¥, is the built-in voltage which should correspond to V,
in Sec. II1. The W? — V,_ relation is obtained from the C-¥
characteristics using Eq. (14), and then &, and ¥, can be
graphically estimated using Eq. (15). In the following sec-
tion, we compare N; and V; obtained from the HMC meth-
od with the parameters (N, and ¥},) for the simulation.

V. RESULTS AND DISCUSSIONS
A. C-V characteristics without the interface laver

Figure 2(a) shows the calculated high-frequency C-¥
characteristics of an amorphous/crystalline hetercjunction
with parameters of g, = 10 cm eV "' and N, = 10¥
cm ~°, and Fig. 2(b) shows the #1-¥, relation replotted
from the data of the C-¥ characteristics in Fig. 2(a) using
Eq. (14). According to Eq. (15}, N, and ¥V can be graphi-
cally obtained from the slope and the intercept on the abscis-
sa, respectively. The value of N, obtained in the reverse
range — 6 V<V, < —1Vis2.5X 10" cm ~3, and it is close
t0 N, of 2.0X 10" em ~*, where N}, is calculated from Egs.
(3) and (4) using the given parameter of g, = 1 X 10'°
cm ~* eV~ The value of ¥, which is obtained from the
intercept of the straight line drawn in the reverse-bias range
— 6V V, < — 1 Vontheabscissa,1s0.21 V, and it is a little
lower than the given parameter of ¥V, = (.30 V because the
additional potential u,, is necessary to make the space-
charge density constant.

Figure 3 depicts N} and V) as a function of N,. Figure 4
shows the dependence of ¥ and ¥ on N ,. From both fig-
ures, &Y, represents the midgap-state density well, aithough
Ny is a little larger than &,

B. C-¥ characteristics with the interface layer

The calculated high-frequency C-¥ characteristics with
the interface layer are similar to Fig. 2, although the lowest
reverse bias, where the discrepancy from the straight line
starts to occur, is higher than the reverse bias {about 8.7 V)
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TABLE I. Parameters used for simulating high-frequency C-¥ characteristics.™”

Amorphous film

Neutrai region Midgap states Interface layer Others
E.—-E%=073eV E.—E,=085¢eV N, =0-10"em v, =03V
E.— E%, =097V E, =0.10eV d, =0or50 A L=12pm

Zrmex = 10"°-107cm TeV ! S =0.785 mm’

N, =10"-10"c¢m " *

* My, is calculated from Eq. (4) using the given g, .

"N, and ¥, obtained from the HMC method correspond to the parameters N, and ¥, for the simulation, respectively.

calculated without the effect of the interface layer. Figure §
shows the dependence of N; and ¥, on the charge
(@, =Nd,) with g, =3xX10"¥ cm *eV~' and
N, =10 em° In the range N, <2X10" em~? or
0. <10" cm  ?, the values of N, and ¥V} are quite close to
given N, and ¥, respectively, and then they rapidly in-
crease with N,. These increases result from Q..

C. ¥alidity of the HMC method

As is clear from the results with low @, N} and ¥}
obtained from the HMC method represent the real midgap-
state density and the real built-in voltage guite weli, respec-

1§ -3
NAg'iO cm ﬁﬂgo

=108 cmiZev”!
(Ny=2x10% cri®)

(pF)

TR SRS TR N S 1

6 -5 <4 -3 -2 -1 0
(a) Ve (v)

—-1G —

g

ot

2

=

R s

N =25x10" e =

V=021V

N

6 -5 -4 -3 -2 -1 0 1
(b} Vi (V)

FIG. 2. Calcnlated results without the interface layer: {(a) capacitance-vol-
tage characteristics and (b) the voltage dependence of the square of the
depletion width in the crystalline semiconductor. The values of ¥, and ¥}
are obtained from the HMC method. The solid line is the caleulated data,
and the dashed line is the line extrapolated from higher reverse bias.
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tively. The value of g, is important for discussing the valid-
ity of the HMC method, but the experimental determination
of ©,, is quite difficuit.

Or: the other hand, it is easy to determine experimental-
ly whether ¥, is close to the real midgap-state density. It is
judged from the value of ¥, as is clear from Fig. 5. For
example, since ¥ obtained from the HMC method is close
to ¥y roughly obtained from current-voltage characteris-
tics,”**° N, must be close to the real midgap-state density. In
fact, N; experimenially obtained was close to the bulk spin
density obtained from electron-spin-resonance measure-
ments where surface-state contributions were estimated by
results from a series of films over a range of thickness,™
indicating that N, represents the density of singly occupied
dangling bonds (i.e., the midgap-state density ). Moreover,
V5 experimentally obtained is reasonabie for explaining the
properties of amorphous/crystalline silicon heterojunction
bipolar transistors.”>*? From the above experimental re-
sults, O, must be small enough to neglect the effect of the

Brmax (Cfﬁg e\;])
18 V7
10 19
~ F ] A j
TeSer N, = 1210° cen® /
o -3 ’/
‘QQ - st 0 ‘
=L 1
=
10— -
-
=z SH
- 105 @
P = _____,}
] =°
N Lo e 1 I
’ 5 10 %
15 -3
Ny (x10" cm )

FIG. 3. The dependencics of N, and ¥, obtained from the HMC method on
the real donorlike state density ¥, without the interface layer. The values of
N, and ¥, correspond to parameters (¥, and V), ) for simulating the high-
frequency C-V characteristics, respectively.
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FIG. 4. The dependencies of Ny and ¥, obtained from the HMC method on
the acceptor density in the crystatline semiconductor without the interface
layer.

interface states in the case of undoped a-Si:H deposited by
normal 1f glow discharge.

Vi. CONCLUSION

In order to discuss the validity of the HMC method
which we developed earlier, the high-frequency C-¥ charac-
teristics of amorphous/crystalline heterojunctions have
been simulated. Trapping and detrapping processes of carri-
ers at localized states as well as carrier redistribution in the
extended states in amorphous semiconductors cannot re-
spond to the ac voltage because the measuring frequency is
much higher than the reciprocal of the dielectric relaxation
time of the amorphous film, indicating that the thickness of
the amorphous film as well as the width of the depletion
region in the crystalline semiconductor produced by dc re-
verse bias are only required to calculate the high-frequency
capacitance. Therefore, the simulation of the C-¥ character-
istics has been found to be accurate and easy. In the reasona-
ble case that @ is less than 10'" ¢cm %, & and ¥, obtained
from the HMC method represent the midgap-state density
of the amorphous film and the built-in voltage of the hetero-
junction, respectively.
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